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Introduction: The rapid evolution of influenza A viruses (FLUAV) complicates disease
control for animal and public health. Although vaccination is an effective way to
controlinfluenza, available vaccines for use in swine result in limited protection against
the antigenically distinct FLUAV that currently co-circulate in pigs. Vaccines
administered parenterally usually stimulate 1gG antibodies but not strong mucosal
IgA or cell-mediated responses, which are typically more cross-reactive.

Methods: We developed a live attenuated influenza virus (LAIV) vaccine containing
IgA-inducing protein (IGIP) as a molecular marker and immunomodulator. This
Flu-IGIP vaccine was tested in a bivalent formulation (HIN1 and H3N2) against
challenge with antigenically drifted viruses in pigs. Pigs were vaccinated
intranasally with either a bivalent Flu-IGIP or a bivalent Flu-att (control without
IGIP) and boosted two weeks later. Three weeks post boost, pigs were challenged
with antigenically drifted HIN1 or H3N2 virus.

Results: Vaccinated pigs had increased numbers of influenza-specific IgA-
secreting cells in PBMC two weeks post boost and higher numbers of total and
influenza-specific IgA-secreting cells in bronchoalveolar lavage fluid (BALF) 5 days
post inoculation (dpi) compared to naive pigs. Pigs vaccinated with both Flu-IGIP
and Flu-att shed significantly less virus after HIN1 or H3N2 challenge compared to
non-vaccinated pigs. Vaccination with Flu-att reduced respiratory transmission,
while Flu-1GIP fully blocked transmission regardless of challenge virus. Both Flu-
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IGIP and Flu-att vaccines reduced virus replication in the lungs and lung lesions
after inoculation with either virus. IgG and IgA levels in BALF and nasal wash of
vaccinated pigs were boosted after inoculation as soon as 5 dpi and remained high

at 14 dpi.

Conclusion: Our results indicate that Flu-IGIP leads to protection from clinical
signs, replication and shedding after antigenically drifted influenza virus infection.
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1 Introduction

Influenza A viruses (FLUAV) are important respiratory pathogens
that impact animal and public health. Clinical signs of influenza in pigs
are often mild; however, the high morbidity can result in substantial
economic impact to swine producers due to widespread weight loss and
reduced weight gain, in addition to increased expenses with vaccines
and treatment (1). Pigs are susceptible to infection with avian and
human FLUAVs and may serve as intermediary hosts for the
generation of novel reassortant viruses (2). Additionally, FLUAV that
infect swine can occasionally spillover to humans, and zoonotic
infections with swine-origin FLUAV, termed “variant viruses” (or
“v”), are reported yearly (3). These zoonotic spillovers are usually
associated with close exposure to infected swine and, thus, some
individuals might be at increased risk of variant virus infection, such
as farmers, meat processing workers, and veterinarians. Further, these
variant viruses may sporadically become adapted to humans and
acquire the ability to transmit from person-to-person, as was the case
of the 2009 pandemic HIN1 (4). This bidirectional transmission of
FLUAV between humans and swine can impact human and animal
health and has significantly affected virus epidemiology. Hence,
controlling influenza infection and transmission in pigs can serve a
dual benefit for both animal and public health.

Although only subtypes HIN1, HIN2, and H3N2 are endemic in
swine, a diverse range of phylogenetic lineages of FLUAVs co-
circulate in swine globally. This diversity is the result of
reassortment between different virus lineages leading to antigenic
shift and further accumulation of mutations through antigenic drift of
the surface genes, hemagglutinin (HA) and neuraminidase (NA) (5,
6). In the U.S,, intensified surveillance in the past decade revealed
considerable phylogenetic virus diversity that varies regionally, with
five major H1 and H3 genetic lineages currently circulating (7). These
lineages are further divided into 16 phylogenetic clades based on the
HA genetic diversity (7, 8). Substantial antigenic diversity is seen
between and within these genetic lineages and clades (9-11). Thus,
this diversity complicates diagnosis and control of influenza in pigs
more so than the diversity of influenza in humans.

The primary method for controlling FLUAV in swine herds is
through vaccination. Current vaccines for use in swine rely primarily
on antibody responses to the virus’ HA surface protein. The HA is
highly variable and a major site of antigenic drift that can lead to
vaccine mismatch. It was demonstrated that changes in only 6 or 7
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amino acid positions in the HA (145, 155, 156, 158, 159, 189 and 193)
account for major antigenic changes of swine and human H3
influenza viruses, and single amino acid changes can have a
significant impact in the emergence of a new antigenic strain (9, 12,
13). Vaccines licensed for use in pigs in the U.S. are adjuvanted,
inactivated virus vaccines or alphavirus vectored vaccines (14). These
parenterally administered vaccines can elicit protective humoral
immunity by inducing the production of high levels of IgG
neutralizing antibodies. But they induce limited IgA antibody
response and little, if any, T-cell immunity (15) and confer little
efficacy in case of antigenic drift or newly emerged viruses.
Consequently, there is the need for development of better vaccine
strategies that are more broadly cross-protective against a large
number (if not all) currently circulating viruses.

