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ABSTRACT Influenza A viruses in swine (IAV-S) circulating in the United States of
America are phylogenetically and antigenically distinct. A human H3 hemagglutinin (HA)
was introduced into the IAV-S gene pool in the late 1990s, sustained continued circula-
tion, and evolved into five monophyletic genetic clades, H3 clades IV-A to -E, after 2009.
Across these phylogenetic clades, distinct antigenic clusters were identified, with three
clusters (cyan, red, and green antigenic cluster) among the most frequently detected an-
tigenic phenotypes (Abente EJ, Santos J, Lewis NS, Gauger PC, Stratton J, et al. J Virol 90:
8266–8280, 2016, https://doi.org/10.1128/JVI.01002-16). Although it was demonstrated
that antigenic diversity of H3N2 IAV-S was associated with changes at a few amino acid
positions in the head of the HA, the implications of this diversity for vaccine efficacy
were not tested. Using antigenically representative H3N2 viruses, we compared whole
inactivated virus (WIV) and live-attenuated influenza virus (LAIV) vaccines for protection
against challenge with antigenically distinct H3N2 viruses in pigs. WIV provided partial
protection against antigenically distinct viruses but did not prevent virus replication in
the upper respiratory tract. In contrast, LAIV provided complete protection from disease
and virus was not detected after challenge with antigenically distinct viruses.

IMPORTANCE Due to the rapid evolution of the influenza A virus, vaccines require
continuous strain updates. Additionally, the platform used to deliver the vaccine can
have an impact on the breadth of protection. Currently, there are various vaccine
platforms available to prevent influenza A virus infection in swine, and we experi-
mentally tested two: adjuvanted-whole inactivated virus and live-attenuated virus.
When challenged with an antigenically distinct virus, adjuvanted-whole inactivated
virus provided partial protection, while live-attenuated virus provided effective pro-
tection. Additional strategies are required to broaden the protective properties of in-
activated virus vaccines, given the dynamic antigenic landscape of cocirculating
strains in North America, whereas live-attenuated vaccines may require less frequent
strain updates, based on demonstrated cross-protection. Enhancing vaccine efficacy
to control influenza infections in swine will help reduce the impact they have on
swine production and reduce the risk of swine-to-human transmission.
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Influenza A virus (IAV) is an enveloped virus comprised of 8 negative-sense RNA
segments that can encode up to 15 proteins (1–7). Most vaccine efforts target the

production of neutralizing antibodies against hemagglutinin (HA), a glycoprotein on

Received 2 August 2018 Accepted 31 August
2018

Accepted manuscript posted online 5
September 2018

Citation Abente EJ, Rajao DS, Santos J, Kaplan
BS, Nicholson TL, Brockmeier SL, Gauger PC,
Perez DR, Vincent AL. 2018. Comparison of
adjuvanted-whole inactivated virus and live-
attenuated virus vaccines against challenge
with contemporary, antigenically distinct H3N2
influenza A viruses. J Virol 92:e01323-18.
https://doi.org/10.1128/JVI.01323-18.

Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

This is a work of the U.S. Government and is
not subject to copyright protection in the
United States. Foreign copyrights may apply.

Address correspondence to Amy L. Vincent,
amy.vincent@ars.usda.gov.

* Present address: Daniela S. Rajao, Poultry
Diagnostic and Research Center, Department
of Population Health, College of Veterinary
Medicine, University of Georgia, Athens,
Georgia, USA.

PATHOGENESIS AND IMMUNITY

crossm

November 2018 Volume 92 Issue 22 e01323-18 jvi.asm.org 1Journal of Virology

https://orcid.org/0000-0003-2540-8769
https://orcid.org/0000-0002-4953-7285
https://doi.org/10.1128/JVI.01002-16
https://doi.org/10.1128/JVI.01323-18
mailto:amy.vincent@ars.usda.gov
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01323-18&domain=pdf&date_stamp=2018-9-5
https://jvi.asm.org


the virion’s surface that mediates virus entry into susceptible cells (8). Influenza A
viruses in swine (IAV-S) of the H1N1, H1N2, and H3N2 subtypes are endemic in swine
in North America (9–11), and antigenically distinct strains cocirculate (10, 12–14).
Expansion of the IAV-S genetic pool was observed after the introduction into swine of
a triple-reassortant internal gene (TRIG) constellation in the late 1990s with a human-
origin H3 HA (15). The H3 phylogenetic clade IV emerged in North America in the
mid-2000s as an evolutionary branch of clade III TRIG viruses introduced in the 1990s
(11, 16) and has continued to increase in diversity. Another human H3 HA, which
emerged in the swine population in 2012 and has persisted, is phylogenetically and
antigenically distinct from contemporary swine H3 viruses (17), further extending the
diversity of an already complex viral ecosystem. In this context of cocirculation of
antigenically diverse viruses, it is important to have a better understanding of the
breadth of cross-reactions among contemporary antigenically distinct IAV-S viruses.

