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Abstract HI1 influenza A viruses that were distinct from
the classical swine H1 lineage were identified in pigs in
Canada in 2003-2004; antigenic and genetic characteriza-
tion identified the hemagglutinin (HA) as human H1 line-
age. The viruses identified in Canadian pigs were human
lineage in entirety or double (human—swine) reassortants.
Here, we report the whole genome sequence analysis of
four human-like H1 viruses isolated from U.S. swine in
2005 and 2007. All four isolates were characterized as
triple reassortants with an internal gene constellation sim-
ilar to contemporary U.S. swine influenza virus (SIV), with
HA and neuraminidase (NA) most similar to human
influenza virus lineages. A 2007 human-like HIN1 was
evaluated in a pathogenesis and transmission model and
compared to a 2004 reassortant HIN1 SIV isolate with
swine lineage HA and NA. The 2007 isolate induced dis-
ease typical of influenza virus and was transmitted to
contact pigs; however, the kinetics and magnitude differed
from the 2004 HINI1 SIV. This study indicates that the
human-like H1 SIV can efficiently replicate and transmit in
the swine host and now co-circulates with contemporary
SIVs as a distinct genetic cluster of HI SIV.
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Introduction

Influenza in swine is an acute respiratory disease caused by
influenza A viruses of the family Orthomyxoviridae.
Orthomyxoviruses have negative-sense single-stranded
RNA genomes that are segmented, allowing for reassort-
ment and production of novel viruses. There are two major
surface glycoproteins, hemagglutinin (HA) and neuramin-
idase (NA), that define subtypes and are important for host
range, antigenicity, pathogenesis, and diagnostic detection.
Other than sporadic transmission to humans [1], classical
swine influenza A viruses of the HIN1 subtype were his-
torically distinct from avian and other mammalian influ-
enza viruses based on host specificity, serologic type, and/
or genotype. A novel H3N2 virus appeared in the U.S.
swine population around 1998 and quickly became ende-
mic. The H3N2 viruses were demonstrated to have acquired
HA, NA, and PB1 genes of human virus origin, PA and
PB2 genes of avian virus origin, and the remaining internal
genes, NP, M, and NS, of swine virus origin, thus giving
rise to the triple reassortant designation [2]. The human
lineage PB1, avian lineages PB2 and PA, and swine lin-
eages NP, M, and NS found in contemporary swine viruses
are referred to as the triple reassortant internal gene (TRIG)
constellation [3]. Since 1998, three predominant swine
influenza virus (SIV) subtypes have circulated in U.S.
swine, HIN1, HIN2, and H3N2. The H1N1 viruses contain
the HA and NA from the classical swine HIN1 virus and
the TRIG from triple reassortant H3N2 viruses making
them reassortant HIN1 (rHIN1); the HIN2 viruses contain
the HA from the classical swine virus and the NA and
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TRIG from the triple reassortant H3N2 viruses [4, 5]. Since
the acquisition of the TRIG cassette, an increase in the rate
of genetic change in North American swine influenza iso-
lates appears to have occurred in H1 virus subtypes, and
distinct genetic and antigenic clusters have evolved [6]. At
present, there are a number of reassortant viruses that have
been identified in pigs, including further drift variants of
H3N2 [5, 7-9], HIN2 [4, 10], rHIN1 [5], and H3N1 viruses
[11, 12]. The TRIG was shown to have accepted an avian
H2 and N3, producing a novel triple reassortant swine
H2N3 in 2006 [13]. Furthermore, the recently emerged
human pandemic HIN1 has been demonstrated to contain
six gene segments of the North American triple reassortant
lineage with the M and NA from the Eurasian lineage
HINI [14, 15]. The events of spring 2009 provide com-
pelling evidence that the TRIG has an enhanced ability to
pick up novel surface glycoprotein gene segments, and
these novel viruses can have pandemic potential.

The H3N2, rHINI1, and HIN2 viruses have become
endemic and co-circulate in most major swine-producing
regions of the U.S. and Canada. In addition, introduction of
H1 viruses with the HA gene of human virus origin
(hu-like H1) that are genetically and antigenically distinct
from the classical swine H1 lineage were reported in pigs
in Canada [16]. The viruses identified in Canadian pigs
were human lineage in entirety or double (human—swine)
reassortants. Since 2005, hu-like HIN1 and HIN2 viruses
have emerged in swine herds across the U.S. [17]. Here, we
report the whole genome sequence analysis of four hu-like
H1 viruses isolated from U.S. swine, two isolated in 2005
and two isolated in 2007. These viruses are compared to
the hu-like swine H1 viruses described by Karasin et al.
[16]. One of the 2007 hu-like HIN1 SIV isolates utilized in
the sequence analysis was selected to be evaluated in an
experimental pathogenesis and transmission model and
compared to a 2004 swine-lineage rHIN1 SIV isolate.

