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Abstract

Swine influenza is an important disease for the swine industry. Currently used whole inactivated
virus (WIV) vaccines can induce vaccine-associated enhanced respiratory disease (VAERD) in
pigs when the vaccine strains mismatch with the infected viruses. Live attenuated influenza virus
vaccine (LAIV) is effective to protect pigs against homologous and heterologous swine influenza
virus infections without inducing VAERD but has safety concerns due to potential reassortment
with circulating viruses. Herein, we used a chimeric bat influenza Bat09:mH3mN2 virus, which
contains both surface HA and NA gene open reading frames of the A/swine/Texas/4199-2/1998
(H3N2) and six internal genes from the novel bat H17N10 virus, to develop modified live-
attenuated viruses (MLVs) as vaccine candidates which cannot reassort with canonical influenza A
viruses by co-infection. Two attenuated MLV vaccine candidates including the virus that expresses
a truncated NS1 (Bat09:mH3mN2-NS1-128, MLV1) or expresses both a truncated NS1 and

the swine IL-18 (Bat09:mH3mN2-NS1-128-I1L-18, MLV?2) were generated and evaluated in pigs
against a heterologous H3N2 virus using the WIV vaccine as a control. Compared to the WIV
vaccine, both MLV vaccines were able to reduce lesions and virus replication in lungs and limit
nasal virus shedding without VAERD, also induced significantly higher levels of mucosal IgA
response in lungs and significantly increased numbers of antigen-specific IFN-y secreting cells
against the challenge virus. However, no significant difference was observed in efficacy between
the MLV1 and MLV2. These results indicate that bat influenza vectored MLV vaccines can be
used as a safe live vaccine to prevent swine influenza.
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Introduction

Three major subtypes of influenza A viruses (IAVs) including HIN1, HIN2 and H3N2

are endemic in swine herds worldwide. As the dynamic swine influenza viruses (SIVs)
continue to evolve and generate novel 1AVs, public health concerns increase with continual
spillover of SIVs into human populations (1, 2). The rapidly evolving diversity of 1AVs
hinders effective vaccine-mediated protection due to a deficiency of antigenic matching
between vaccine strains and circulating viruses (3). It is necessary and important to develop
a new vaccine approach to achieve sufficient protection against circulating diverse SIVs and
reducing the risk of zoonotic transmission to humans.

Whole inactivated virus (WIV) vaccines are the most widely used vaccines with oil-
in-water adjuvants in pigs. WIV vaccines are bivalent or multivalent products which
contain combination of antigenically distinct H1 and H3 subtypes of viruses and usually
require a two-dose vaccination strategy delivered by intramuscular route. Adjuvanted

WIV vaccines can provide sterilizing immunity by inducing robust neutralizing antibodies
against antigenically similar HA strains (4, 5). However, only partial protection is

achieved by WIV vaccines against heterologous strains (5-7). Moreover, vaccine associated
enhanced respiratory disease (VAERD), characterized by the presence of high titers of
non-neutralizing antibodies against the HA2 and very limited of high avidity, cross-reactive
neutralizing antibodies against HA1 as well as increased lung pathology, has been observed
in pigs immunized with WIV vaccine followed by infection with antigenically distinct IAVs
(7-11).

In contrast to WIV vaccines, live attenuated influenza virus vaccines (LAIVS) provide
improved cross-reactive immunity against antigenically distinct IAVs through inducing
broader cell-mediated, humoral and mucosal immune responses without inducing VAERD
(5, 12, 13). Several approaches have been developed to to produce LAIV candidates,
including elastase- dependent HA cleavage, truncated NS1 gene (ANS1), temperature-
sensitive mutations in polymerase genes and codon-pair biased-deoptimization in HA and
NA genes (14-18). Among these approaches, a LAIV based on ANS1 was recently licensed
as the first LAIV for swine in the US (19). However, major concerns regarding the use of
LAIVs are the reversion to a virulent phenotype of the vaccine strain over time by natural
mutations or genome reassortment between vaccine strains and circulating viruses.

Vectored vaccines are alternative approaches to produce 1AV vaccines with potential
application in multiple species. Replication-defective or replication-competent vectors infect
cells and express the antigens of interest in infected cells, which allows the stimulation

of humoral and cell mediated immunity. Furthermore, vectored vaccines can induce local
immunity at the site of natural infection of 1AVs through intranasal delivery (20, 21). Human
adenovirus type 5- vectored and alphavirus-like replicon particle vectored vaccines have
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been reported to provide complete protection against homologous AV infection and partial
protection against heterologous challenge in pigs (21-24).