In contrast to the concerted, global effort that is carried out to select vaccine strains
for human seasonal IAV, there are no standardized systems for strain recommendations
for IAV-S, although there are several vaccines licensed and available, primarily in the
United States of America (18–20). In addition to vaccine composition, the platform and
method of vaccine delivery can have a significant impact on protection. Currently
licensed technologies available for use in pigs in the United States include whole-
inactivated virus (WIV), either commercial or prepared as an autogenous vaccine (18),
an HA subunit vaccine that is delivered as RNA in an alphavirus vector (21–23), and a
live-attenuated influenza virus (LAIV) vaccine platform (24, 25). Manufacturers are not
required to disclose the strain names used in the vaccines on the label or product insert,
although one manufacturer reports inclusion of two clade IV H3N2 strains (19), and
another manufacturer reports inclusion of clade I and clade IV H3N2 components (20).

Important advances have been made in predicting the antigenic phenotype of H3
IAV based on the genetics of the HA (26–29), and based on the number of predicted
antigenic phenotypes in current H3 HA, it is unlikely that a single representative of
clade IV would protect against all clade IV H3 viruses in WIV formulations. Recent work
on antigenic characterization of contemporary swine H3 viruses in the United States
using antigenic cartography determined that, since 2009, there have been four pre-
dominant antigenic clusters, defined as cyan, red, and green and a recent human-like
antigenic cluster (12, 13, 17). In this study, we tested the efficacies of WIV and LAIV
containing H3N2 clade IV viruses of one antigenic cluster to protect against challenge
with contemporary viruses of another antigenic cluster. We observed that as few as two
amino acid differences in the HA1 of clade IV viruses were sufficient to reduce the
efficacy of the WIV platform. More notably, the LAIV provided complete protection even
in the presence of antigenic mismatch. These results have significant implications for
the use of influenza vaccines in swine in the United States.

RESULTS
Viruses selected by antigenic motif demonstrated loss in HI cross-reactivity.

The four virus strains used in these studies included A/turkey/Ohio/313053/2004 H3N2
(OH/04), A/swine/Indiana/A01260254/2013 H3N2 (IN/13), A/swine/Iowa/A01480656/
2014 H3N2 (IA/14), and A/swine/New York/A01104005/2011 H3N2 (NY/11) (study de-
sign shown in Table 1). Prior work has characterized the HA antigenic phenotype of
OH/04 as belonging to the cyan antigenic cluster and the IN/13 and NY/11 strains to the
red antigenic cluster. Sequence analysis predicts that the IA/14 virus belongs to the
green antigenic cluster (12, 13, 30). Cross-hemagglutination inhibition (cross-HI) assays
were employed to confirm the antigenic properties of the selected viruses. There were
�2-fold-dilution reductions in HI activity across viruses from different antigenic clusters
compared to the homologous HI titers (Table 2).

LAIV vaccination protected against antigenically distinct strains. Nonvaccinated
(NV) pigs challenged with IN/13 (NV-IN/13) in study 1 had mild lung lesions but high
viral titers in bronchoalveolar lavage fluid (BALF) and shed virus in the nasal cavity at
3 and 5 days postchallenge (dpc) (Fig. 1A to F). In vaccinated pigs, protection was
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defined as statistically significant reductions in lung lesions and virus titers detected in
BALF and nasal swab samples compared to the results for the nonvaccinated group.
Pigs vaccinated with OH/04 in the WIV platform (OH/04WIV) (cyan) and challenged with
IN/13 (red) (OH/04WIV-IN/13) showed significantly reduced lesions of the lungs but no
significant reduction in microscopic lesions of the trachea compared to those in the
NV-IN/13 control group (Fig. 1A to C). Consistent with these findings and compared to
the results for the NV-IN/13 pigs, the OH/04WIV-vaccinated pigs showed no significant
reduction in virus titers from nasal swabs at 5 dpc, although they did show significantly
reduced viral titers in nasal swabs at 3 dpc and in BALF at 5 dpc (Fig. 1E and F). Notably,
pigs vaccinated with OH/04 in the LAIV platform (OH/04LAIV) and challenged with
IN/13 (OH/04LAIV-IN/13) had no detectable macroscopic or microscopic lesions in the
lungs, minimal detectable lesions in the trachea, and no detectable virus in BALF or in
nasal swabs at 3 or 5 dpc (Fig. 1A to F).