Materials and methods
Viruses and sequence analysis

Four hu-like H1 viruses isolated from the outbreaks of
respiratory disease in pigs submitted to the Minnesota
Veterinary Diagnostic Laboratory were selected for full
genome sequencing based on partial HA sequence deter-
mination of a hu-like origin. The isolates A/Sw/IL/00685/
05 (IL0S), A/Sw/NC/00573/05 (NCO5), A/Sw/IL/07003243/
07 (ILO7), and A/Sw/MN/07002083/07 (MNO7) were
grown in MDCK cells. Viral RNA was extracted from
MDCK cell fluids with the QIAamp viral RNA Mini Kit
(Qiagen Inc., Valencia, CA). For sequencing, all genes
were amplified by RT-PCR in their entirety using

previously described primer sets [18, 19] with SuperScript
IIT and high fidelity Platinum TagDNA polymerase
(Invitrogen Corporation, Carlsbad, CA), and the fragments
were purified by QIAquick® Gel Extraction Kit (Qiagen,
Inc.) and sequenced for genetic comparison. In short, PCR
products were quantitated using the Pico Green assay for
dsDNA (Invitrogen Corporation, Carlsbad, CA). The
appropriate quantity of dSDNA PCR product was labeled in
each direction using Big Dye terminator chemistries
(Applied Biosystems Inc., Foster City, CA) according to
the manufacturer’s instructions. The labeled products were
sequenced using an ABI 3100 genetic analyzer (Applied
Biosystems Inc., Foster City, CA) using the primary PCR
primers and a series of internal sequencing primers
(available upon request). The sequences were analyzed
using SeqMan (DNAStar, Inc., Madison, WI). Phyloge-
netic analyses, molecular evolutionary analyses, and pair-
wise analyses of base differences or amino acid differences
per site were conducted using MEGA version 4 [20].
Influenza A virus sequences available in GenBank were
included in the multiple alignments and phylogenetic
analysis and are identified by their accession numbers in
Figs. 1 and 2. The evolutionary history was inferred using
the Neighbor-Joining method. The percentages of replicate
trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) were shown next to the
branches. The trees were drawn to scale, with branch
lengths in the same units as those of the evolutionary dis-
tances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum Composite
Likelihood method and reported in the units of the number
of base substitutions per site. All positions containing
alignment gaps and missing data were eliminated only in
pairwise sequence comparisons (Pairwise deletion option).
Putative antigenic sites in the HA were identified by
alignment with the PR8 HI1 reference strain [21], and
putative receptor binding and host determinant sites were
identified as previously described [22-24].

In vivo study

Seventy-seven 4-week-old cross-bred pigs from a herd free
of SIV and porcine reproductive and respiratory syndrome
virus (PRRSV) were divided into three groups. All pigs
were treated with ceftiofur crystalline free acid (Pfizer,
New York, NY) to reduce bacterial contaminants prior to
the start of the study. Groups were housed in individual
isolation rooms and cared for in compliance with the
Institutional Animal Care and Use Committee of the
National Animal Disease Center. Pigs were humanely
euthanized with a lethal dose of pentobarbital (Sleepaway,
Fort Dodge Animal Health, Fort Dodge, IA) at the appro-
priate times during the course of the study. Eighteen pigs
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Fig. 1 Phylogenetic trees for each of the HA and NA gene segments
based on nucleotide sequences from U.S. hu-like H1 (indicated by
open circle), Canadian hu-like H1 (open diamond), and other
sequences available from GenBank. a HA phylogenetic tree with
four clusters of related viruses, Hlo (cHIN1), H1 (rtHIN1-like), H1y
(HIN2-like), and H16 (hu-like H1) as indicated by the bars on the

were inoculated intratracheally with 2 x 10° TCIDs/pig
of A/Sw/MN/07002083/07 HIN1 (MNO7) to represent the
recent cluster of hu-like H1 SIVs. Twenty pigs were
inoculated intratracheally with 2 x 10° TCIDsg/pig of
A/Sw/TA/00239/04 HIN1 (IA04) to represent the swine
lineage H1 SIVs. Twelve control pigs were inoculated with
noninfectious cell culture supernatant. The virus and sham
inocula were given intratracheally, while the pigs were
anesthetized with an intramuscular injection of a cocktail
of ketamine (8 mg/kg), xylazine (4 mg/kg), and Telazol
(6 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA).
Ten contact pigs were comingled with each of the groups
of inoculated pigs on 3 days postinfection (dpi) to study
transmission efficiency. Pigs were observed daily for
clinical signs of disease. Nasal swabs were taken and
placed in 2 ml minimal essential medium (MEM) on 0, 3,
5, and 7 dpi or days postcontact (dpc) to evaluate nasal
shedding and stored at —80°C until study completion. Five
inoculated pigs and three control pigs were euthanized on
3, 5, and 7 dpi to evaluate lung lesions and viral load in the
lung. The contact pigs and remaining primary inoculated
pigs were euthanized on 24 dpc or 27 dpi.

For virus isolation and titration in nasal swabs, samples
were subsequently thawed and vortexed for 15 s, centri-
fuged for 10 min at 640x g, and the supernatant was passed
through 0.45 pm filters to reduce bacterial contaminants.

@ Springer
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right of the tree. b NA phylogenetic tree with N1 and N2 subtypes and
lineages indicated by bars on the right. Phylogenetic analyses were
conducted in MEGA4. The reference viruses used in the analysis are
abbreviated with their state and year of origin, subtype preceded by
host abbreviation (sw swine; Au human; du duck; fu turkey), and
GeneBank accession number

An aliquot of 200 pl of the filtrate was plated onto con-
fluent phosphate-buffered saline (PBS)-washed MDCK
cells in 24-well plates. After 1 h of incubation at 37°C,
200 pl serum-free MEM supplemented with 1 pg/ml TPCK
trypsin and antibiotics was added. All the wells were
evaluated for cytopathic effect (CPE) between 24 and 48 h
and subsequently frozen. After euthanasia, each lung was
lavaged with 50 ml MEM to obtain broncho-alveolar
lavage fluid (BALF) and stored at —80°C for virus isola-
tion and titration. Tenfold serial dilutions in serum-free
MEM supplemented with TPCK trypsin and antibiotics
were made with each BALF sample and each virus isola-
tion-positive nasal swab filtrate sample. Each dilution was
plated in triplicate in 100 pl volumes onto PBS-washed
confluent MDCK cells in 96-well plates. Plates were
evaluated for CPE between 48 and 72 h postinfection. At
72 h, plates were fixed with 4% phosphate-buffered for-
malin and stained using immunocytochemistry with an
anti-influenza A nucleoprotein monoclonal antibody as
previously described [25]. A TCIDso was calculated for
each sample using the method of Reed and Muench [26].