The genome sequences of novel H17N10 and H18N11 subtypes of 1AVs were discovered
from bat specimens (25, 26). Although the surface glycoproteins of these new bat influenza
viruses are phylogenetically and structurally related to HA and NA of conventional 1AVS,
they are functionally different from them without hemagglutination and sialidase activities
(26-28). Replicative chimeric bat influenza viruses have been successfully rescued, which
contain HA and NA coding regions from a conventional 1AV with respective gene packaging
signals of bat influenza viruses (29, 30). Although the chimeric bat influenza viruses
replicated efficiently in cells and mice, reassortment between chimeric bat influenza viruses
and conventional 1AVs was not observed in co-infection experiments (29-31). This indicates
that the chimeric bat influenza virus can be a good vaccine vector to overcome the potential
risk of LAIV reassortment with conventional 1AVS.

In this study, we developed and evaluated novel modified live-attenuated virus (MLV)
vaccine candidates using a chimeric bat influenza virus as a vaccine vector containing a
truncated NS1 gene in vitro and in pigs. In addition, recombinant porcine 1L-18 (rpIL-18)
was also introduced into this MLV as part of the MLV vaccine because IL-18 is known to
induce strong cell mediated immunity (CMI) by stimulating T helper 1 (Th1) activation and
IFN-y induction (32, 33), its effect on MLV vaccine efficacy was evaluated.

Materials and methods

Ethical statement

Animal study (IACUC no.3668) was reviewed and approved by the Institutional Animal
Care and Use Committee at Kansas State University and were performed in Biosafety Level
2+ animal facilities under guidance from the Comparative Medicine Group at Kansas State
University.

Viruses and vaccine preparation

The MLV with a truncated NS1 protein (Bat09:mH3mN2-NS1-128, MLV1) was generated
via reverse genetics using six internal genes from the H17N10 A/little yellow-shouldered
bat/Guatemala/164/2009 (Bat09) and two surface HA and NA gene coding regions from

the H3N2 A/swine/Texas/4199-2/1998 (TX98) with Bat09 respective gene packaging signals
(Fig. S1 A) (29). To generate the second MLV with I1L-18 expression (Bat09:mH3mN2-
NS1-128-1L-18, MLV2), the recombinant porcine IL-18 (rplL-18) was incorporated between
the truncated bat NS1 (NS1-128) and NEP proteins as described previously (34). Briefly,
rplL-18 was fused to the C-terminal of NS1-128 via a GSGG linker followed by a GSG
linker, 2A autoproteolytic cleavage site and NEP (Fig. S1 B). The porcine IL-18 expression
of Bat09:mH3mN2-NS1-128-1L-18 was confirmed by Western blotting (Fig. S1 D). Wild
type TX98 H3N2 virus (cluster 1) was used as WIV vaccine antigen by UV- inactivation

and emulsion in 15% commercial oil-in-water adjuvant at 64 HA unites/dose (Emulsigen

D, MVP Laboratories, Inc.) as described previously (9, 13). A cluster IAV H3N2 isolate,
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A/swine/Kansas/10-91088/2010 (KS-91088), was used as challenge virus for the pig study
(35). All viruses were propagated in Madin-Darby canine kidney (MDCK) cells.

Growth kinetics

To assess the replication kinetics of MLV strains, MDCK cells were cultured in 12-well
plates and infected with each virus at a multiplicity of infection (MOI.) of 0.01 in triplicate.
At 12, 24, 36 and 48 h post-infection (hpi), the supernatants of infected cells were collected
and virus titers were determined by calculating the 50% tissue culture infective dose
(TCID5p/ml) in MDCK cells using the Reed and Muench method.

Experimental design

Twenty-three 3- to 4-week-old pigs, which were confirmed to be seronegative for porcine
reproductive and respiratory syndrome virus and 1AVs by hemagglutination inhibition (HI)
assay against currently circulating H3N2 and H1N1 viruses, were used. Pigs were randomly
distributed into 4 groups (MLV1, MLV2, WIV vaccinated groups and non-vaccinated control
group) and each group contained 6 pigs, while MLV2 vaccinated group had 5 pigs (Table

1). The MLV groups were intranasally vaccinated with 1.5 ml of 106 TCIDsg/pig once.