In study 2, the groups of NV-IA/14 and NV-NY/11 pigs developed mild-to-moderate
lung lesions with high viral loads in the lungs at 5 dpc and in nasal swabs at 3 and 5
dpc (Fig. 2A to F). Pigs vaccinated with IA/14WIV and challenged with IA/14 showed
significantly reduced virus titers in the lungs and in nasal swabs, although lung lesions
were not reduced compared to those in the NV-IA/14 control group (Fig. 2A to F).
Compared to the NV-NY/11 group, a significant increase in lung macroscopic lesions
and a trend toward higher levels of microscopic lesions in the lung and trachea was
observed in pigs vaccinated with IA/14WIV (green) and challenged with NY/11 (red) in
the antigenically mismatched WIV challenge group. The IA/14WIV-NY/11 group had
significantly reduced viral titers in the lung and in nasal swabs at 5 dpc (but not at 3
dpc) compared to the results for the NV-NY/11 control group (Fig. 2D to F). Consistent
with the results from study 1, pigs vaccinated with the IA/14LAIV showed significant
protection against challenge with either the antigenically matched IA/14 or mis-

TABLE 1 Animal study designa

Study Groupb Vaccine platform (antigenic cluster) Challenge virus (antigenic cluster) No. of pigs

1 NV-NC No vaccine No challenge 8
NV-IN/13 No vaccine IN/13 (red) 8
OH/04WIV-IN/13 OH/04WIV (cyan) IN/13 (red) 8
OH/04LAIV-IN/13 OH/04LAIV (cyan) IN/13 (red) 8

2 NV-NC No vaccine No challenge 5
NV-IA/14 No vaccine IA/14 (green) 10
IA/14WIV-IA/14 IA/14WIV (green) IA/14 (green) 10
IA/14LAIV-IA/14 IA/14LAIV (green) IA/14 (green) 10
NV-NY/11 No vaccine NY/11 (red) 9
IA/14WIV-NY/11 IA/14WIV (green) NY/11 (red) 10
IA/14LAIV-NY/11 IA/14LAIV (green) NY/11 (red) 10

aNV, nonvaccinated; NC, nonchallenged; WIV, adjuvanted-whole inactivated virus vaccine; LAIV, live-attenuated influenza A virus vaccine.
bThe vaccine and challenge strains used in each group are indicated.

TABLE 2 Cross-HI titers reported as reciprocal GMTsa

Virus (clade [antigenic cluster])b

Cross-HI GMT (no. of HA1 aa differencesc) for
antiserum against indicated virus in study:

1 2

OH/04 IN/13 IA/14 NY/11

OH/04 (IV [cyan]) 453 61 (18) 14 (17) 320 (15)
IN/13 (IV-A [red]) 160 (18) 640 160 (3) 2,560 (3)
IA/14 (IV-A [green]) 57 (17) 160 (3) 1,810 320 (2)
NY/11 (IV-A [red]) 57 (15) 485 (3) 160 (2) 1,280
aPaired antisera were generated in swine by delivering two doses of adjuvanted-whole inactivated virus. HI,
hemagglutination inhibition; GMT, geometric mean titer.

bPhylogenetic and antigenic analysis (color name refers to antigenic clusters) was performed previously by
Abente et al. (13).

cNumber of amino acid (aa) differences out of 329 total amino acids in HA1.
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matched NY/11 virus. The IA/14LAIV-vaccinated pigs showed no detectable virus in
BALF or nasal swabs irrespective of the challenge virus used. More importantly, the
lungs of pigs in the IA/14LAIV groups showed lung lesion scores indistinguishable from
those in the negative-control pigs (not vaccinated and not challenged [NV-NC]),
indicating efficacious protection after challenge (Fig. 2A to C).