In contrast, live attenuated influenza virus (LAIV) vaccines can
elicit a combination of humoral and cellular responses by mimicking
a natural infection (15, 16). LAIV can also induce mucosal IgA
responses in the respiratory tract (17). A bivalent live attenuated
vaccine generated by truncation of the non-structural (NS1) protein
became commercially available for use against influenza in pigs in the
U.S (18, 19).. However, both vaccine parental viruses were detected
recently by routine surveillance in swine herds, with evidence of
reassortment with endemic field strains (20), generating concern for
its safety. An LAIV vaccine developed by our group containing an
attenuated (att) swine-origin backbone was shown to be safe, cross-
protective against challenge with antigenically distinct viruses in pigs
and significantly more efficacious than inactivated vaccines (15, 21,
22). Here, we generated recombinant H3N2 and HIN1 att LAIVs
with modified HA gene segments that express the porcine IgA-
inducing protein (IGIP), a highly conserved protein mainly secreted
by dendritic cells (DCs) shown to positively regulate IgA expression
(23, 24). IGIP was used as a potential immunomodulator that also
serves as a molecular marker. A bivalent vaccine using the HIN1/
H3N2 Flu-IGIP LAIV strains was tested in pigs and shown to be
efficacious against challenge with antigenically distinct viruses.

2 Materials and methods
Generation of LAIV vaccines. The Flu-IGIP HIN1 LAIV was

produced and tested previously in mice (25). The Flu-IGIP H3N2
LAIV was produced following the same protocol. Briefly, IGIP-HA
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plasmids contained the 5 untranslated region (UTR) and signal
peptide sequences of H1 or H3 HA (A/California/04/09 [CA/09;
HIN1pdmo09] or A/turkey/Ohio/313053/2004 [OH/04; H3N2 C-
IV]), followed by the IGIP mature protein sequence, a G4S linker,
furin cleavage site, and the Thosea asigna virus (TAV) 2A protease.
The Flu-IGIP LAIVs were rescued by reverse genetics using a co-
culture of 293T/MDCK cells as previously described (26). The
fragments were cloned into the reverse genetics pDP2002 plasmid
(22) with the HA of CA/09 or OH/04, respectively. The IGIP-H1 or
IGIP-H3 were paired with the CA/09 N1 or OH/04 N2, respectively,
and 6 plasmids corresponding to the internal genes of the LAIV att
backbone (FLU-att) (22). Virus stocks were generated in 10-day old
specific pathogen free (SPF) eggs. The Flu-att (without IGIP) H3N2
and HIN1 LAIV viruses were produced with same gene constellation
as the Flu-IGIP LAIVs, as previously described (22). The two strains
selected for the vaccines are well-adapted to pigs and have been
shown to replicate well in swine (13, 27). All viral stock sequences
were confirmed by Sanger sequencing or next-generation sequencing
(NGS). Both vaccines (Flu-IGIP and Flu-att) were formulated as
bivalent products by mixing equal amounts of the H1 and H3 viruses.
Vaccine viruses were propagated once in embryonated chicken eggs.