One group of 6 pigs were intramuscularly administered with 2 ml of 64 HA units of
adjuvanted WIV vaccine and boosted 21 days later with the same dose of the vaccine by

the same route. Six pigs in non-vaccinated group (NV) were served as sham vaccinated
controls. Clinical signs and body temperature were monitored daily for 7 days post primary
vaccination. All pigs were intratracheally challenged at 28 days post-vaccination (dpv) with
10° TCIDsg/ml of KS-91088 virus. Rectal temperature and clinical signs were monitored
daily after vaccination and challenge. Nasal swabs were collected 0, 3, 5, 7 dpv and 0, 1,

3, 5 days post-challenge (dpc) to evaluate virus nasal shedding. At 0, 14, 28 dpv and 3, 5
dpc, blood samples were collected from each pig for serological analysis. Three pigs from
each group were necropsied at 3 and 5 dpc, while two pigs from the MLV2 group were
necropsied at 5 dpc (Table 1). Bronchoalveolar lavage fluid (BALF) samples were collected
and virus amounts of nasal swab and BALF samples were determined on MDCK cells

by calculating TCIDgo/ml as described previously (36) . To investigate gene reassortment
between MLVs and challenge virus in BALF after challenge, MDCK cells were infected
with BALF samples and plaque assay was performed to select a single virus. The purified
single virus plaques were amplified to identify the origin of each gene segment using gene
specific reverse transcription polymerase chain reaction (RT-PCR). At necropsy, lungs were
removed /n foto and a single experienced veterinarian assessed the percentage of typical 1AV
infection gross lesions of each lobe as described previously (36). Right cardiac lung lobe and
trachea samples from each pig were collected for histopathologic examination, and stained
with hematoxylin and eosin as described previously (37).

Antibody detection and ELISA assay

To perform HI assays, the KS-91088 virus was used as antigen to conduct the HI assay
by following standard techniques. Enzyme-linked immunosorbent assays (ELISA) were
performed to detect total 1gG and IgA antibodies in serum and BLAF against whole virus
preparation of KS-91088 as described previously (38).
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IFN-y ELISPOT assay and detection of cytokine and chemokine levels in BALF

(Whole blood samples were collected at 5 dpc to isolate peripheral blood mononuclear
cells (PBMCs) that were used to perform ELISPOT assay for detecting IFN-y secreting
cells (see supplemental materials and methods). Cytokine/Chemokine levels in BALF were
quantified by MILLIPLEX MAP Porcine Cytokine/Chemokine Magnetic Bead Panel using
the Luminex technology according to the manufacturer’s instructions (Millipore). Each
sample was analyzed in triplicate and results presented average values of pigs in each
treatment group.

Statistical analysis

Results

All statistical analysis were conducted using analysis of variance (ANOVA) with a Tukey’s
multiple comparison test by GraphPad Prism version 5.0 (GraphPad Software) to compare
multiple treatment groups. A P-value of 0.05 or less was considered statistically significant.

Generation and characterization of MLVs

Since LAIVs with a truncated NS1 protein have been shown to provide effective protection
against SIV infection with attenuated replication feature in pigs (14, 19), we generated a
MLV1 based on Bat09:mH3mN2 virus expressing a truncated NS1 protein of 128 amino
acids (Bat09:mH3mN2-NS1-128, MLV1) (Fig. S1 B). In parallel, MLV2 expressing both
a truncated NS1 protein and rplL-18 was generated (Bat09:mH3mN2-NS1-128-IL-18,
MLV?2); as IL-18 is associated with inducing a strong cell-mediated immunity (Fig. S1

B). In addition, the recombinant virus expressing full-length NS1 and rpIL-18 was also
produced as a control. All recombinant viruses propagated efficiently in MDCK cells.