IAV-specific systemic antibodies were not predictive of protection. The serum
HI antibody responses in pigs varied depending on the vaccine platform used (Fig. 3A).
In study 1, the HI reciprocal geometric mean titers (GMT) prior to challenge in the
OH/04WIV- and the OH/04LAIV-vaccinated groups were 1,280 and 247, respectively,
against the OH/04 virus (Fig. 3A, left, white bars). Reduced HI cross-reactivity was
observed against the antigenically mismatched IN/13 virus, with a reciprocal HI titer of
320 in the OH/04WIV-vaccinated group and a reciprocal HI titer of 40 in the OH/04LAIV-
vaccinated group (Fig. 3A, right, white bars). At 5 dpc with the IN/13 virus, no significant
effect on the HI titers against the OH/04 virus was observed regardless of the vaccine
platform (Fig. 3A, left, gray bars). A modest boost was observed against the IN/13 virus
at 5 dpc in the OH/04WIV-vaccinated group, with a reciprocal HI titer of 538 observed,
and a �2-fold increase with a reciprocal HI titer of 174 was observed in the OH/04LAIV-
vaccinated group (Fig. 3A, right, gray bars).

Pigs that received the OH/04WIV vaccine had lower levels of IgA-specific antibodies
against OH/04 and IN/13 in BALF at 5 dpc, while the OH/04LAIV-vaccinated pigs had
high levels of IgA-specific antibodies against both antigens (Fig. 3B). The OH/04WIV and
the OH/04LAIV groups had robust IgG-specific antibodies in BALF against both OH/04

FIG 1 Protection against challenge strains in pigs vaccinated with whole inactivated virus (WIV) or live-attenuated influenza virus (LAIV) in study 1. (A to C) Lung
and trachea lesions were evaluated at 5 dpc. (D to F) Viral titers were measured in bronchoalveolar lavage fluid (BALF) at 5 dpc (D) and in nasal swab samples
at 3 and 5 dpc (E, F); the number of pigs with a positive virus titer/total number of pigs is indicated above each bar. Bars are labeled with the vaccine and
challenge strain used for each group of pigs. Data are presented as mean values � standard errors of the means. Different lowercase letters within each graph
indicate statistically significant differences (P � 0.05). NV, not vaccinated; NC, not challenged.
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and IN/13, but the IgG levels against IN/13 were significantly higher for the OH/04LAIV
group than for the OH/04WIV group (Fig. 3C).

In study 2, at 0 dpc, the reciprocal HI GMTs of the two IA/14WIV-vaccinated groups
were 43 and 37, while those of IA/14LAIV-vaccinated pigs were 99 and 106 (Fig. 4A, left,
white bars). Prior to challenge, the cross-HI activity against the antigenically mis-
matched NY/11 virus was �20 in all vaccinated groups (Fig. 4A, right, white bars). At 5
dpc, HI titers against the matched IA/14 challenge virus showed no significant changes
(Fig. 4A, left, gray bars). In contrast, significant HI GMT boosts against IA/14 (from 37 to
279) and NY/11 (from �20 to 121) were observed in IA/14WIV-vaccinated pigs after
challenge with NY/11 virus (Fig. 4A). Modest HI GMT boosts were seen against IA/14
(from 106 to 171) and against NY/11 (from �20 to 37) in the IA/14LAIV-vaccinated
group after challenge with NY/11 virus.

At 5 dpc, IA/14- and NY/11-specific IgA antibodies were relatively low in the BALF
samples obtained from pigs in the IA/14WIV-IA/14 group compared to the results for
the IA/14WIV-NY/11 group (Fig. 4B). After challenge, the IA/14LAIV-vaccinated pigs had
robust levels of IgA-specific antibodies against both antigens, independent of challenge
virus (Fig. 4B).

The IA/14WIV and IA/14LAIV groups had robust IgG-specific antibodies against both
IA/14 and NY/11 regardless of the challenge strain used (Fig. 4C), which were partic-
ularly significant in the IA/14WIV group after challenge with the NY/11 virus. Overall,
challenge with the NY/11 virus led to significant expression of virus-specific IgG
regardless of whether the pigs received the WIV or LAIV (Fig. 4C).

FIG 2 Protection against challenge strains in pigs vaccinated with whole inactivated virus (WIV) or live-attenuated influenza virus (LAIV) in study 2. (A to C) Lung
and trachea lesions were evaluated at 5 dpc. (D to F) Viral titers were measured in bronchoalveolar lavage fluid (BALF) at 5 dpc (D) and in nasal swab samples
at 3 and 5 dpc (E, F); the number of pigs with a positive virus titer/total number of pigs is indicated above each bar. Bars are labeled with the vaccine and
challenge strain used for each group of pigs. Data are presented as mean values � standard errors of the means. Different lowercase letters within each graph
indicate statistically significant differences (P � 0.05). NV, not vaccinated; NC, not challenged.
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FIG 3 Antibody responses induced in pigs by whole inactivated virus (WIV) and live-attenuated influenza
virus (LAIV) vaccines in study 1. (A) Serum hemagglutination inhibition (HI) geometric mean titers against
OH/04 and IN/13 at 0 and 5 dpc. *, HI titers differed by more than two serial dilutions between 0 and 5
dpc. (B, C) Whole-virus IgA (B) and IgG (C) assays were performed using BALF from 5 dpc with OH/04 and
IN/13 as antigens. Bars are labeled with the vaccine and challenge strain used in each group of pigs. Data