Growth, stability, and IgA stimulation of Flu-IGIP vaccines. Each
Flu-IGIP virus was inoculated into confluent MDCK monolayers at a
multiplicity of infection (MOI) of 0.01 and incubated at 4°C for
15 min, followed by incubation at 35°C for 45 min. After incubation,
the inoculum was removed, and cells washed twice with phosphate-
buffered saline (PBS). Cells were incubated in Opti-MEM I (Life
Technologies, Carlsbad, CA) supplemented with 1 pg/mL of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) treated-
trypsin (Worthington Biochemicals, Lakewood, NJ) and an
antibiotic-antimycotic solution (Sigma-Aldrich, St. Louis, MO) for
72 h. At specific time-points, supernatant was collected, and virus
titers determined by real-time reverse transcriptase PCR (RT-qPCR)
assay and expressed as logl0 TCIDso/ml equivalents as previously
described (28). The Flu-IGIP viruses were serially passaged at least 5
times in MDCK cells. Briefly, viruses were inoculated at 3 different
dilutions in confluent MDCK cells and incubated for 72 h.
Supernatant from the highest dilution showing the highest
hemagglutination titer was used to inoculate the next passage. RNA
from tissue culture supernatants was purified using the RNeasy
minikit (Qiagen, Valencia, CA) and used for NGS using the
Mlumina MiSeq platform as previously described (28). To test the
effect of IGIP on IgA expression, naive swine B cells were cultured
with supernatants from Flu-IGIP H3N2 or Flu-att H3N2 infected
cells as previously described (23) with modifications. Briefly, total
PBMCs were isolated from naive 5-week-old, cross-bred pigs, and
stimulated with B—Poly—STM reagent (Cellular Technology Ltd, Shaker
Hts., OH) in stimulation media (RPMI 1640 media containing 10%
fetal bovine serum, 2mM L-Glutamine, antibiotic-antimycotic
solution, 8mM HEPES, and 50uM 2-Mercaptomethanol) for 7 days
in a 37°C humidified incubator with 5% CO2. Culture supernatants
from cells infected with Flu-IGIP H3N2, Flu-att H3N2, or mock
supernatant were added at 10% of the total stimulation media volume.
Stimulated cells were collected at day 7, and IgA stimulation was
measured by ELISPOT as described below.
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Animal experimental design. Seventy-two, three-week-old
crossbred FLUAV seronegative pigs were obtained from a high
health status herd and cared for in compliance with a protocol
approved by the Institutional Animal Care and Use Committee at
the National Animal Disease Center. Pigs were divided into three
groups (n=24/group): non-vaccinated (NV), vaccinated with bivalent
Flu-IGIP (H1N1-H3N2), or vaccinated with bivalent Flu-att (HIN1-
H3N2). Vaccinated pigs received 2 ml intranasal dose of 1x10/6
TCIDso/ml of each vaccine mixture, at 5 and 7 weeks of age. Three
weeks post-boost, pigs were challenged (n=12/group) with 2 ml
intratracheally and 1 ml intranasally of 1x10/5 TCIDso/ml of either
A/swine/Iowa/A01778877/2016 (IA/16, 1A.3.3.3 gamma HINI1) or
A/swine/Ohio/A01354299/2017 (OH/17, 2010.1 H3N2) under
anesthesia as previously described (29). Challenge viruses were
antigenically distinct from the OH/04 and CA/09 vaccine strains.
At 2-days post inoculation (dpi), 3 naive pigs were introduced in the
same room as challenged pigs but without direct contact to evaluate
respiratory transmission. Serum, PBMC, and nasal wash samples
were collected at 2 weeks post-vaccination, 3 weeks post-boost, and 2
weeks after inoculation. Nasal swab (Fisherbrand Dacron swabs,
Fisher Scientific, Pittsburg, PA) samples were collected pre-
challenge (0 dpi), and at 1, 3, and 5 dpi or 3, 5, and 7 days post
contact (dpc) as previously described (29). At 5 (n=8/group) and 14
(n=4/group) dpi, pigs were humanely euthanized with a lethal dose of
pentobarbital (Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI),
and bronchoalveolar lavage fluid (BALF) was collected. Lung and
trachea tissues were collected at 5dpi.

Hemagglutination inhibition assay: Sera was heat inactivated at
56°C, treated with receptor-destroying enzyme (RDE; Denka Seiken,
VWR) and turkey red blood cells (RBC) using standard techniques.
HI assays were performed with serially 2-fold diluted, treated sera
obtained from vaccinated pigs using 0.5% turkey RBCs. Viral antigens
used included vaccine and challenge strains OH/04, CA/09, 1A/16 and
OH/17, and a subset of contemporary H1 and H3 antigens that are
antigenically different from vaccine and challenge viruses: A/swine/
Towa/A02524480/2020 (IA/20, 1A.3.3.2 HIN1pdm09), A/swine/
Towa/A02245880/2021 (IA/880/21, 1A.3.3.3 gamma HIN1), A/
swine/Towa/A02635890/2021 (IA/890/21, 1990.4.a Cluster-IVA
H3N2), and A/swine/Oklahoma/A02479048/2020 (OK/20,
2010.1 H3N2).

ELISA assays. Influenza-specific ELISA assays were performed to
measure IgG and IgA in serum (1:2000 dilution), nasal wash and
BALF (1:4 dilution each) using OH/04 or CA/09 antigens at 100 HA
units, as previously described (30). IgG and IgA were detected using
anti-swine IgG and anti-swine IgA (Bethyl Laboratories, Inc.,
Montgomery, TX) at a 1:1,500 dilution in blocking buffer (Starting
Block; Thermo Fisher). Total IgA was quantified using the Pig IgA
ELISA Quantitation Set following manufacturer’s recommendation
(Bethyl Laboratories, Inc., Montgomery, TX). Antibody levels were
reported as the mean O.D. and IgA concentration and were compared
between vaccination groups. O.D. levels were shown previously to
correlate with antibody titers (31).