All three recombinant viruses (Bat09:mH3mN2-NS1-IL18, Bat09:mH3mN2-NS1-128 and
Bat09:mH3mN2-NS1-128-1L-18) were attenuated in vitro as a significantly lower titer was
detected at 24, 36 and 48 hpi compared to the parental Bat09:mH3mN2 virus (Fig. S1
C).Interestingly, the viral yield of Bat09:mH3mN2-NS1-128-IL-18 was significantly lower
than the other two recombinant viruses at 24, 36 and 48hpi (Fig. S1 C). The porcine IL-18
expression of Bat09:mH3mN2-NS1-128-1L-18 was confirmed by Western blotting (Fig. S1
D). These results indicate that all three recombinant viruses are attenuated compared to

the parental Bat09:mH3mN?2 virus and can be used as vaccine candidates. Both MLV1 and
MLV2 were selected for further vaccine studies.

No clinical signs and limited virus shedding in vaccinated pigs with MLVs

Pigs were intranasally inoculated with either MLV1 or MLV2 did not show obvious clinical
signs post vaccination and prior to challenge. No fever was detected in all experimental pigs
for 7 days post primary vaccination. Virus shedding with a low titer was detected in a few
pigs only at 3 dpv, not at later time points. Virus was found in 2 out of 6 pigs infected with
the MLV1 with a titer of 1017 or 1023 TCIDsp/ml, while only 1 out of 5 animals infected
with the MLV?2 candidate shed virus with a titer of 10%-7 TCIDso/ml. These low amounts of
virus detected in a few pigs could be the residual of the inoculated virus.
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Serological response in pigs vaccinated with MLVs or WIV

At 14 dpv, both MLVs induced a low HI antibody titer against the heterologous KS-91088
H3NZ2 virus following a single dose of vaccination, while substantial HI antibody titers were
detected from the WIV vaccinated group after booster vaccination at 28 dpv (Fig. 1A).
However, the HI titers in pigs of all vaccinated groups were lower than 1:40 at all tested time
points prior to challenge. Although HI titers from all immunized groups increased to higher
than 1:100 following challenge, no significant difference in titers was observed between
vaccinated groups (Fig. 1A). The non-vaccinated control group had no Hl titers before
challenge, and lower HI antibody titers were detected following challenge compared to the
vaccinated groups. We next investigated 1gG levels against KS-91088 H3N2 virus in sera

at 28 dpv using a whole-virus ELISA assay. WIV vaccinated pigs produced significantly
higher 1gG serum levels to KS-91088 than those of MLV vaccinated and non-vaccinated
pigs (Fig. 1B). There was no significant difference in serum IgG levels between the two
MLV vaccinated groups and the non-vaccinated control group. Together, these data show
that the two MLV vaccine candidates applied as a single dose and the WIV vaccine applied
as two doses induced minimal levels of heterologous HI antibody titers (< 40) following
vaccination, while the WIV vaccine elicited significantly higher levels of IgG in sera
compared to the other groups at 28 dpv.

Clinical signs, virus replication and shedding, and lung pathology in pigs after challenge

After challenge with heterologous KS-91088 H3N2 virus, all vaccinated pigs and non-
vaccinated controls did not show obvious respiratory clinical signs. However, 3 out of 6 pigs
immunized with the WIV vaccine showed fever starting at 1 dpc, and all pigs in this group
displayed fever at 2 dpc which lasted for 2 days, while no pigs in other groups had fever

at 1 dpc. Four or 5 pigs in either the non-vaccinated control group or in the MVL1 group,
respectively, showed fever starting at 2 dpc, while all pigs in both groups had fever at 3 dpc.
Interestingly, all five pigs in the MLV2 group had fever only at 3 dpc, not at any other days.
Pigs immunized with either MLV1 or MLV2 exhibited minimal macroscopic lung lesions
with an average of less than 3% (Fig. 2A and B). The WIV vaccine group had enhanced
macroscopic lung lesions compared to the two MLV groups and the non-vaccination control
group at 3 dpc, and the average percentage of lung lesions (over 50%) was significantly
higher than those observed with the other groups (Fig. 2A and B). At 5 dpc, no significant
differences in lung lesion profiles were observed among the different groups although a
higher lung lesion percentage was found in WIV-immunized pigs and minimal lung lesions
were found in both MLV vaccinated animals (Fig. 2B).