Pathologic examination of lungs

At necropsy, lungs were removed and evaluated for
the percentage of the lung affected with purple-red
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consolidation typical of SIV infection. The percentage of
the surface affected with pneumonia was visually esti-
mated for each lung lobe, and a total percentage for the
entire lung was calculated based on weighted proportions
of each lobe to the total lung volume [27]. Tissue
samples from the trachea and right cardiac lung lobe and
other affected lobes were taken and fixed in 10% buf-
fered formalin for histopathologic examination. Tissues
were routinely processed and stained with hematoxylin
and eosin. Lung sections were given a score from 0O to 4
to reflect the severity of bronchial epithelial injury based
on previously described methods [8]. A single patholo-
gist scored all slides and was blinded to the treatment
groups.

Serologic assays

Blood samples were collected by jugular venipuncture
prior to challenge, at approximately 14 dpi or dpc, and at
27 dpi or 24 dpc. For use in the hemagglutination inhibition
(HI) assay, sera were heat inactivated at 56°C for 30 min,
then treated with a 20% suspension of Kaolin (Sigma-
Aldrich, St. Louis, MO) to remove nonspecific hemagglu-
tinin inhibitors and natural serum agglutinins and adsorp-
tion with 0.5% turkey red blood cells (RBC), respectively.
The HI assays were done with the MNO7 and IA04 viruses
as antigens and turkey RBC using standard techniques [28].
In addition to homologous HI assays, a panel of previously
described H1 antisera [6] was evaluated against the MNO7
virus and a subset of the MNO7 anti-sera was evaluated
against the hu-like H1 NCO5, IL0OS5, and ILO7 viruses.
Reciprocal HI titers were log, transformed for analysis and
reported as geometric means.

Statistical analysis

Macroscopic pneumonia scores, microscopic pneumonia
scores, logyo transformations of BALF and nasal swab
virus titers were analyzed using analysis of variance
(ANOVA) with a P value <0.05 considered significant
(JMP, SAS Institute, Cary, NC). Response variables shown
to have a significant effect by treatment group were sub-
jected to comparisons between MNO7 and IA04 groups
using the Student’s ¢ test.

Results
Sequence analysis
All the eight genes from the IL05, NCO05, IL0O7, and MNO7

viruses were sequenced, and the sequences have been
deposited in GenBank database under accession numbers

FJ611895-FJ611902 and FJ638295-FJ638318. The
sequences generated from this study were then compared to
the hu-like H1 viruses isolated from pigs in Canada,
described by Karasin et al. [16], and other influenza A
viruses published in GenBank. Multiple alignment, pair-
wise analysis, and phylogenetic analysis were performed.
Based on the nucleotide analysis, NCO05, IL05, and MNO7
are HIN1 SIVs and ILO7 is an HIN2 SIV, all contain
human lineage HA and NA. The HA genes of IL05, NCO05,
ILO7, and MNO7 differed by 0-5% at the nucleotide level
when compared to the 2003 and 2004 hu-like H1 SIV from
Canada. The HA gene of the HIN2 IL0O7 was genetically
more similar to the Canadian hu-like swine isolates with
only 2-3% difference at the nucleotide level. Phylogenetic
analysis of the HA gene indicated two distinct clusters of
hu-like swine H1 viruses, with the Canadian isolates and
ILO7 forming one cluster and the three remaining U.S.
isolates, ILO5, NCO0S5, and MNO7, forming a separate
cluster (Fig. 1a).

Comparison of the amino acid sequences of the hu-like
H1 HA proteins with swine-lineage Hl HAs revealed an
amino acid deletion at position 130 of the mature hu-like
HA. There were numerous amino acid differences between
hu-like H1 and swine H1 at putative antigenic sites [21]. A
substitution between swine lineage H1 HA (133T) and hu-
like H1I HA (133S) was identified at a human host
restrictive residue [22], with all the hu-like H1 SIV isolates
studied here maintaining the hu-like 133S (H1 numbering
with 1 being the first amino acid after the signal sequence).
NCO5 and the Canadian hu-like HAs contained 183P,
whereas 1L05, ILO7, and MNO7 contained 183S. The
P183S substitution was reported as a human host-range
restrictive residue [22]; however, swine lineage Hl HA
contained either an S or P at this position. Position 183 has
also been identified as a residue in the phylogenetically
important region (PIR) I of H1 viruses [23]. PIRs, desig-
nated A-S, differentiate viruses of avian, human, or swine
lineage, and amino acid changes within PIRs in the hu-like
H1 HA may suggest adaptation. In contrast to the differ-
ences at PIRs identified by Karasin and colleagues in the
Canadian hu-like SIV [16], amino acid positions 94, 128,
and 141 remained hu-like in the HA of the U.S. hu-like H1
viruses. However, an A96T substitution was noted between
the human-lineage HI reference sequences and NCOS,
ILOS, and MNO7 in PIR D. Changes in host-restrictive sites
and PIR are summarized in Table 1.