ELISPOT assays. Freshly collected PBMC were used to quantify
IgA-secreting B cells in vaccinated pigs using the Pig IgA Single-Color
ELISPOT kit (Cellular Technology Ltd, Shaker Hts., OH) following
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manufacturer’s recommendations with a few modifications. Briefly,
PBMC was prestimulated with B—Poly—STM reagent in CTL Test'" B
Culture Medium in a 37°C humidified incubator with 7% CO, for 4
days. ELISPOT plates were pre-coated with either whole OH/04 or
CA/09 viruses or Porcine Ig Capture antibody for the comparison of
influenza-specific IgA and total IgA levels. Resting B memory cells
were pre-stimulated in vitro with B-Poly-STM reagent for 4 days. Pre-
stimulated B cells were plated at 2.5x10A5 PBMC/well for total IgA
and 1x1076 PBMC/well for flu-specific IgA. IgA was detected by
FITC-labeled Anti-Porcine IgA Antibody. Plates were scanned and
analyzed using an automated MultiSpot® Reader system
(Autoimmun Diagnostika, Strassberg, Germany). The results are
presented in spot-forming units (SFUs).

Virus detection and pathological examination. Nasal swab samples
and BALF were titrated in MDCK cells using immunocytochemistry
as previously described (32). TCIDso/ml titers were calculated for
each sample by the Reed and Muench method (33). The percentage of
lung surface affected with lesions was calculated based on weighted
proportions of each lobe as previously described (34). Formalin-fixed
trachea and lung tissue samples were routinely processed, stained
with hematoxylin and eosin, and microscopic lesions were scored
according to previously described parameters (35). Individual
composite scores for each pig were computed for lung and trachea
microscopic lesions.

Statistical Analysis. Results are reported as the mean (+ the
standard error [SE]) of all animals for each treatment group.
Analysis of variance (ANOVA) was used to analyze log2
transformed HI reciprocal titers, mean ODs for ELISA assays, logl0
transformed virus titers, and SFU counts. Results shown to be
significant were subjected to pair-wise comparisons using the
Tukey- Kramer test or the Dunn’s test with Bonferroni correction.
Statistical analysis and graphs were done using GraphPad Prism
software version 9.3.1 (GraphPad Software, La Jolla, CA), with a p-
value <0.05 considered significant.

3 Results

3.1 Flu-IGIP strains are stable and
show efficient replication and IgA
stimulation in vitro

Flu-IGIP viruses (HIN1 and H3N2) were successfully rescued in
the previously developed Flu-att attenuated backbone (22). The Flu-
IGIPs do not need special cell lines to grow and showed similar growth
kinetics as the unmodified isogenic LAIVs at 35°C in MDCK cells
(Figure S1A). Sequence analysis of the Flu-IGIP strains confirmed that
the modified HA segment containing the IGIP cassette was maintained
for at least 5 serial passages in SPF eggs or tissue culture cells, and only
one mutation was observed in the HA signal peptide of the IGIP-H1 as
previously reported (25). Stimulation of porcine naive B cells with
supernatant from Flu-IGIP infected cells in the presence of B-Poly-STM
reagent containing resiquimod and IL-2 resulted in higher number of
IgA secreting cells compared to B cells stimulated with supernatant
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from Flu-att infected cells under the same conditions, although
differences were not statistically significant (Figure S1B).

3.2 Flu-IGIP bivalent vaccine is attenuated
and stimulates strong immune response

in pigs

Twelve pigs per group were vaccinated with bivalent Flu-IGIP
or bivalent Flu-att and challenged three weeks post-boost with a
1A.3.3.3 gamma HINI (IA/16) or a recent 2010.1 H3N2 (OH/17)
virus. Both vaccines were safe in a bivalent formulation and no
clinical signs were observed after vaccinations (data not shown).
Low HI titers were observed in serum against the vaccine antigens
in vaccinated groups before inoculation (Figure 1A) despite high
IgG levels (Figure 1B). Low or no HI titers were detected against the
challenge viruses or the panel of antigenically different viruses
tested (Figure 1A). Levels of IgG and IgA were undetected or low in
nasal washes prior to inoculation, but significant difference was
observed for IgA levels in Flu-IGIP vaccinated pigs compared to
non-vaccinated pigs against CA/09 and OH/04 antigens and
compared to Flu-att vaccinated pigs against CA/09 antigen
(Figures 1C, D). Numbers of IgA-secreting cells were low before
inoculation, particularly for influenza-specific IgA. No differences
were observed in the numbers of IgA-secreting cells in PBMC of
vaccinated pigs, but a trend for higher counts in total IgA secreting
cells was seen in PBMC of vaccinated pigs compared to non-
vaccinated pigs prior to inoculation (Figure 1E).

HI titers against the vaccine antigens were boosted in the serum of
vaccinated pigs after inoculation, with a stronger boost for the antigen
with the same subtype as the challenge virus (e.g., IA/16 HINI
challenge strongly boosted CA/09-specific antibodies but not as
strongly for OH/04 antibodies; Figure 2A). Infection stimulated
high HI antibody titers specific to each challenge virus in all
groups, including non-vaccinated pigs, in addition to cross-reactive
response to the antigens of the same clade as the challenge virus (e.g.,
IA/16 HINI challenge resulted in HI antibody titers to IA/16 and IA/
880/21 of the gamma clade). However, vaccinated pigs showed cross-
reactive response to all viruses of the same subtype of the challenge
virus (e.g., vaccinated pigs challenged with IA/16 HIN1 showed
cross-reactive response against CA/09, IA/20, IA/16, and 1A/880/21
HINI viruses). Cross-reactive IgG levels to the vaccine antigens in
serum remained high post-inoculation in vaccinated groups
(Figure 2B) and reached similar levels in non-vaccinated pigs 2
weeks post inoculation (Figure 2C).