At 3 dpc, virus was detected in BALF samples collected from pigs of each group except for
one pig from the MLV1 group. In contrast to WIV-vaccinated pigs, a lower virus titer was
detected in BALF samples of other three groups of pigs. However, a significant difference
in virus titers was only observed between the MLV2-vaccinated and the WIV-vaccinated
groups (Fig. 3A). At 5 dpc, virus was not detected in BALF from pigs receiving either the
MLV1 or MLV2 candidate vaccines, whereas virus was detected in one out of three pigs in
the WIV vaccine group and from all 3 pigs in the non-vaccinated control group (Fig. 3A).
No virus was detected in nasal samples collected from all pigs at 1 dpc (Fig. 3B). At 3 dpc,
virus was detected in nasal swabs collected from 5 out of 6 pigs in the MLV1 group and
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from all pigs in other 3 groups. A significantly lower titer was found in the MLV1 group
compared to those of the other 3 groups at this time point post challenge. No virus was
detected in nasal swabs of 2 pigs immunized with the MLV2 vaccine candidate at 5 dpc,
whereas virus was found in all pigs in either the WIV or non-vaccinated control groups (Fig.
3B). In contrast, significant less virus was detected in 2 out of 3 nasal swabs collected in the
MVL1 immunized pigs at 5 dpc. In summary, both MLV vaccine candidates reduced virus
replication in lungs and nasal shedding after challenge with a heterologous H3N2 virus in
contrast to the WIV vaccinated group (Fig. 3).

Histopathological lesions were examined in lungs and trachea collected from pigs at 5

dpc. Microscopic lung lesion scores were not significantly different between the groups,
however, a lower score trend was observed in pigs immunized with either the MLV1

or MLV2 vaccine (Fig. S2 A). The MLV2 group and the non-vaccinated control group
demonstrated the statistically less microscopic damages to the trachea when compared

to the WIV vaccine group (Fig. S2 B). However, there was no significant difference in
microscopic trachea lesions between the two MLV groups and the non-vaccinated control
groups. Similar to the above described enhanced macroscopic lung lesions, the WIV vaccine
group exhibited more severe histopathological lung and trachea damages as characterized
by marked peribrochiolar lymphocytic cuffing, degenerated airway epithelium, extensive
infiltration of inflammatory cells within the lumen of airways, attenuated mucosa of trachea
and infiltration of lymphocytes and plasma cells in the lamina propria of the trachea with
transepethelial migration of inflammatory cells (Fig. S2 C). These data suggest that both
MLV vaccine candidates can prevent virus replication in lungs and limit virus transmission
more efficiently than the WIV vaccine when challenged with heterologous virus in the
absence of enhanced lung pathology and disease.

Assessment of reassortment between MLVs and challenge virus in BALF

Previous studies have shown that chimeric bat influenza viruses fail to reassort

with conventional 1AVs by co-infection experiments (29-31). Herein, we investigated
reassortment events between MLVs and challenge virus in BALF samples post challenge.
Sixty and ninety single virus plaques isolated from BALF of the MLV1 group and MLV2
group, respectively, were purified and the origin of the gene segments of each isolated virus
was determined using gene specific RT-PCR assays. The results showed that all segments
of the 150 tested isolates belong to the KS-91088 challenge virus and no reassortant viruses
with the MLV candidate vaccines were detected.

Antigen-specific T-cell response after challenge

An ELISPOT assay was performed to detect antigen-specific IFN-y secreting cells (IFN-

v SCs) in response to heterologous KS-91088 antigens. All immunized pigs showed
significantly higher numbers of antigen-specific IFN-y SCs compared to the non-vaccinated
control pigs. However, both MLV candidates induced significantly greater antigen-specific
IFN-+y recall responses to the heterologous KS-91088 antigens when compared to the WIV
vaccinated pigs (Fig. 4A).
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Antibody response to challenge virus in BALF samples

Levels of 1gG and IgA antibodies reactive to the KS-91088 challenge virus in BALF at

5 dpc were measured using an isotype-specific ELISA. Results showed that there were
significantly higher levels of 1gG in BALF from all vaccinated pigs compared to non-
vaccinated control pigs (Fig. 4B). However, both MLVs and the WIV vaccine elicited similar
levels of cross-reactive 1gG antibodies in BALF samples. Like the IgG levels in BALF, the
KS-91088 reactive IgA levels of all vaccinated pigs were significantly higher than those of
non-vaccinated pigs. In contrast, significantly higher levels of IgA antibodies were detected
in BALF from pigs immunized with either MLV1 or MLV2 compared to the WIV vaccine
group (Fig. 4C).