(Continued on next page)
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We assessed the neuraminidase (NA) inhibition (NI) titers from a subset of vacci-
nated pigs to examine the NI antibody responses for the two different vaccine
platforms (Table 3). All vaccinated pigs, regardless of platform, were vaccinated with an
antigen that contained the OH/04 NA, and we only detected anti-OH/04 NI titers in pigs
that received the LAIV.

DISCUSSION

Several studies have shed light on the antigenic diversity of IAV-S cocirculating in
the United States. Antigenic analyses of contemporary H3 IAV-S from the clade IV
lineage have revealed at least three major antigenic clusters in the United States (12,
31). The impact on vaccine efficacy due to this antigenic diversity had yet to be
explored, and we were particularly interested in examining the levels of cross-
protection conferred across antigenically distinct viruses within the H3 IAV-S subtype
from the phylogenetic clade IV. We tested two vaccine platforms, an adjuvanted WIV
and an LAIV, to assess their efficacies of protection.

In study 1, both vaccine platforms with a cyan-antigenic-cluster virus provided
significant protection against a red-antigenic-cluster challenge virus. OH/04, a well-
characterized virus that has been used previously in vaccine studies (32, 33) and
characterized antigenically to be within the cyan antigenic cluster (13), was chosen as
the vaccine antigen. IN/13, a contemporary virus that was recently examined in an
animal study (30), contains a red antigenic cluster motif, and it was selected as the
challenge strain. The OH/04LAIV provided efficacious protection, despite the antigenic
difference with the challenge strain. The OH/04WIV vaccine provided partial protection,
which may have been associated with high HI antibody titers. However, infectious virus
was still detected in nasal swabs in the OH/04WIV-vaccinated group, suggesting that
the WIV vaccine may not be able to block challenge virus transmission, especially to
naive contacts, although additional animal studies are required to demonstrate trans-
mission to contacts.

In study 2, pigs were vaccinated with a virus expressing an HA belonging to the
green antigenic cluster (IA/14) and challenged with a virus with a HA from the red
antigenic cluster (NY/11). Despite high homology between the HA proteins of IA/14 and
NY/11, differing only at positions 145 and 289 in the HA1 region, these viruses were
markedly distinct antigenically (Table 2). In agreement with the results from study 1, the
IA/14LAIV provided complete protection against challenge with the antigenically dis-
tinct NY/11 virus. Efficacious protection was not observed in the IA/14WIV-mismatched
NY/11 challenge group, which ultimately led to enhanced lung lesions and detectable
levels of viral shedding in the upper respiratory tract. Vaccine-associated enhanced
respiratory disease (VAERD) has been observed previously in WIV vaccine animal
studies when pigs were challenged with an antigenically distinct virus from either the
H1 or H3 subtype (34, 35). Our findings are consistent with previous descriptions of
VAERD and warrant further investigation, particularly due to the cocirculation of
antigenically distinct viruses in the swine population and the use of WIV in the United
States.

It must be noted that there were important differences between studies 1 and 2. The
age at which pigs were administered the first dose of the vaccine was different. Pigs in
study 1 were 3 weeks old when they received the first dose of the vaccine, while pigs
in study 2 were 9 weeks old at the time of first vaccination. There is evidence that
priming pigs at 4 weeks of age results in higher HI titers against the antigenically
matched strains than priming at 9 weeks of age (36), consistent with our finding that
pigs in study 1 developed higher HI titers than pigs in study 2. Despite the differences
between the two studies presented here, there is a consistent pattern that the LAIV

FIG 3 Legend (Continued)
are presented as mean optical densities (O.D.) or geometric mean titers � standard errors of the means.
Different lowercase letters within the same graph indicate statistically significant differences (P � 0.05).
NV, not vaccinated; NC, not challenged.
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FIG 4 Antibody responses induced in pigs by whole inactivated virus (WIV) and live-attenuated influenza
virus (LAIV) vaccines in study 2. (A) Serum hemagglutination inhibition (HI) geometric mean titers against
IA/14 and NY/11 at 0 and 5 dpc. *, HI titers differed by more than two serial dilutions between 0 and 5