IgG and IgA levels in BALF were detected only in vaccinated pigs
soon after inoculation (5dpi) compared to non-vaccinated pigs
(Figures 3A, B), suggesting that the infection boosted a vaccine-
specific memory response. IgG and IgA levels remained high in
vaccinated pigs 2 weeks post infection, with similar levels in non-
vaccinated pigs challenged with the HIN1 IA/16, but levels were
overall lower in non-vaccinated pigs challenged with the H3N2 OH/
17 (Figures 3C, D). IgG levels were overall low in nasal washes (Figure
3E). IgA levels in nasal wash were boosted after inoculation in
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FIGURE 1
Influenza-specific immune response prior to inoculation. Pigs were not vaccinated (NV, red bars) or vaccinated with bivalent Flu-att (blue bars) or Flu-
IGIP (green bars) containing CA/09 HIN1 and OH/04 H3N2 viruses. Hemagglutination inhibition titers were measured (A) 21 days post-boost (dpb). IgG
levels in sera (B) and nasal wash (C), and IgA levels in nasal wash (D) were measured by ELISA at 21 dpb. Number of IgA secreting B cells (ISC) in
peripheral blood mononuclear cells (PBMC) following B cell stimulation was determined by ELISPOT for total and influenza-specific IgA (E). Viruses on
the x-axis represent antigens used in each assay: CA/09, A/California/04/09 (HIN1pdmQ9); IA/20, A/swine/lowa/A02524480/2020 (1A.3.3.2
HIN1pdmO09); I1A/16, A/swine/lowa/A01778877/2016 (1A.3.3.3 gamma H1IN1); IA/880/21, A/swine/lowa/A02245880/2021 (1A.3.3.3 gamma H1N1); OH/04,
A/turkey/Ohio/313053/2004 (H3N2 C-1V); 1A/890/21, A/swine/lowa/A02635890/2021 (H3N2 C-IVA); OH/17, A/swine/Ohio/A01354299/2017 (H3N2
2010.1); and OK/20, A/swine/Oklahoma/A02479048/2020 (2010.1 H3N2). Results displayed as means + standard error of the mean. Dotted shaded areas
indicate assay cutoff values known to be protective for HI assays or calculated as the average of negative pigs + 3 times the standard error of the mean
for ELISA assays. *p < 0.05; **p < 0.01; ***p < 0.001.

vaccinated groups in a similar pattern as observed for the HI
response, with a stronger boost for the antigen with the same
subtype as the challenge virus (Figure 3F). Cross-reactive IgA for
the vaccine antigen with the same subtype as the challenge virus was
also stimulated in non-vaccinated pigs, but levels remained lower
than vaccinated animals (Figure 3F).

Numbers of IgA-secreting cells (total IgA and influenza-specific)
were higher in BALF of vaccinated pigs early after inoculation (5dpi)
(Figure 4A), but total IgA-secreting cell numbers increased in non-
vaccinated pigs at 14dpi (Figures 4B, C). Nevertheless, no major
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differences were observed between the two vaccines (IGIP vs non-
IGIP LAIVs) for IgA stimulation.

3.3 Flu-IGIP bivalent vaccine protected
pigs against infection with antigenically
distinct viruses

Following inoculation with antigenically distinct viruses (IA/16
and OH/17), Flu-IGIP and Flu-att vaccinated pigs were completely
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FIGURE 2

Influenza-specific antibody response in serum after inoculation. Pigs were not vaccinated (NV, red bars) or vaccinated with bivalent Flu-att (blue bars) or
Flu-IGIP (green bars) containing CA/09 HIN1 and OH/04 H3N2 viruses. Pigs were challenged with 1A/16 HIN1 (light-yellow boxes) or OH/17 H3N2 (light-
blue boxes) viruses. Hemagglutination inhibition titers were measured (A) 14 days post inoculation (dpi). IgG levels were measured in serum by ELISA at
(B) 5 and (C) 14 dpi. Viruses on the x-axis represent antigens used in each assay: CA/09, A/California/04/09 (HIN1pdmO09); IA/20, A/swine/lowa/
A02524480/2020 (1A.3.3.2 HIN1pdmO09); IA/16, A/swine/lowa/A01778877/2016 (1A.3.3.3 gamma H1N1); IA/880/21, A/swine/lowa/A02245880/2021
(1A.3.3.3 gamma HIN1); OH/04, A/turkey/Ohio/313053/2004 (H3N2 C-1V); IA/890/21, A/swine/lowa/A02635890/2021 (H3N2 C-IVA); OH/17, A/swine/
Ohio/A01354299/2017 (H3N2 2010.1); and OK/20, A/swine/Oklahoma/A02479048/2020 (2010.1 H3N2). Results displayed as means + standard error of
the mean. Vaccine and challenge viruses and additional antigenically distinct viruses were used as HI antigens and vaccine viruses as ELISA antigens.
Results displayed as means + standard error of the mean. Dotted lines indicate assay cutoff values known to be protective for HI assays or calculated as
the average of negative pigs + 3 times the standard error of the mean for ELISA assays. *p < 0.05; ***p < 0.001 within groups challenged with the same
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virus.