The NA genes from NCO5, IL05, and MNO7 formed a
cluster of N1 genes distinct from N1 genes of swine origin
and were most similar to human HIN1 from 2002 to 2003,
whereas the NA of IL07 had hu-like N2 (Fig. 1b). The N1
genes of NCO5, IL0S, and MNO7 displayed 0—1% nucleo-
tide difference from each other and 1-2% from the closest
human N1 genes. When compared to the N1 genes from the
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Table 1 Amino acid changes in host-restrictive residues or phylo-
genetically important regions (PIR)

Residue ~ PIR  NCO5 ILO5  ILO7  MNO7
HA® 133° - S S S S
96 D T T A T
183 I P S S S
N1 77 C G G - R
86 C A A - \Y
329 I R R - R
389 M Y % - M
367 L I I - I
N2 51 L - - I -
331 F - - R -
403 K’ - - M -

* H1 numbering with 1 being the first amino acid after the signal
sequence

® Human host restrictive residue

human isolates referenced in Fig. 1b, several deduced
amino acid changes were noted in the N1 genes of the
hu-like SIV, suggesting possible adaptation to swine host
cells (Table 1). Two changes (K329R and S367I) were
present in all three of the hu-like SIV N1s and were located
in previously described PIRs, PIRs I, and L, respectively,
of the N1 regions designated A—O [24]. In addition, the
MNO7 N1 contained G77R and A86V substitutions in PIR
C and V389M in PIR M. The NA gene of ILO7 HIN2 was
6% divergent when compared to the HIN2 isolates from
Canada, and 3-7% difference for contemporary U.S. HIN2
and H3N?2 viruses at the nucleotide level. Similar to the N1
genes, there were several amino acid changes in the N2
gene of the ILO7 isolate as compared to the reference virus
of human origin in Fig. 1b. Three of these changes were
found in previously described PIRs for N2, designated
A’-L’: M511 in A’, S331R in F/, and R403M in K'.

The internal genes of the four U.S. isolates were similar
to the composition of the contemporary swine TRIG
(Fig. 2a—f), but differed significantly from the internal gene
composition of the Canadian hu-like H1 viruses which
were wholly human (A/Sw/ON/52156/03 HIN2) or
human—swine double reassortants (A/Sw/ON/48235/04
HIN2 and A/Sw/ON/55383/04 HIN2). The PB2 genes of
the U.S. isolates were of avian lineage, whereas the PB2
from the Canadian hu-like H1 viruses were of human or
swine lineage (Fig. 2a). The U.S. PB2 genes differed from
one another by 0-2% and from the Canadian isolates by
16%. The PB1 genes of the U.S. and Canadian isolates
were of H3 human lineage, although the U.S. isolates
tended to be more related to one another (0-5% difference)
than to the Canadian PB1 viral genes (4-6% difference).
Gene segment 2 from IL05, NC05, and MNO7 also encoded
57 amino acid truncated forms of the PB1-F2 protein,
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whereas the ILO7 PB1 encoded the full-length 90 amino
acid PB1-F2. The PA genes of the U.S. isolates were of
avian lineage whereas the Canadian PA genes were of
human H3 or swine lineage. The U.S. PA genes differed
from one another by 0-3% and from the Canadian isolates
by 17-19%. The NP genes of the U.S. isolates were of
swine origin and differed by 0—4%. Two of the Canadian
isolates also had NP genes of swine origin, but differed by
8-9% from the U.S. NP genes. The wholly human Cana-
dian virus isolate (A/Sw/ON/52156/03) had an NP gene of
human H3 origin and differed by 17-18% from all other
isolates. The M genes of the U.S. isolates were of swine
origin and differed from each other by 0-2%. Two of the
Canadian M genes were also of swine virus origin, but
differed from the U.S. M genes by 7-8%. The wholly
human Canadian virus M gene was of human H3 virus
origin and differed by 11-12% from the other human-like
swine isolates. The NS genes of the U.S. isolates were of
swine virus origin and differed by 0-6% from one another.
Two of the Canadian NS genes were also of swine virus
origin, but differed from the U.S. NS genes by 8-9%. The
wholly human Canadian virus NS gene was of human H3
virus origin and differed by 17-19% from the other isolates
under comparison.

In vivo pathogenesis and transmission

All the pigs were seronegative for specific antibodies to
SIV by the HI assay and PRRSV by ELISA prior to the
start of the study. The kinetics of virus replication, patho-
genesis, as well as host humoral immune response differed
between the two viruses. Pigs inoculated with MNO7 virus
demonstrated mild clinical illness similar in effect to the
IAO4-infected pigs. Necropsy revealed mild macroscopic
lung lesions typical of SIV (purple-red colored, consoli-
dated areas) in inoculated pigs, but none in control pigs.
Macroscopic lung lesions for pigs infected with MNO7 hu-
like HIN1 averaged 14% on 3 dpi, 11% on 5 dpi, and 10%
on 7 dpi, whereas the averages for pigs infected with IA04
were higher with 18% on 3 dpi, 24% on 5 dpi, and 15% on
7 dpi. Macroscopic lung lesions were significantly different
at P < 0.05 between MNO7 and IA04 groups on 5 and 7
dpi. Microscopic lung lesion scores (0—4) averaged 1.9 on
3 dpi, 2.5 on 5 dpi, and 2.9 on 7 dpi for MNO7, and 3.5 on 3
dpi, 2.8 on 5 dpi, and 3.1 on 7 dpi for IAO4, reflecting
similar kinetics as the macroscopic lesions but differing in
magnitude between the two viruses. No macroscopic or
microscopic lung changes were observed in negative con-
trol pigs.