(Continued on next page)
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conferred efficient protection against antigenically matched and mismatched strains. In
contrast, WIV provided only partial protection against mismatched strains and was
associated with the risk of enhanced disease. This observation is consistent with other
findings that have examined the vaccine efficacies of WIV and LAIV in pigs in side-by-
side comparisons (33, 37, 38). Of interest, an LAIV distinct from the one used in the
studies presented here has recently been approved for use in swine in the United States
(24, 25, 39) and may provide broader protection, but the H3 strain in the commercial
LAIV is of a different phylogenetic clade and further study is required to speculate on
its capacity for protection from the contemporary strains tested here.

In the face of the vast antigenic diversity of IAV, not only in swine but also in humans
and avian species, efforts have been focused on exploring mechanisms to potentiate
immune responses to vaccine antigens to induce broader protection. Some approaches
include testing different adjuvants to target specific pathways of the immune response
(40–42), and others have examined various prime-boost strategies (43–49). One salient
observation from our studies was a detectable back-boost in pigs that were vaccinated with
one antigenic phenotype and challenged with an antigenically distinct virus. A significant
boost in HI-specific antibodies against the vaccine was observed in the IA/14 WIV group
after challenge with NY/11, which suggests that a heterologous prime-boost regime with
WIV and LAIV could help broaden the antibody repertoire and warrants further investiga-
tion.

In recent years, there has been a collective call to produce a “universal” flu vaccine
that can provide broad protection across multiple subtypes (50). Many strategies are
being pursued in an effort to improve the protective quality of current vaccines, and
one approach includes specifically targeting NA-based immunity (51). In humans, there
is evidence that IAV infection produces broadly cross-reactive NA antibodies, in contrast
to minimal NA antibody induction in response to nonadjuvanted split-virion vaccine
(52). Here, homologous NA antibodies were only induced by the LAIV, which mimics a
live exposure. As increasing evidence is reported for a role of NA antibodies in
providing protection in humans (53), additional studies are required to better under-
stand the NA antigenic diversity of IAV-S and its implications for vaccine design.

This study has two important limitations. First, we did not compare the T cell

FIG 4 Legend (Continued)
dpc. (B, C) Whole-virus IgA (B) and IgG (C) assays were performed using BALF from 5 dpc with IA/14 and
NY/11 as antigens. Bars are labeled with the vaccine and challenge strain used in each group of pigs. Data
are presented as mean optical densities (O.D.) or geometric mean titers � standard errors of the means.
Different lowercase letters within the same graph indicate statistically significant differences (P � 0.05).
NV, not vaccinated; NC, not challenged.

TABLE 3 NI titers in sera from a subset of pigs at 0 days postchallenge

Study Groupa

NI titer against NA of indicated virusb

OH/04 IA/14 (n � 15 NA aa differences)c NY/11 (n � 21 NA aa differences)c

1 NV-IN/13 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10
OH/04WIV-IN/13 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10
OH/04LAIV-IN/13 10, 10, 80, 40, 20 10, 20, 40, 160, 10 �10, �10, �10, 10, �10

2 NV-IA/14 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10
IA/14WIV-IA/14 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10
IA/14LAIV-IA/14 20, 40, �10, 20, 20 20, 20, �10, 20, 20 �10, �10, �10, �10, �10
NV-NY/11 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10 �10, �10, �10, �10, �10
IA/14WIV-NY/11 10, �10, �10, �10, �10 10, �10, �10, �10, �10 �10, �10, �10, �10, �10
IA/14LAIV-NY/11 20, 40, 10, 10, 40 �10, 10, �10, �10, 40 �10, 10, �10, �10, �10

Serum paneld OH/04WIV 80, 20
aThe vaccine and challenge strains used in each group are defined in Table 1. WIV and LAIV contain the NA of OH/04. NV, nonvaccinated; WIV, adjuvanted-whole
inactivated virus vaccine; LAIV, live-attenuated influenza A virus vaccine.

bA titer of �20 was considered positive. Boldface indicates positive titers. NI, neuraminidase inhibition; NA, neuraminidase.
cNumber of amino acid (aa) differences out of 469 total amino acids in the NA compared to the sequence of OH/04 NA.
dOH/04 antisera generated previously used as part of a panel of sera to generate antigenic maps of H3 IAV-S (13).
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response across both vaccine platforms. It is well documented that robust CD4 and CD8
memory T cell responses contribute to heterologous protection (54–56). Previous work in
pigs found that LAIV can prime a T cell response in naive pigs (57–59), although when
comparing WIV and LAIV, a moderate T cell response was observed in adjuvanted-WIV-
treated pigs as opposed to a more robust response in LAIV-treated pigs (35, 58). Second, we
assessed functional HA and NA antibodies and did not quantitate the total antibody
response to either protein. Nonneutralizing antibodies have been shown to mediate
protection and virus clearance indirectly through complement- and antibody-dependent
cell-mediated cytotoxicity (60–68). Future work examining these two components of the
immune response may help to elucidate the mechanistic factors that result in LAIV
providing broader protection.

Better vaccines can help reduce the burden of disease caused by IAV-S on swine
production systems and reduce the viruses’ chances of two-way interspecies transmis-
sion between swine and humans. As IAV-S continues to diversify phylogenetically and
antigenically, improved intervention strategies are required. Consistent with our find-
ings, there is evidence that LAIVs can provide broader protection, although factors such
as multivalent killed vaccines, adjuvants, and different prime-boost regimens should be
explored to identify additional effective approaches.

MATERIALS AND METHODS
Viruses and vaccine preparations. The A/turkey/Ohio/313053/2004 H3N2 LAIV (OH/04LAIV) with

temperature-sensitive and epitope tag-attenuating mutations was previously described (32, 69). In study
1, the OH/04LAIV was administered intranasally (i.n.) at 1 � 106 50% tissue culture infective dose (TCID50)
per ml. In study 2, the IA/14LAIV was produced by reverse genetics using the HA gene segment of
A/swine/Iowa/A01480656/2014 H3N2 (IA/14) in the background of the OH/04LAIV virus (1 � 7 reas-
sortant) and given i.n. at 1 � 105 TCID50/ml. In order to compare them side by side, the WIV vaccines were
prepared from the LAIV of each respective study, either the OH/04LAIV (OH/04WIV) or the IA/14LAIV
(IA/14WIV), by UV inactivation and emulsion in a commercial oil-in-water adjuvant (1:5 ratio, Emulsigen
D; MVP Laboratories, Inc., Ralston, NE) at 128 hemagglutinating units (HAU)/dose.

The clade IV H3N2 viruses used for challenge were propagated in Madin-Darby canine kidney (MDCK)
cells and corresponded to the following field isolates: IA/14 (described above), A/swine/Indiana/
A01260254/2013 H3N2 (IN/13), and A/swine/New York/A01104005/2011 H3N2 (NY/11).

Virus antigenic characterization. The OH/04 HA gene encodes the antigenic motif NHNNYR (amino
acids at positions 145, 155, 156, 158, 159, and 189 in the HA’s globular head) and belongs to the cyan
antigenic cluster. The antigenic motif is known to modulate the antigenic phenotype of a virus as it
relates to antibody recognition and hemagglutination inhibition (HI) activity (13). The antigenic motif of
the IA/14 HA protein is KYNNYK (green antigenic cluster), and the HA proteins of IN/13 and NY/11 contain
the antigenic motif NYNNYK (red antigenic cluster), based on prior findings (12, 13, 30). The cross-HI
assays whose results are shown in Table 2 were performed with a subset of a reference antiserum panel
described previously (12). Prior to HI testing, sera were treated with receptor-destroying enzyme
(Sigma-Aldrich, St. Louis, MO, USA), heat inactivated at 56°C for 30 min, and adsorbed with 50% turkey
red blood cells (RBC) to remove nonspecific inhibitors of hemagglutination. Serial 2-fold dilutions starting
at 1:10 were tested for the ability to inhibit the agglutination of 0.5% turkey RBC with 8 HAU of OH/04,
IN/13, IA/14, NY/11, and reference viruses.

Animal study design. All pigs were cared for in compliance with the Institutional Animal Care and
Use Committee of the National Animal Disease Center. Pigs were treated with ceftiofur (crystalline free
acid) and tulathromycin (Zoetis Animal Health, Florham Park, NJ) and were seronegative to IAV antibod-
ies by a commercial enzyme-linked immunosorbent assay (ELISA) kit (swine influenza virus antibody test;
IDEXX, Westbrook, ME) prior to the start of the study. Two animal studies were conducted to examine
protection against heterologous challenge with antigenically distinct H3N2 viruses (Table 1). Both studies
employed two different vaccine platforms, WIV and LAIV (described above).