protected and had macroscopic lung lesions not different from non-
challenged pigs (Figure 5A). In contrast, non-vaccinated pigs had
higher percentage of lungs affected with lesions. Microscopic lesions
in vaccinated pigs were lower than non-vaccinated pigs, particularly
for HIN1 challenged pigs (Figure 5B). Additionally, little to no virus
was detected in BALF or nasal swabs of vaccinated pigs, but titers
were high in BALF and nasal swabs of non-vaccinated pigs
(Figures 5C, D). Titers were higher in non-vaccinated pigs
challenged with the H3N2 OH/17 virus despite the lower
percentage of lung lesions observed (Figures 5A, C, D).

3.4 Flu-1GIP bivalent vaccine reduced viral
shedding and blocked viral transmission
to naive pigs

Protection against respiratory transmission was tested by placing
3 naive pigs in the same room with each challenged group. While pigs
vaccinated with the bivalent Flu-att LAIV challenged with both
viruses showed little shedding (Figure 5D), transmission was
confirmed in all pigs exposed to H3N2-challenged pigs and in 1 pig
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exposed to HIN1-challenged pigs either by detection of viral titers or
antibodies (Figure 6). In contrast, bivalent Flu-IGIP-vaccinated pigs
did not show evidence of transmission; neither HIN1 nor H3N2
viruses were detected in respiratory contacts in these groups
(Figure 6A) and very low levels of antibodies (potentially
background) were detected in only one pig (Figure 6B).

4 Discussion

Although vaccination is an effective tool for the prevention and
control against FLUAYV, the diversity of strains that co-circulate in
North American swine continues to challenge veterinarians and
producers. Most vaccines available for use in pigs are inactivated
products that only stimulate protective immunity against closely
related viruses. Although LAIVs have the potential to provide more
multidimensional cellular and humoral responses, an LAIV that was
recently introduced to the market was withdrawn due to safety
concerns regarding reassortment with circulating influenza viruses
(20). In this research, we sought to improve the safety and efficacy of
previously generated LAIVs for swine (22). Thus, the HA segment of
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Influenza-specific antibody response in mucosal surfaces after inoculation. Pigs were not vaccinated (NV, red bars) or vaccinated with bivalent Flu-att
(blue bars) or Flu-1GIP (green bars) containing CA/09 HIN1 and OH/04 H3N2 viruses. Pigs were challenged with I1A/16 HIN1 (light-yellow boxes) or OH/
17 H3N2 (light-blue boxes) viruses. IgG levels were measured in bronchoalveolar lavage fluid (BALF) at (A) 5 and (C) 14 days post inoculation (dpi) and in
nasal wash at (E) 14 dpi. IgA levels were measured by ELISA in BALF at (B) 5 and (D) 14 dpi and in nasal wash at (F) 14 dpi. Viruses on the x-axis represent
antigens used in the ELISA. Results displayed as means + standard error of the mean. Dotted lines indicate assay cutoff values calculated as the average
of negative pigs + 3 times the standard error of the mean for ELISA. *, p < 0.05; **, p < 0.01; ***, p < 0.001 within groups challenged with same virus.
CA/09, A/California/04/09; OH/04, A/turkey/Ohio/313053/2004; 1A/16, A/swine/lowa/A01778877/2016; OH/17, A/swine/Ohio/A01354299/2017.

an HINT strain (CA/09) and an H3N2 strain (OH/04) were modified
to carry the IGIP mature peptide with additional modifications. The
IGIP was chosen due to its potential as a natural vaccine adjuvant and
to stimulate IgA class switch (24). The IGIP was also introduced as a
molecular marker with the potential to reduce the reassortment of the
HA gene. Further, our previous study in mice showed that the
inclusion of the IGIP on the HA resulted in a more attenuated
strain (25). Since there is no evidence of inflammatory diseases
associated with overexpression of IGIP, it has the potential to be a
safe vaccine adjuvant that promotes IgA upregulation without
side effects.