Virus titers in BALF averaged 10%* TCIDso/ml on 3
dpi, 10*° TCIDs¢/ml on 5 dpi, and were negative by 7 dpi
in the MNO7 inoculated group. In the IA04 inoculated
group, virus titers in BALF averaged 10%° TCIDso/ml on
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3 dpi, 10%' TCIDsy/ml on 5 dpi, and were negative by 7
dpi. BALF titers were statistically different between the
groups at 5 dpi. In the MNO7 inoculated group, 77.7% of
the pigs were shedding virus in nasal swab samples on 3
dpi, with an average titer of 10*? TCIDsy/ml. On 5 dpi,
92% of nasal swabs were positive with an average titer of
10*>° TCIDso/ml. All of the nasal swab samples from
MNO7 inoculated pigs were negative on 7 dpi. In com-
parison, the IAO4 inoculated group had significantly more
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A/SwiOntario/11112/04 H1N1 DQ280245

L A/SwiOntario/23866/04 H1N1 DQ280237

7 ONOS sSwH3N2 dqd69989

swTRIG

NCO1 swH1N2 AF455717 av

NES8. st:mz af251409
AB92 duH1N1

CRHTNS EU084929
AB99 ﬂuH11 N6 cy005322
AR93 qUHIN2 af156456
OH87 duH7N8 CY021626
©ON99 swH4NS af285890
MO06 SWH2N3 eu258948
MD02 duH1N1 EU026095
%L MD02 duH4NS CY020738
NY04 huH3N2 CY003077
L] i H1N2 DQ280223
L— NY98 huH3N2 CY006592
TNO3 huH1N1 CY020250 ‘

huH3
huH1

@1 NY04 huH1N1 CY017376

TNT7 SWH1N1 cy02! SwW
< AISWIOnf eneldB2a5I04 HINZ DQ280231
ASwiOntarc/s3818/03 HIN? DG2suz1S

e AISwiOntario/11112/04 H1N1 DQ280247

Fig. 2 Phylogenetic trees for the six internal gene segments based on
nucleotide sequences from U.S. hu-like H1 (indicated by open circle),
Canadian hu-like H1 (open diamond), and other sequences available
from GenBank: a PB2, b PB1, ¢ PA, d NP, e M, f NS. Lineages are
indicated by bars to the right of the tree. The triple reassortant internal
gene (SWTRIG) constellation circulating in swine influenza virus from

virus in nasal swab samples on 3 and 5 dpi, with average
titers of 10** and 10*? TCIDsy/ml, respectively. In con-
trast to MNO7, 50% of the IAO4 primary infected pigs were
still shedding on 7 dpi. Nasal shedding is summarized in
Table 2.

Contact pigs demonstrated clinical illness similar to the
primary challenge group, although somewhat more sporadic.
The MNO7 hu-like HIN1 virus was transmitted from the
primary challenge pigs to all contact pigs, although viral titers

rr ABOs swH3N2 dq469964
1A01 swH1N2 af455727

ILO1 swH1N2 AF455730
‘OHO1 swH1N2 AF455723
NCO01 swH1N2 af455725
INOO swH1N2 AF455728
WI98 huH1N1 AF342823
MNO04 swH3N1 DQ145544

swTRIG
huH3

NC03 swH3N2 EF551051
O AISWIMN/07002083/07 H1N1
1O AISWINC/00573/05 HIN1
1L O AISwiILI00685/05 H1N1
AlswiOntario/53518/03 H1IN1 DQ280214
AlswiOntario11112/04 HIN{ DQ280246
AlswlOn(arlc!ZSBSSlO‘ H1N1 DQ280246
O AlswlOr
NY98 huH3N2 cy006593
NY06 huH3N2 CY013803
< AlswiOntario/52156/03 HIN2 DQ280222
NY03 huH3N2 CY001027
15— O Alsw/Ontario/48235/04 H1N2 DQ280230
——— NY05ChH7N2CY024832
= MDOS5 duHEN8 CY021483
_WEDEOS duH7N3 CY021643 av
9 ‘OHO02 duH3N2 CY011054
10— NY06 huH1N1 CY017377

‘ huH1

MBO05 swH3N2 dq469983

43| ONDS tuH3N2 DQ469999
ON0S swH3N2 dq469991
BCO05 swH3N2 dq469975
OHO04 tuH3N2 DQ335774

MI04 swH3N1 DQ150426
NC03 swH3N2 EF551054
9711L04 tuH3N2 EF551046

MNO04 swH3N1 DQ145541
OHO07 swH1N1 EU604694

IL01 swH1N2 AF455706
AISw/LI07003243/07 HIN2
IN99 swH1N2 AF250127 sSwW
MN99 swH3N2 AF251431

701, © AISWINC/00573105 HIN1
o1 O A/SwALI00685/05 H1N1
s IA01 swH1N2 AF455703
A/SwiOntario/53518/03 H1N1 DQ280217
A/SwiOntario/1 1112/04 HIN1 DQ280249
NSwIOnianoIZJBSGIO‘ HIN1 DQZBOZM
—<O AISWIO DQ280233
ol — <>A15wromaﬂo/ssasaloa Hing DQ280209
WI98 SwH1N1 AF222776
1A88 swH1N1 m63768
NE92swH1N1L11164
TN77 swH1N1 cy026478
Wi61 swHIN1 m63763
L IAsoswHIN® M3OTeT