Cytokine and chemokine levels in BALF following challenge

Pulmonary levels of cytokines and chemokines in BALF collected from pigs at 3 and 5 dpc
were assessed using the Luminex technology. All measured cytokine and chemokine levels
in BALF from the WIV vaccine group were significantly higher than those detected from
both the MLV1 and MLV2 groups as well as the non-vaccinated control group at either 3 or
5 dpc. Significant differences in all tested cytokine and chemokine levels between the MLV
groups and the non-vaccinated control group were not observed except for IL-6 and IL-12 at
3 dpc (Fig. S3).

Discussion

In North America, the complexity and diverse ecology of SIVs lead to repeated failure

of WIV vaccines including farm-specific autogenous W1V vaccines used (3). Furthermore,
WIV ineffective protection together with induction of VAERD are observed when WIV
vaccinated pigs are infected with antigenically mismatched strains (4-7). LAIVs using a
variety of genetic modifications have been shown to provide superior protection against
homologous and heterologous SIV challenges compared to WIV vaccines, without causing
VAERD (13, 21, 38, 39). However, there are safety concerns of using LAIVs that
potentially reassort with circulating SIV strains. In this study, we developed new MLV
vaccine candidates for swine influenza using an attenuated chimeric bat influenza virus and
showed that they conferred better protection than the WIV vaccine against heterologous
virus challenge as evidenced by reduced virus replication in lungs and limiting nasal virus
shedding. Interestingly, significantly reduced virus replication and shedding was observed
in the MLV vaccinated pigs at 5 dpc, not at 3 dpc (Fig. 3), the lack of early protection

in the MLV groups may be due to the high, intra-tracheal challenge dose used and/or the
antigenic mismatch between challenge and vaccine strains. Importantly, VAERD was only
observed in WIV vaccinated pigs but not in pigs immunized with the MLV candidatea upon
heterologous challenge. Moreover, no reassortment was detected between MLVs and the
challenge virus in BALF after challenge. These data suggest that the bat influenza vectored
MLV vaccine candidates can provide protection from heterologous SIV infection without
safety concerns compared to traditional WIV and LAIV vaccines by overcoming the risks of
VAERD and virus reassortment.
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VAERD is a major adverse effect of WIV vaccines when immunized pigs are infected

with heterologous virus, especially HA mismatched virus. The WIV vaccine used in this
study is cluster | of H3 virus, whereas the challenge KS-91088 (H3N2) virus belongs to

the cluster IV of H3 virus that has no or limited cross-reactivity with the vaccine strain.
Previous studies demonstrated that VAERD correlated with the presence of high level of
non-neutralizing antibodies against HA2 and the absence of neutralizing antibodies against
HAL of antigenically mismatched virus (8, 10, 38, 40). In particular, cross-reactive HA2
antibodies which target the HA2 domain but not the HA1 globular head domain contributed
to enhanced 1AV infection in cells through promoting the fusion process between virus and
cell membrane, and this infection enhancement is associated with VAERD (38, 40). In this
study, all vaccine groups displayed similarly low levels of heterologous HI antibody titers

(< 40) before challenge. However, high cross-reactive 1gG levels against the KS-91088 virus
were detected in sera from WIV vaccinated pigs while the MLV vaccinated groups produced
minimal levels of serum IgG antibodies similar to those of the non-vaccinated group at

28 dpv. These results are consistent with the findings in previous LAIV studies (13, 38,

41). Moreover, a study found that sera from WIV vaccinated pigs contained high titers of
cross-reactive antibodies against the HA2 domain of a heterologous challenge virus, which
was consistent with high cross-reactive serum IgG levels and low titers of cross-reactive
HAL1 antibodies which corresponded with limited HI antibody response and low serum
neutralizing antibodies to a heterologous challenge virus (38). VAERD observed in WIV
vaccinated pigs in this study could be due to the same reason, i.e., the high anti-HA2
antibodies in WIV vaccinated pigs enhance virus replication in epithelial cells, resulting in
longer duration and higher titers of lung virus replication, nasal virus shedding as well as
severe lung damage in the WIV vaccine group compared to the MLV groups. In contrast, the
MLV groups likely do not develop elevated fusion-enhancing HA2 antibodies and therefore,
did not develop VAERD when challenged with a heterologous virus.