The Flu-IGIP bivalent vaccine was tested in 5 week-old pigs in
comparison to an LAIV (Flu-att) that has been repeatedly shown to
be safe, stimulate a strong humoral and cellular response, and be
protective against influenza in pigs (22, 36, 37). Since immunization
with this Flu-att has consistently shown to stimulate sterilizing
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immunity against homologous viruses, we selected antigenically
mismatched viruses for infection, to compare the two vaccines and
be able to detect any differences in protection. The Flu-IGIP bivalent
vaccine was as efficient as the bivalent Flu-att in protecting pigs
against antigenically distinct HIN1 and H3N2 viruses. Lung lesions
were significantly reduced, as was viral replication in the lungs and
nasal cavity. This was particularly true for the HIN1 IA/16 infection,
a representative of current gamma viruses (1A.3.3.3 clade) circulating
in pigs, which showed higher virulence in pigs compared to the H3N2
OH/17 virus from the 2010.1 lineage. Levels of neutralizing antibodies
measured by HI assay were low in both vaccinated groups before
infection, as previously observed for these and other LAIV vaccines
(19, 36). This is expected since systemic HI responses stimulated by
LAIVs are at lower detectable levels compared to inactivated vaccines
(17). Hence, HI titers are typically not considered an ideal correlate of
protection for LAIVs as is the standard for inactivated influenza
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FIGURE 4

Total and influenza-specific systemic and local IgA secreting B cells after inoculation. Pigs were not vaccinated (NV, red bars) or vaccinated with bivalent
Flu-att (blue bars) or Flu-IGIP (green bars) containing A/California/04/09 (CA/09 HIN1) and A/turkey/Ohio/313053/2004 (OH/04 H3N2) viruses. Pigs
were challenged with A/swine/lowa/A01778877/2016 (IA/16 HINL, light-yellow boxes) or A/swine/Ohio/A01354299/2017 (OH/17 H3N2, light-blue
boxes). Number of total and influenza-specific IgA secreting B cells (ISC) were determined by ELISpot in bronchoalveolar lavage fluid (BALF) at (A) 5 and
(B) 14 days post inoculation (dpi) and in peripheral blood mononuclear cells (PBMC) at 14 dpi (C) following B cell stimulation. Results displayed as mean
spot counts + standard error of the mean. *, p < 0.05; **, p < 0.01; ***, p < 0.001 within groups challenged with the same virus.

vaccines (38). Following challenge, vaccinated pigs showed higher
cross-reactivity against all viruses tested in our panel that were of the
same subtype of the challenge viruses, while non-vaccinated pigs only
showed cross-reactivity to viruses of the same clade of the challenge
viruses. LAIVs cell-mediated and mucosal immune responses have
been associated with the protection against infection in the absence of
neutralizing antibodies (15, 17). In contrast to the low HI antibody
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titers, high levels of IgG were detected in serum of vaccinated animals
prior to and a few days after infection. These antibody levels were
measured against the whole viruses in an in-house ELISA and
represent antibodies against all viral proteins, including more
conserved ones such as the nucleoprotein (NP). Non-neutralizing,
anti-NP humoral responses have been associated with protection
against heterologous influenza infection (39).

frontiersin.org


https://doi.org/10.3389/fviro.2023.1042724
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Rajao et al.

>

Percentage of lung lesions at 5 dpi B
IA/16 challenge OH/17 challenge
a A

Microscopic lung lesion scores at 5 dpi
IA/16 challenge OH/17 challenge
c AB

_ No challenge
aA b

No challenge

a B A aA b ac B AB

%o

Lung Lesions (%)

(<]
00
Microscopic lesions (0-22)

C Viral titers in lungs at 5 dpi D
I1A/16 challenge OH/17 challenge
b b A B B

Viral titers in nasal swabs at 1, 3, and 5 dpi
OHN7 1A/16 OHN7 IA/16

kK

5+ 8/12

1A/16

OHNT7

log,o TCIDS0/mI
log,, TCID50/mi

Limit of
Detection

Limit of
Detection

1 dpi 3 dpi 5 dpi

B NV

Bl Flu-att = Flu-IGIP

FIGURE 5

Lung lesions and virus titers in challenged pigs. Non-vaccinated pigs (NV, red bars) or pigs vaccinated with bivalent Flu-att (blue bars) or Flu-IGIP (green
bars) were challenged with A/swine/lowa/A01778877/2016 (IA/16 HIN1, light-yellow boxes) or A/swine/Ohio/A01354299/2017 (OH/17 H3N2, light-blue
boxes). (A) Macroscopic and (B) microscopic pneumonia. Results displayed as mean percentage macroscopic consolidation or microscopic scores of
lungs + standard error of the mean. Viral titers in (C) bronchoalveolar lavage fluid (BALF) collected at 5 days post inoculation (dpi) or (D) nasal swabs
collected at 1, 3, and 5 dpi. Results displayed as mean viral titers + standard error of the mean. Different uppercase (OH/17 challenge) or lowercase (IA/16
challenge) letters indicate statistical differences within groups challenged with the same virus (only groups challenged with same virus were compared
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between each other). ***, p < 0.001 within groups challenged with the same virus. Dotted lines indicate limit of detection.