7 OHOS5 duH4N6 CY021224

’_W{—EMDOZ duH5N2 CY016614 av

10 MD05 duHEN8 CY024797
NY05 chH7N2 CY022824

NY06 huH1N1 CY017374
NY03 huH1N1 CY002627
< A/SwiOntario/52156/03 H1N2 DQ280225
NY06 huH3N2 CY013800
NY04 huH3N2 CY002235

| huH1
| huH3

North America is indicated to the right as well. Phylogenetic analyses
were conducted in MEGAA4. The reference viruses used in the analysis
are abbreviated with their state and year of origin, subtype preceded
by host abbreviation (sw swine; Au human; du duck; ch chicken; fu
turkey), and GeneBank accession number
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2 ONO5 swH3N2 dq469993
14— O AISWIMN/07002083/07 HIN1 NS A e vwn7 HINZ
2/ BC0O5 swH3N2 dq469977 o
MB05 swH3N2 dq469985 ’g%%‘s‘sm‘;’:‘i%‘;ﬁaﬁ
ABOS swHaN2 dq469969 7| ONOS tuH3N2 DQ469988
MIO4 swH3N1 dq150428.1 TTONOS swH3N2 dq469890
o 2 ofosooe ASWMN/07002083/07 HINA
uH3N2 EF551043 OH04 tuH3N2 DQ3357:
«1/1L04 tuH3N2 EF551048 MI04 swH3NA dg150420
OHO4 tuH3N2 DQ335772 OHO7 swH1N1 EU04696
OHO7 swH1N1 EUG04695 INO4 SWH3N1 dq150437
% O A/SwIILI07003243/07 HIN2 NCO3 swH3N2 EF551057
INO4 swH3N1 dq150436.1 ILO4 tuH3N2 EF551049
O A/SWINC/00573/05 HIN1 MNO4 SWH3N1 DQ145543
71O AISwIIL/00685/05 H1N1 MO0S swH2N3 eu258947
MNO1 swH1N2 AY060069 1405 huN1N1 DQ889685
o MOO06 swH2N3 eu258938 ® 1L01 sWH1IN2 AF455714
%L — IA05 huH1N1 DQB89688 sw L OHO1 swH1N2 AF455707 sSW
NCO1 swH1N2 AF455684 NCO1 swH1N2 af455708
NE98 swH3N2 af251406 INOO swH1N2 AF455712
o7y 1A99 swH3N2 af251414 MN99 swH3N2 af251424
7L MN99 swH3N2 af251430 1801 swH1N2 AF455711
INOO sWH1N2 SZ MNOD swH1N2 ay060132
1A91 SWH1N1 cy027156 WI98 swHIN1 AY619978
“l o A88 swHIN1 m63522 CA91 swHIN1 CY028784
AISw/Ontario/53518/03 H1N1 DQ280220 O ASWINCI00573/05 HIN1
10 - A/Sw/Ontario/48235/04 H1N2 DQ280234 1! O AISWAL/00685/05 H1N1
L4 1 O AISwiOntario/55383/04 H1IN2 DQ280210 1488 swH1N1 mB09E4 .
® A/Sw/Ontario/11112/04 HIN1 DQ280252 AlSwiOntario/53518/03 HIN1 DQ280216
» ® AISwiOntario/23866/04 H1N1 DQ280244 10 |L° ASwiOr H1N2 DQ280232
L [ MNT5 SwH1N1 cy024934 A ASwiOntarlo/S533304 HIN2
% [ w0 swhiNi cyoz4ses = AISwIONtario/23866/04 HIN1 DQ280240
FFErvibiiinded TN77 swH1N1 CY022305
WIg1 swH1N1 m80951
o MEO2 duH5N2 ay300967 130 swH1N1 MB0S65
OHO5 duH4NG cy021222 OHOS duH3NG CY022721
100 MDO05 duH6N8 cy024795 av OHO4 duH7N3 CY018905 av
@ MDO02 duH4NE cy020734 MDO5 duH4NG CY021337
%L MDO02 duH1N1 eu026091 MNO2 duHSN2 CY016615
w0 FAO7 huH1N1 cy027628
NY06 huH1N1 cy017372 | huH1 RIS | huH1
= < AlSwiOntario/52156/03 HIN2 DQ280228 NY04 huH3N2 CY000765
& FA07 huH3N2 cy025342 ‘ huH3 NY06 huH3N2 CY013801 huH3
WL NY06 huH3N2 cy013798 7L— O A/SwiOntario/52156/03 HIN2 DQ280224
—— e
Fig. 2 continued
Table 2 Human-like H1 virus infection and transmission as measured by nasal swab virus isolation and seroconversion
- b
Nasal swab pos® Seroconversion
3 dpi 5 dpi 7 dpi 14 dpi 24/27 dpi
MNO7 huHINI
Primary 14/18 (3.2 £ 0.4) 12/13 2.9 £ 0.4) 0/8 (0) 3/3 (260) 3/3 (640)
Contact 6/10 (1.0 £ 0.3) 4/10 (1.3 £ 0.5) 8/10 (1.3 £ 0.3) 10/10 (171) 10/10 (485)
TA04 rHIN1
Primary 20/20 (4.4 £ 0.2) 15/15 (4.2 £ 0.1) 5/10 (0.7 £ 0.3) 3/5 (23) 5/5 (92)
Contact 10/10 (3.4 £ 0.3) 10/10 (3.9 £ 0.2) 9/10 (1.3 £ 0.2) 8/10 (30) 10/10 (53)

? Number positive out of total (log;o mean =+ standard error)

® Number positive out of total (geometric mean reciprocal titer against homologous antigen)

were significantly less than in IAO4 rHINI contact pigs on 3
and 5 dpc. In the MNO7 contact group, 60% of the pigs were
positive by nasal swab samples on 3 dpc, with an average of
10" TCIDsy/ml. On 5 dpc, 40% of the pigs were shedding
virus with an average of 10" TCIDsy/ml. In contrast to the
primary inoculated pigs where none were shedding detectable
amounts of virus, 80% of the MNO7 contact pigs continued to
shed virus on 7 dpc, with an average titer of 10'* TCIDsy/ml.
The TAO4 virus demonstrated more rapid transmission and
shedding in the contact pigs with 100% shedding on 3 dpc with
an average of 10°* TCIDsy/ml and 100% shedding on 5 dpc
with an average titer of 10’ TCIDso/ml. On 7 dpc, 90% of the
TAO4 contact pigs continued to shed virus, with an average
titer of 10" TCIDsy/ml.

@ Springer

Serologic responses

The kinetics of the humoral immune response also differed
between the recently emerged MNO7 hu-like HIN1 and the
IAO4 rHINI1. Three of the three remaining MNO7 primary
inoculated pigs were seropositive by the HI assay at 14 dpi,
with a geometric mean reciprocal titer of 260. In contrast,
only three of the five remaining IA0O4 inoculated pigs were
seropositive at 14 dpi with a geometric mean reciprocal
titer of 23. All of the MNO7 contact pigs (N = 10) were
seropositive by 14 dpc, with a geometric mean reciprocal
titer of 171, demonstrating efficient transmission by con-
tact, despite the relatively low nasal swab virus titers
detected in that group. However, only 80% of the TA04
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Table 3 Hu-like H1 SIV cross-reactivity with swine H1 SIV anti-sera panel
Serum
Virus: 1A30 1A45 WI68 1A73 MN99  MNO1 NCO02 1A03 KS03 1A04 MNO7
HIN1 HIN1  HINI HIN1 HIN1 HIN2 rHIN1 HIN2  HIN2  rHINI huHIN1
A/Sw/NC00573/05 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 80
A/Sw/IL/00685/05 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 113
A/Sw/IL/07003243/07 28 20 14 20 <10 <10 <10 <10 14 <10 113
A/Sw/MNO07002083/07 <10 <10 14 <10 <10 <10 <10 <10 <10 <10 905

Geometric mean titer of two anti-sera per antigen in the hemagglutination inhibition assay

Bold indicates the homologous antigen/sera reaction

contact pigs were seropositive by 14 dpc, with a much
lower geometric mean reciprocal titer of 30, even though
all the contact pigs were shown to have high levels of virus
by nasal swab as early as 3 dpc. By 27 dpi for the primary
pigs and 24 dpc for the contact pigs, all had seroconverted
to the respective challenge virus, but the geometric mean
homologous HI titers for the IAO4 groups remained six- to
ninefold lower than the MNO7 groups.

Cross-HI demonstrated little cross-reactivity between
swine lineage Hl-antisera [6] and the 4 U.S. hu-like H1
viruses (Table 3). In addition, there was limited cross-
reactivity between the MNO7 antiserum and the other three
U.S. swine viruses of human HI lineage, with an eightfold
or greater reduction in HI titer between the homologous
and heterologous reactions. The reduction in cross-reac-
tivity was consistent with amino acid changes at putative
antigenic determinant sites [21] in the HA peptide dem-
onstrated between the four U.S. hu-like H1 viruses. The
reduction in cross-reactivity suggests that not only are there
two genetic clusters of hu-like H1 viruses in North
American swine, but also antigenic drift within a cluster
has likely occurred since introduction into the U.S. swine
population.

Discussion

Human HIN2 and human-swine reassortant HIN2 were
first isolated from pigs in Canada in 2003 and 2004 [16].
Millions of hogs are imported into the U.S. each year from
Canada for pork processing. In addition, millions of hogs
are transported within the U.S. due to the integrated market
in the North American swine industry. This movement
provides a possible route of introduction and/or transmis-
sion of newly emerging pathogens to U.S. swine. In 2005,
hu-like H1 viruses began to be identified in U.S. swine
(M.R. Gramer, unpublished). However, to date, full gen-
ome sequence analysis has neither been reported on U.S.
isolates, nor have these hu-like H1 SIV isolates been
evaluated experimentally in the pig. Full genome

sequencing revealed substantial differences between the
U.S. isolates and those first isolated in Canada. The four
isolates evaluated here are triple reassortant SIV, with
genes from human, avian, and swine lineage, with a TRIG
constellation similar to that found in contemporary North
American SIV [5]. The HA genes of three of the U.S.
isolates form a separate phylogenetic cluster from the ori-
ginal three Canadian hu-like H1 isolates, suggesting two
introduction events. These same three isolates also differed
in that they contain hu-like N1 rather than N2. The hu-like
N1 are phylogenetically distinct from N1 of swine origin.
The internal gene constellation also differed between the
U.S. and Canadian isolates, with clear distinction in lin-
eages for the PA and PB2 genes. And although the PB1,
NP, M, and NS genes were of similar lineages, separate
clusters divided the U.S. and Canadian hu-like viruses.
Further evaluation is required to determine if distinct
populations of hu-like viruses continue to co-circulate in
geographic regions of the North American swine herds.

Deduced amino acid differences were identified in the
HA genes of the four U.S. hu-like isolates when compared to
HA of swine lineage, as well as a limited number of changes
among viruses within the hu-like HA genetic cluster. Amino
acid changes were demonstrated in putative antigenic
determinant sites [21], consistent with the loss in cross-
reactivity among the hu-like SIV antigens. The limited
cross-reactivity with anti-sera from swine lineage H1 viru-
ses suggests that despite circulation of swine lineage H1 in
the U.S. swine population, a lack of herd immunity to the
hu-like H1 is likely. Reduced cross-reactivity was demon-
strated among the four U.S. hu-like isolates, as well, further
complicating strategies to protect the swine population from
HI1 influenza virus infection. To date, only one commercially
available SIV vaccine contains antigens from this newly
emerged cluster of hu-like H1 SIV. The implementation of
this vaccine as a control for hu-like SIV remains largely
unknown since it has only recently become available.

The MNO7 hu-like HIN1 isolate was chosen to repre-
sent the U.S. cluster of hu-like H1 SIVs to be evaluated in
an in vivo challenge and transmission model. Our results
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indicate that the MNO7 virus was pathogenic in pigs and
was transmissible among pigs. The MNO7 virus induced
macroscopic and microscopic lesions that are indistin-
guishable from those induced by contemporary SIV;
however, the clinical signs and lesions were reduced in
severity as compared to the IA04 rHINI1 challenge in this
study. The IA04 chosen to represent the swine-lineage H1
viruses had been previously evaluated in pigs and was
shown to induce consistent lung pathology and nasal
shedding [6]. The MNO7 virus was transmitted from
inoculated pigs to contact pigs as demonstrated by nasal
swab virus isolation and seroconversion. Contact pigs that
were infected via natural transmission routes shed virus
longer than the intratracheally inoculated pigs. Contact
pigs began to shed virus as early as 3 dpc, and 8 out of 10
continued to shed for as long as 7 dpc. Nasal swabs were
not taken after day 7 postcontact; therefore, an endpoint
was not reached for nasal shedding in the contact pigs.
Both the hu-like MNO7 infected and contact pigs shed
lower titers of virus than the IA04 rHIN1 groups, sug-
gesting that although this hu-like HIN1 is successful in
transmission, it may not replicate as efficiently as con-
temporary swine-adapted SIV. Likewise, although virus
titers in the lung were similar on 3 dpi, by 5 dpi, the MNO7
virus had declined significantly, whereas the IAO4-infected
pigs maintained high titers on 3 and 5 dpi. The humoral
responses were inversely related to the differences in virus
titers between MNO7 and IA04. Pigs in this study mounted
a more robust humoral response to the MNO7 hu-like
HINI, both in kinetics and magnitude, as compared to the
IAO4 rHINI. This is likely related to the interplay between
virulence properties of the virus and host factors such as
receptor distribution in the respiratory tract and/or early
innate immune response. No differences were observed in
hemagglutination of the turkey red blood cells by the IA04
or MNO7 isolates to suggest the serologic response was an
artifact of the HI assay.

A number of determinants have been proposed for bar-
riers against interspecies transmission of influenza A viru-
ses (reviewed in [29]). The binding of the HA protein to the
host receptor has been demonstrated to be a major barrier.
The putative sites important for receptor recognition have
been described, with two amino acid residues having a
fundamental role in avian and human species specificity of
H1 viruses (E190 and G225 in avian viruses and D190 and
D225 in human viruses, H3 numbering) [30]; however,
D190 and D225 are conserved between human and swine
HI1 isolates. As predicted, these positions were demon-
strated to be D190 and D225 in the HA of hu-like SIV
isolates evaluated in this study. Other amino acid sites in the
H1 HA thought to play a role in differential recognition of
avian or human receptor types [22] were consistent between
the hu-like SIV and the recent HI SIV included in this
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evaluation. Changes within PIRs of the HA and NA genes
suggest possible adaptation to the swine host; however,
future work is required to monitor further changes as the hu-
like H1 viruses circulate in the swine population.

The pig has been suggested to be a “mixing vessel” for
influenza viruses with pandemic potential due to the pres-
ence of both avian and mammalian receptors located on the
epithelial cells of the respiratory tract [31]. The 2009
pandemic HIN1 is evidence of the potential for viruses
with genes from swine lineages to emerge in the human
population [15]. Although the novel HIN1 has not been
identified circulating endemically in swine, reassortants
between the North American and Eurasian lineage swine
viruses have been identified from pigs in China [32]. It is
apparent that pigs may be infected at least transiently with
wholly avian and/or human viruses, long enough for reas-
sortment to occur and allowing swine viruses to acquire
avian and/or human virus gene segments [2, 9, 16, 33-35].
Further supporting the occurrence of such events is our
recent identification of a swine and avian reassortant H2N3
virus [13], an HA subtype not seen in the human population
since the 1957 H2N2 pandemic virus disappeared in 1968.
To our knowledge, no reports of human illness associated
with these hu-like H1 SIVs have been made. A limited
number of human infections with contemporary triple
reassortant SIV with swine lineage H1 have been reported
[36], and most of these cases had documented exposure to
swine with little evidence for person to person transmis-
sion. The ability of the hu-like triple reassortant SIV to
infect humans with subsequent person to person transmis-
sion is unknown. The limited genetic change in the HA
genes between the hu-like SIV and the reference human
viruses suggests that these triple reassortant swine viruses
would likely react with reference human anti-sera or be
detected by molecular diagnostic assays directed against
human lineage HA. Thus, these emerging hu-like SIV may
be overlooked in routine seasonal influenza monitoring by
human health laboratories.

The internal gene cassette from the swine triple reas-
sortant viruses found in North America seems to have lent
contemporary SIV an ability to acquire new HA and NA
genes as well as an increased rate of antigenic drift. This
was not previously observed with classical swine HINI
viruses. The potential for a successful swine to human
jump of contemporary North American SIV is unknown,
but the rapid rate at which SIVs in North America are
evolving and emerging potentially increases the risk. The
2009 pandemic HIN1 underscores the potential risk to the
human population of other influenza virus subtypes and
genotypes on the SIV TRIG backbone. Increased surveil-
lance and monitoring of the hu-like H1 as well as other SIV
in both the swine and human populations are warranted to
better understand this risk.
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