Intranasally administered LAIVs have been shown to elicit cross-reactive T-cell responses
and robust mucosal antibodies which play an important role in LAIV efficacy for
heterologous challenge protection (5, 19, 21, 39, 42, 43). In this study, MLV vaccine
candidates induced significantly more antigen-specific IFN-ry SCs in the blood in response
to heterologous antigen and significantly higher levels of cross-reactive IgA antibodies
compared to WIV vaccinated pigs after challenge (Fig. 1A and Fig. 4). This indicates that
cross-reactive T cell-mediated and mucosal immune responses induced by the MLV vaccines
might contribute to providing better cross-protection for heterologous challenge compared
to a WIV vaccine. Since the majority of T-cell responses are directed towards epitopes
which are highly conserved between different influenza virus strains, T-cell immunity has
the potential to elicit heterologous cross-protective immune responses (44, 45) and has
been shown to confer cross-protection to heterologous challenge with reduced disease
severity (46). This suggests that bat influenza internal proteins likely have conserved

viral epitopes similar as those in internal proteins of classical 1AVs. However, the degree
of conservation of viral epitopes between bat influenza viruses and conventional 1AVs
needs to be determined in future studies. Our study demonstrated that the novel MLV
candidates were able to elicit robust cross-reactive 1gA antibodies in BALF even with a
single intranasal vaccination (Fig. 4C). Since 1gG antibody levels in BALF were similar
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between all vaccine groups, mucosal cross-reactive IgA antibodies were most likely crucial
for the local immunity in lungs to limit virus replication and reduce lung pathology under
heterologous challenge conditions. This is an agreement with findings using intranasal
administration of LAIVs against SIV infections (5, 21, 38, 39). A study showed that a

two dose LAIV vaccination was able to induce increased antigen-specific serum HlI, 1gG
and mucosal IgA antibodies compared to a one dose of intranasal LAIV vaccination (39).
Whether a boosting regimen of bat influenza vectored MLV candidates can induce improved
immune responses and a better protection from subsequent SIV infection in pigs needs to be
investigated.

Previous studies have demonstrated that influenza virus infection can induce 1L-18
expression in human alveolar macrophages and 1L-18 expression was necessary for

optimal cytokine production and adequate protection against influenza infections (33, 47).
Additionally, one study reported that mucosal associated invariant T cells were activated
and produced antiviral effectors including IFN-vy via a IL-18 dependent mechanism during
influenza infection and contributed to antiviral influenza immunity (48). However, 1L-18
expression in young piglets up to one month old is significantly reduced at their respiratory
mucosal epithelium, which is the major infection site of 1AVs (49). Therefore, we tested
whether exogenous IL-18 expression in conjunction with vaccine administration enables

to provide enhanced protective immunity against SIV infection. However, no significant
difference was observed in vaccine efficacy between two MLV vaccine candidates,
regardless of rplL-18 expression. Most likely the MLV2 virus (Bat09:mH3mN2-NS1-128-
IL-18) did not replicate as efficiently as needed to express enough 1L-18 to show an obvious
functional effect of IL-18 (Fig. S1 C and 1D). Further studies are required to investigate the
effect of IL-18 on vaccine efficacy using less attenuated MLVSs, a higher dose of vaccine or a
booster regimen.

We have demonstrated protective immunity of two new MLV candidates against SIV
infection with several advantages. One advantage of developed MLV vaccines is the mode
of intranasal immunization which mimics natural infection. It induces not only protective
local immunity including IgA production at the site of natural 1AV infection but also a
broad cross protective CMI without causing VAERD. Another advantage is no reassortment
with conventional 1AVs to resolve safety issues of normal LAIVs faced. Taken together, bat
influenza vectored MLV candidate vaccines is able to provide protective immunity against
heterologous challenge and can be used as safe and efficacious live virus vaccines to prevent
SIV infections in pigs and might be also used in other species.