Although mucosal IgA responses were low prior to inoculation in
the nasal cavity of vaccinated pigs, they were boosted after infection,
reaching significantly higher levels compared to non-vaccinated
challenged animals, suggesting that the vaccines stimulated a strong
memory IgA response. Both IgG and IgA responses were detected in
the lungs (BALF) of vaccinated pigs soon after inoculation but only
reached similar levels in non-vaccinated pigs after 2 weeks post-
infection. Similarly, numbers of flu-specific IgA-secreting cells
showed a trend to be higher in vaccinated pigs prior to inoculation
and became significantly higher than non-vaccinated pigs shortly
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1A116

OHM7 IA116 OHN7 IA/16 OH/M17

log,o TCID50/mI

Limit of
Detection

Il contact with NV pigs

FIGURE 6

Bl contact with Flu-att pigs

after inoculation, reaching similar numbers in all groups 2 weeks
post-inoculation. Although no major differences were observed
between vaccine groups, these results highlight that the IGIP
modification did not alter the immunity and efficacy against
antigenically different viruses compared to the control vaccine.
Importantly, the Flu-IGIP bivalent vaccine completely blocked
transmission to respiratory contacts, more so than the Flu-att control
vaccine. This is of particular importance as it suggests that the Flu-
IGIP vaccine is more protective against shedding and transmission
than the Flu-att, which could be a result of improved mucosal IgA
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IA/16 chall

1A/16 chall OH/17 chall OHM7

CA/09 HIN1 antigen ‘OH/04 H3N2 antigen

@ contact with Flu-IGIP pigs

Respiratory transmission from challenged pigs to naive contacts. Non-vaccinated pigs (NV, red bars) or pigs vaccinated with bivalent Flu-att (blue bars) or
Flu-IGIP (green bars) were challenged with A/swine/lowa/A01778877/2016 (IA/16 H1IN1, light-yellow boxes) or A/swine/Ohio/A01354299/2017 (OH/17
H3N2, light-blue boxes). Naive pigs (h=3/group) were placed in the same room as challenged pigs but with no direct contact at 2 days post inoculation
(dpi). (A) Viral titers in nasal swabs were measured by TCIDsg at 3, 5 and 7 days post contact (dpc) and (B) 1gG antibody titers were measured in serum by
ELISA at 12 dpc. Viruses on the x-axis of (B) represent antigens used in the ELISA: CA/09, A/California/04/09 HIN1; OH/04, A/turkey/Ohio/313053/2004
H3N2. *, p < 0.05; **, p < 0.01; ***, p < 0.001 within groups challenged with the same virus. Dotted lines indicate limit of detection for titration or ELISA
cutoff values calculated as the average of negative pigs + 3 times the standard error of the mean.
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response. It is possible that the levels of IgA and IgA-secreting cells
were enhanced in Flu-IGIP vaccinated pigs but not detected in the
timepoints of sample collection selected in the present study. IgA has
been shown to have a shorter circulating half-life (~4-6 days) than
IgG in multiple species (40). Although IgA-producing plasma cells
may be long-lived, these memory cells are usually confined to the
bone marrow in mice and humans (29), which may be similar in pigs.
This may be the reason why a stronger IgA response was observed 5
days post infection in vaccinated pigs but numbers of IgA-secreting
cells in lungs or circulation were low at 14 dpi. Further work is needed
to dissect the mechanisms for stimulation of memory IgA response
post-vaccination in pigs. Although little is known of the IGIP’s
function in the respiratory tract, our combined results suggest that
IGIP may act as an adjuvant to stimulate enhanced humoral
responses in the respiratory tract.

Protection elicited by live attenuated vaccines results from the
induction of multiple branches of the immune system. The
combination of multiple correlates of protection needs to be
considered when evaluating such response, including levels of
mucosal IgA antibodies, which are essential for broader cross-
protection (41). Here, we showed that the incorporation of IGIP to
an LAIV platform previously shown to be highly efficacious in swine
resulted in protection against influenza infection. Although both
vaccines resulted in similar protection against clinical signs and
viral replication, the vaccine expressing IGIP resulted in improved
protection against transmission, and it is tempting to speculate that it
is likely the result of IgA upregulation. Although we showed a trend
for higher stimulation of IgA-secreting cells by the Flu-IGIP virus in
vitro, further studies are further studies are needed to truly appreciate
the effect of IGIP as an immune stimulant of B cells, either for IgA
response but also IgG response. Nevertheless, this new attenuation
strategy is expected to further reduce virus fitness, possibly generating
more attenuated LAIVs with increased safety profiles. Overall, our
results suggest that the Flu-IGIP is safe and more efficacious against
antigenically distinct viruses.
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