Due to pig availability and coordination with an unrelated study, pig ages varied in the two studies.
In study 1, 32 3-week-old, cross-bred pigs were divided into 4 groups (Table 1). Pigs in the WIV group
were vaccinated intramuscularly and pigs in the LAIV group were vaccinated intranasally with 2 ml of
each respective vaccine at 3 and 5 weeks of age (35 and 21 days prior to challenge, respectively). To
further explore the extent of protection between antigenic clusters in study 2, 44 9-week-old pigs were
divided into 7 groups (Table 1). Similarly, pigs in the WIV groups were vaccinated intramuscularly and
pigs in the LAIV groups were vaccinated intranasally with 2 ml of each vaccine at 9 and 11 weeks of age
(36 and 19 days prior to challenge, respectively).

On day 0, 3 ml of 1 � 105 TCID50/ml of challenge virus, either IN/13, NY/11, or IA/14, was delivered
to pigs intratracheally (2 ml) and intranasally (1 ml). Pigs were challenged under anesthesia, using an
intramuscular injection of a ketamine (8 mg/kg of body weight; Phoenix, St. Joseph, MO), xylazine (4
mg/kg; Lloyd Inc., Shenandoah, IA), and Telazol (tiletamine HCl and zolazepam HCl, 6 mg/kg; Zoetis
Animal Health, Florham Park, NJ) cocktail. Nasal swabs (Fisherbrand Dacron swabs, Fisher Scientific,
Pittsburg, PA) were collected on 0, 3, and 5 days postchallenge (dpc) and used for virus isolation as
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previously described (37). Pigs were humanely euthanized with a lethal dose of pentobarbital (Fatal Plus;
Vortech Pharmaceuticals, Dearborn, MI) at 5 dpc. Bronchoalveolar lavage fluids (BALF) were collected in
minimal essential medium (MEM).

Antibody responses. HI assays were performed with 0.5% turkey RBC according to standard
techniques (70). Sera were treated with receptor-destroying enzyme as described above in “LAIV
vaccination protected against antigenically distinct strains.” Results are reported as geometric mean
antibody titers (GMT).

Isotype-specific (IgA and IgG) ELISAs were performed using OH/04, IN/13, IA/14, and NY/11 as
antigens after BALF samples were treated with 10 mM dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO)
and diluted 1:4, as previously described (37). Results are reported as average optical density (OD) values
of duplicate wells for each sample.

Neuraminidase-inhibiting (NI) antibodies were assessed by enzyme-linked lectin assay (ELLA) as described
by Couzens et al. (71). Briefly, fetuin-coated plates were incubated for 18 to 20 h at 37°C with serial dilutions
of postvaccination sera (0 dpc) and H9N2 reassortant viruses containing the NA of A/turkey/Ohio/313053/
2004, A/swine/New York/A01104005/2011, or A/swine/Iowa/A01480656/2014. Following incubation, plates
were washed 6 times with PBS–0.05% Tween 20 and then incubated for 2 h at room temperature with
horseradish peroxidase-conjugated peanut agglutinin (HRP-PNA) (Sigma-Aldrich, St. Louis, MO). Excess
HRP-PNA was removed by washing. TMB (3,3=,5,5=-tetramethylbenzidine) substrate (KPL Laboratories,
Gaithersburg, MD) was added and the reaction stopped following 10 min of incubation at room
temperature. Plates were read at 650 nm, and the resulting OD values were used to calculate the
percentage of inhibition. The inverse of the dilution that gave a 50% inhibition of NA activity was
considered the NI titer.

Pathological examination and virus detection. At necropsy, the percentage of lung surface
affected with pneumonia was calculated as previously described (72, 73). Right cardiac or affected lung
lobes and trachea were collected in formalin, routinely processed, and stained with hematoxylin and
eosin. Microscopic lesions in lung and trachea were scored according to previously described parameters
(34), and individual composite scores were computed for each pig. Virus isolation-positive nasal swabs
and BALF samples were titrated in MDCK cells as previously described (37, 74), and virus titers (TCID50/ml)
were calculated for each sample by the method of Reed and Muench (75). The limit of detection for virus
titration was 1.78 � 102 TCID50/ml, and any value below this limit was calculated as 0.

Statistical analysis. Results were analyzed by analysis of variance (ANOVA), with a P value of �0.05
considered significant (Prism software; GraphPad, La Jolla, CA), and variables with significant effects by
treatment group were subjected to pairwise mean comparisons using the Tukey-Kramer test.
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