Conclusions:

Our results demonstrate that bat influenza vectored MLV vaccines are effective and safe to
protect swine from SIV infection without risks of VAERD and reassortment.
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Fig 1. Serum antibody responsesin pigs after vaccination.
(A) Geometric mean reciprocal titers of hemagglutination inhibition (HI) antibodies to

heterologous challenge virus (KS-91088) were determined in sera from all pigs following
vaccination and challenge. The reported Hl titers are the average titers for each group. (B)
At 28 dpv, serum samples were collected from all pigs to evaluate the serum IgG levels
against KS-91088 virus using a whole-virus ELISA assay. Antibody levels were analyzed
by average of each triplicate sample and reported as the mean of OD values of each group.
The error bars indicate standard errors of the mean (SEM). The asterisks (*) represent a
statistically significant difference between groups (**: p<0.01 and ***: p<0.001).
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Fig 2. Macroscopic lung lesionsin pigs after challenge.
(A) Ventral surfaces of lungs from representative pigs in each group at 3 dpc are shown. (B)

Macroscopic lung lesions of challenged pigs are presented as the average percentage + SEM
of gross lesions of three pigs in each group at 3 and 5 dpc. The asterisks (*) represent a
statistically significant difference between groups (***: p<0.001).
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Fig 3. Virusreplication in BALF and nasal shedding in nasal swabs after challenge.
Mean of virus titers in BALF (A) and in nasal swabs (B) from challenged pigs were

evaluated on the days indicated. Virus titers were determined by calculating the 50% tissue
culture infective dose (TCID5g)/ml in MDCK cells. The number of pigs with positive virus
isolation out of the total number of tested pigs is presented above of each bar. The asterisks
(*) represent a statistically significant difference between groups (*: p<0.05, **: p<0.01 and

*%: p<0.001).
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Fig 4. Antigen-specific T-cell responsein PBM Cs and antibody response to heterologous
challengevirusin BLAF at 5 dpc.

(A) PBMCs were collected from pigs at 5 dpc and ELISPOT assay was performed to

detect antigen-specific IFN-y secreting cells (IFN-ry SCs) which respond to heterologous
KS-91088 antigen. The average numbers of counted spots for triplicates well of individual
sample were used to present the data of the mean numbers of each group. Levels of
KS-91088 specific 19G (B) and IgA (C) antibodies in BALF at 5 dpc were evaluated by
ELISA. Antibody levels were analyzed by average of each triplicate sample and expressed
as the mean of OD values of each group. The error bars indicate standard errors of the mean
(SEM). The asterisks (*) represent a statistically significant difference between groups (*:
p<0.05, **: p<0.01 and ***: p<0.001).

Vaccine. Author manuscript; available in PMC 2022 April 01.



Page 19

Leeetal.

Author Manuscript

8)N0J [eaydeIIRIIUIL 1] | :83IN0J Je|ndsnielul (JA| :83IN0J [eseuenul (N|

‘abus|eyo 1sod m?na

‘uoleurddea isod @va

sfidg  shidg  61d/%QI0L (0T sak sak e/u e/u 9  |0AUO BUIDILA-UON
shidg  shidg  61d/95Q10L 0T sok sehk NI ‘Bidjjuz W1 ‘Bid/ug 9 AIM
sfidg sfidg  61d/°Q101 0T sak ok e/ NI 'B1d/%aI0L 40T S NN
shidg shidg  61d/%5Q101 0T ok sok e NI ‘B1d/%SaIoL 40T 9 IATN
godp & QU% gzndp  gzadp T Adp T2 ghdp o0feaq oNbid

fsdoieN  (L1)ebus|reyd pa|g 15000 79 UOITRUDIRA dno.Bpuioden

abuajeyd pue uoieuIdeA 10} ubisap [eluswIIadX]
T 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Vaccine. Author manuscript; available in PMC 2022 April 01.



	Abstract
	Introduction
	Materials and methods
	Ethical statement
	Viruses and vaccine preparation
	Growth kinetics
	Experimental design
	Antibody detection and ELISA assay
	IFN-γ ELISPOT assay and detection of cytokine and chemokine levels in BALF
	Statistical analysis

	Results
	Generation and characterization of MLVs
	No clinical signs and limited virus shedding in vaccinated pigs with MLVs
	Serological response in pigs vaccinated with MLVs or WIV
	Clinical signs, virus replication and shedding, and lung pathology in pigs after challenge
	Assessment of reassortment between MLVs and challenge virus in BALF
	Antigen-specific T-cell response after challenge
	Antibody response to challenge virus in BALF samples
	Cytokine and chemokine levels in BALF following challenge

	Discussion
	Conclusions:
	References
	Fig 1.
	Fig 2.
	Fig 3.
	Fig 4.
	Table 1:

