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There is an urgent need for influenza vaccines providing broader protection that may decrease the need for annual immunization
of the human population. We investigated the efficacy of heterologous prime boost immunization with chimpanzee adenovirus
(ChAdOx2) and modified vaccinia Ankara (MVA) vectored vaccines, expressing conserved influenza virus nucleoprotein (NP), matrix
protein 1 (M1) and neuraminidase (NA) in HIN1pdmQ9 pre-exposed pigs. We compared the efficacy of intra-nasal, aerosol and
intra-muscular vaccine delivery against H3N2 influenza challenge. Aerosol prime boost immunization induced strong local lung T
cell and antibody responses and abrogated viral shedding and lung pathology following H3N2 challenge. In contrast, intramuscular
immunization induced powerful systemic responses and weak local lung responses but also abolished lung pathology and reduced
viral shedding. These results provide valuable insights into the development of a broadly protective influenza vaccine in a highly
relevant large animal model and will inform future vaccine and clinical trial design.
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INTRODUCTION

Respiratory viruses are a major threat to global human health with
influenza infection responsible for seasonal epidemics and
occasional pandemics. Current seasonal influenza vaccines pri-
marily induce antibody responses to the major envelope
glycoprotein haemagglutinin (HA), are strain specific and do not
protect well against antigenically distinct viruses from the same
HA subtype nor against infection with heterologous influenza
viruses from different HA lineages. A broadly protective influenza
A vaccine (BPIV) would be a significant advance in preventing
seasonal infection and reducing mortality from pandemic
influenza.

Although most influenza vaccines are administered parenterally
to adults, the intranasally administered live attenuated influenza
vaccine (LAIV) shows high efficacy in children suggesting that
both systemic and local respiratory immunity play roles in
protection'?. Inhaled aerosol delivery methods have been
explored to administer measles, tuberculosis, papilloma virus
vaccines, and recently, the safety and immunogenicity of
intranasal and aerosolized vaccines has been investigated in
pre-clinical and clinical studies for SARS-CoV-23~"". Comparison of
aerosol, intranasal and parenteral delivery of an adenovirus-
vectored vaccine in rhesus macaques indicated that each route
generated distinct cellular and humoral responses and suggested
that small droplet aerosol delivery offered immunological
advantages over other respiratory routes'?,

In addition, when considering immunization against influenza, it
is important to take into account that pre-existing immune
memory can significantly impact subsequent influenza infection
and vaccine efficacy'>'*. Cross-reactive immunity acquired by

prior seasonal influenza infections is principally due to T cell
responses to conserved internal antigens NP and M1 and
antibodies to conserved epitopes of the haemagglutinin (HA)
and neuraminidase (NA) are likely to play a role'>~'°. Approaches
toward development of BPIV have therefore focussed on either
eliciting antibodies against the conserved regions of HA and NA or
stimulating T cells against the internal NP and M1 proteins of the
virus2>=2°, We have previously evaluated the efficacy of a single
cycle replication BPIV candidate, S-FLU, in pigs®®3'. These studies
have shown that vaccine efficacy in pigs differed from that in
small animals (ferrets and mice), suggesting that vaccines should
be tested in more than one animal model*°. Pigs are immuno-
logically, physiologically and anatomically more like humans than
small laboratory animals and have a comparable distribution of
sialic acid receptors in the respiratory tract. Pigs exhibit compar-
able clinical manifestations and pathogenesis when infected with
most human seasonal influenza A viruses, making them an
excellent model to study immunity to influenza3%33,

Because pigs are susceptible to the influenza A viruses that
infect humans, we have developed an HIN1pdmO09 (pH1NT)
1A.3.3.2 virus pre-exposure model to test the immunogenicity of a
ChAdOx2 viral vectored vaccine, expressing influenza nucleopro-
tein, matrix protein 1 from pH1N1 and neuraminidase NA2 from A/
swine/Ohio/A01354299/2017, H3N2 (ChAdOx2-NPM1-NA2)*. We
have shown that previous influenza virus pH1N1 infection in pigs
does not prevent induction of immune responses following
immunization with ChAdOx2-NPM1-NA23%. We have also evalu-
ated the importance of route of administration by comparing
intra-nasal, aerosol and intra-muscular immunization. In these
studies, aerosol delivery boosted the local lung T cell and antibody
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responses, while intra-muscular immunization boosted peripheral
blood immunity>*. However, protective efficacy was not evaluated
and therefore in the present study we assessed the immunogeni-
city and efficacy of prime boost with ChAdOx2-NPM1-NA2 and
MVA-NPM1-NA2 administered by the intra-muscular, intra-nasal or
aerosol routes in pHINT pre-exposed pigs against H3N2
challenge.

RESULTS

Experimental design and antibody responses following prime
boost immunization with ChAdOx2-NPM1-NA2 and MVA-
NPM1-NA2 in pH1N1 pre-exposed pigs

Twenty pigs were infected intranasally with 3 x 10° PFU of A/swine/
England/1353/2009 (pH1N1). All pigs were successfully infected and
shed virus as determined by plaque assays of daily nasal swabs in
the first 6 days following pH1N1 inoculation®*. Four weeks after the
pHIN1 inoculation, the pigs were randomly divided into four
groups of five animals and were immunized with 5 x 108 U
ChAdOx2-NPM1-NA2 intramuscularly (IM), intranasally (IN) or by
aerosol (AE) as previously described®®. IN delivery was performed
with a mucosal atomization device (MAD) generating droplets of
~ 80 to 100 uM diameter delivered in 300 pl volume to restrict the
vaccine deposition to the upper respiratory tract. AE delivery by
vibrating mesh nebulizer generated droplets of ~ 4.5 um diameter
capable of reaching the entire respiratory tract>>. Four weeks after
the ChAdOx2-NPM1-NA2 immunization the pigs were boosted by
the same delivery route with 1.5 x 108 PFU MVA-NPM1-NA2.
Unimmunized, but pHIN1 pre-exposed pigs were used as controls
(C). The animals were culled four weeks after the boost, and
immune responses were evaluated in the bronchoalveolar lavage
(BAL), spleen and blood (Fig. 1a).

Circulating antibody responses were measured by ELISA
throughout the study, and in BAL at day 83 which is 27 days
after final vaccination (Fig. 1b-i). Virus-specific IgG in serum was
assayed against live MDCK cells grown pH1N1 and A/swine/Ohio/
A01354299/2017 (H3N2) viruses and recombinant NA protein from
H3N2 (NA2) (Fig. 1b-d). The IM immunized animals had a
significantly higher pHIN1 IgG titer after ChAdOx2-NPM1-NA2
administration (D35 to D49) compared to the other groups. The
pH1N1 IgG response decreased 4 weeks post immunization with
ChAdOx2-NPM1-NA2 but was boosted by MVA-NPM1-NA2 and
remained significantly higher compared to all other groups until
D63 and D77, although not reaching the titer after the first
immunization (Fig. 1b, Table 1). The second highest serum
response was in the AE group on D49 (1:61,440), significantly
higher compared to IN and C groups (Table 1). HIN1 neutraliza-
tion titers were induced by the pH1N1 infection but not boosted
by ChAdOx2-NPM1-NA2 and MVA-NPM1-NA2 as previously
demonstrated>*,

Although serum H3N2 IgG responses were highest in the IM
and AE groups, these were not significantly different from IN and
C groups following the first immunization (Fig. 1c). However, a
week after boosting with MVA-NPM1-NA2 (D63) the IM group had
a significantly higher response (1:36,864) in comparison to the
other groups, which declined over time but remained significantly
different from IN and C at D70 and D77 (Table 1). IM immunization
significantly boosted IgG responses to recombinant NA2 protein
on D49 compared to IN and C groups (Table 1). The NA2 response
peaked a week after the MVA boost (D63), remained high until
D70 (1:114,688) and declined from D77 onwards and was still
significantly higher than the C group at D83 (Table 1). The IgG
NA2 specific response was also increased in the AE group
compared to C. No significant differences were observed in serum
pH1N1 and H3N2 specific IgA responses between the groups (data
not shown). Intranasal immunization did not boost significantly
pHTN1, H3N2 or NA2 specific serum responses. There was no
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increase in pH1N1 neutralizing activity in the sera of any of the
immunized groups compared to controls, suggesting that the
vaccines did not boost the response to either H1 or N1, as these
are the targets for neutralization. We were unable to detect
neutralizing activity against H3N2 in serum from the ChAdOx2-
NPM1-NA2 and MVA NPM1-NA2 pigs immunized by any route.

No significant differences of pHIN1 specific IgG and IgA
responses were observed in BAL at D83 between groups
(Fig. 1e-i). In contrast AE immunization induced a significantly
greater H3N2 specific IgG response in BAL compared to IN and C
groups (Fig. 1f) and a trend for higher H3N2 IgA (Fig. 1i, p = 0.09,
one-way ANOVA and Bonferroni’s multiple comparisons test).

In summary, after pHIN1 pre-exposure, IM prime boost
immunization with ChAdOx2-NPM1-NA2 and MVA-NPM1-NA2
induced high serum IgG titers against both pHIN1 and H3N2,
while AE delivery induced high anti-H3N2 IgG and IgA titers in BAL
in agreement with our previous study with ChAdOx2-NPM1-
NA234,

Cytokine responses following prime boost immunization in
pH1N1 pre-exposed pigs

IFNy ELISpot analysis was performed to quantify IFNy producing
cells in peripheral blood mononuclear cells (PBMC, Fig. 2), BAL
(Fig. 3a-e) and spleen (Fig. 3f-j) following stimulation with either
pH1N1 and H3N2 live viruses or with pool of overlapping peptides
covering the NP, M1 and NA2 proteins included in the vaccine
(Figs. 2 and 3). IM immunization with ChAdOx2-NPM1-NA2
significantly increased the NP-specific response in PBMC after
D42 and M1, pH1N1 and H3N2 responses on D49 (Fig. 2a, ¢, d, e).
IM boost with MVA-NPM1-NA2, induced the greatest response to
NP, M1 and NA2 which remained higher compared to the other
groups until the end of the study D83. Significant differences in
response between groups were reached at different time points
after prime boost immunizations as indicated in Fig. 2.

As with the antibody responses, cellular responses in the BAL
were highest following AE immunization (Fig. 3a-e). AE induced
the highest responses to NP, M1 and H3N2 stimulation and the
response to pHIN1 was higher than any other although not
significantly different (p =0.056 relative to the control group,
Kruskal-Wallis and Dunn’s multiple comparisons test). The IFNy
ELISpot responses in the spleen (Fig. 3f-j) did not reveal significant
differences between the groups, although a trend was observed
to M1 stimulation (only 3 spleen samples were available for the IM
group) (Fig. 3h).

T cell responses were also analyzed by intracellular cytokine
staining (ICS) in BAL (Fig. 4). IFNy, TNF, IL-2 and IFN/TNF
production by CD4 and CD8B T cells was measured following
pH1N1, H3N2, NP and M1 stimulation (gating strategy shown in
Supplementary Fig. 1). AE immunization was the only regimen
that induced statistically higher responses compared to the other
groups. AE immunization induced the highest IFNy and TNF
producing H3N2 and NP-specific CD4 cells in BAL (Fig. 4b, d). The
CD8B T cells exhibited the highest IFNy production to all stimuli
with NP specific CD8(B T cells having the highest frequencies of
IFNy (17.48%) and TNF (18.91%). AE immunization also induced
the highest M1 and NP-specific TNF CD8B producing T cells
(Fig. 49, h) and NP-specific IFNy/TNF co-producing CD4 and CD8f
T cells (Fig. 4i, j). IL-2 frequencies were lower and did not show any
differences between the groups.

These data indicate that IM prime boost immunization induced
a strong antibody and cellular IFNy response in PBMC, while AE
induced the highest antibody and T-cell responses in the BAL with
very high frequency of cytokine producing CD8 T cells.
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Efficacy of prime boost immunization in pH1N1 pre-exposed with ChAdOx2-NPM1-NA2 and MVA-NPM1-NA2 in pHIN1 pre-

pigs against H3N2 challenge exposed animals, we next investigated the efficacy of these
Following the immunogenicity study showing high systemic and immunization regimens in protecting against H3N2 influenza
local immune responses after different routes of prime and boost infection (Supplementary Fig. 2a). Twenty-four animals were
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Fig. 1 Experimental design and antibody responses. Twenty pigs were infected with pH1N1 and four weeks later were immunized with
ChAdOx-NPM1-NA2 intramuscularly (IM), intranasally (IN) or by aerosol (AE). Four weeks later they were boosted with MVA-NPM1-NA2 and
after further four weeks were culled. Weekly blood samples were collected. Control (C) animals were infected but not immunized (a). pH1N1
(b), H3N2 (c) and NA2 (d) specific IgG responses in serum were determined by ELISA at the indicated time points. pH1N1 (e), H3N2 (f) and NA2
(g) specific IgG and pH1N1 (h) and H3N2 (i) IgA responses in BAL, were determined by ELISA four weeks after the second immunization. The
mean and standard error (SEM) is presented in each time point (b-d). The arrows below DO, D28 and D56 indicate the time of pH1N1
challenge and immunizations with ChAdOx-NPM1-NA2 and MVA-NPM1-NA2. Significant differences are listed in Table 1. The top of each bar
indicates the mean and the line the standard error mean (SEM) (e-i). Each symbol (circle, square and triangles) represents one animal.
Asterisks denote significance between indicated groups (*p < 0.05) and were analyzed either by one-way (h, i) or two-way (b—-d) ANOVA and
Bonferroni’s multiple comparisons test when the data were normally distributed or with Kruskal-Wallis and Dunn’s multiple comparisons test

when normality was not achieved (e-g).

inoculated with 3 x 10% PFU pHIN1 and as with previous studies,
virus shedding was detected in nasal swabs taken daily for the first
6 days to confirm the successful infection of all animals
(Supplementary Fig. 2b). Four weeks later the pigs were randomly
divided into four groups of six animals and immunized either IM,
IN or by AE with ChAdOx2-NPM1-NA2 and MVA-NPM1-NA2
4 weeks apart as described above. Four weeks after the MVA-
NPM1-NA2 boost, all animals were infected intranasally with 9 x
107 pfu of A/swine/Ohio/A01354299/2017 (H3N2). Animals were
humanely euthanized four days later. This time point was chosen
as it allows four days for monitoring virus shedding in daily nasal
swabs, there is still significant viral load in the lungs and BAL and
lung pathology is well developed3®3'3%, Three animals reached
their humane end point before the completion of the study due to
bacterial infection unrelated to the procedures. Thus, the IN and C
groups contained only four and five animals, respectively.

Representative lung gross pathology, histopathology (subma-
cro- and microscopic) and immunohistochemical NP staining are
shown (Fig. 5a). Gross pathology was observed as areas of
consolidation in the cranial and medial lobes. The unimmunized
group (C) had a significantly higher gross pathology score in
comparison to the IM and AE, but not the IN group. Histopatho-
logical analysis showed areas of bronchopneumonia characterized
by the obliteration of the normal airway structures with
inflammatory cell infiltration, alveolar exudation, and bronchiolar
and broncho-interstitial pneumonia with necrosis of epithelial cells
and inflammatory infiltrates in the airways and parenchyma
present in the C and IN groups, while the IM and AE groups did
not show histopathological lesions. Labeling of influenza NP by
immunohistochemistry (NP-IHC) was seen within the epithelial
cells and exudates and occasionally within the parenchyma of
unimmunized and intranasally immunized animals. NP labeling
was not detected in the IM group and was only detected in one
animal of the AE group (Fig. 5b).

The IM and AE groups showed the greatest reduction in virus
shedding in daily nasal swabs, while the IN and C groups shed
virus consistently until day 3 and 4 respectively (Fig. 5¢). One
animal in the AE group showed a low titer of virus at day 1 only
and one animal from the IM group a low titer on 1- and 3-days
post infection (dpi). No virus was detected in the BAL and lung of
the AE immunized animals at 4 dpi, while in the IM and IN groups
one animal had low levels of virus in BAL and one from the IN
group in lung at 4 dpi (Fig. 5d, e). There was reduced pathology
and virus load in the IN group, but the only parameter that
differed significantly from the controls was virus load in BAL
at 4 dpi.

These results indicate that IM and AE immunization abolished
lung pathology and were highly efficient in controlling virus
shedding and viral load in lung.

Immune responses after H3N2 challenge

IM immunization induced the highest IgG response to pH1N1,
H3N2 and NA2 in serum in agreement with the first immuno-
genicity study described above (Fig. 6a—c and Table 1). Four days
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following H3N2 infection (D87), serum H3N2 specific IgG titers
increased in all groups with IM having the greatest titer compared
to C group. AE immunization induced the highest pH1N1 and
H3N2 specific IgG and IgA in BAL 4 days post H3N2 infection (D87)
(Fig. 6d-q).

The cellular immune responses in PBMC and BAL were
measured by IFNy ELISpot (Fig. 7). The IM immunized group had
the highest number of NP-, NA2- and M1- specific IFNy producing
cells in PBMC (Fig. 7a-c). The IFNy responses in BAL did not differ
between the groups four days after H3N2 infection, except for the
response to pH1N1 in the AE group (Fig. 7i). Similarly, the highest
antigen specific CD8 responses in the BAL were detected in the AE
group by intracytoplasmic staining (Supplementary Fig. 3). The
very low cytokine responses after H3N2 challenge compared to
the responses before challenge (albeit in a different experiment)
might be due to activation induced cell death of cells which have
been previously activated in vivo by the challenge H3N2 virus.
There was no obvious influx of memory/effectors cells from the
systemic circulation to the BAL in the IM group.

Taken together, these data indicate that the IM immunization
elicited high Ab and T-cell responses in the periphery, while AE
immunization induced high responses in the BAL and this
difference was maintained after the H3N2 challenge.

DISCUSSION

Cross protective T cell immune responses against conserved
internal influenza A virus antigens such as NP and M1, have been
associated with reduced virus shedding and limited severity of
disease following influenza infection in humans'®~'°. This evi-
dence, combined with a long history of animal studies demon-
strating the protective effect of T cells induced by influenza virus
infection, is the rationale for developing a BPIV that induces a
strong T cell response against conserved internal antigens>’. More
recently, antibody responses to NA were also shown to provide
broader protection?®3%, Since almost all human influenza immu-
nizations are given to influenza-exposed rather than influenza-
naive humans, to model this we exposed pigs to pHIN1 prior to
vaccination rather than immunizing influenza-naive pigs. We
demonstrate that following pH1N1 exposure, intramuscular or
aerosol prime boost regimens with ChAdOx2-NPM1-NA2 and MVA
NPM1-NA2, significantly reduced lung pathology, virus shedding
and lung viral load after H3N2 influenza challenge. In contrast
intranasal immunization, restricted to the upper respiratory tract,
had a very limited effect on virus load and pathology in
this model.

We have demonstrated in young and adult humans that a two
dose IM heterologous prime boost regimen with ChAdOx1
NP + M1 and MVA-NP + M1 given either 8 or 52 weeks apart,
significantly increased the proportion of cross-reactive T cells and
maintained them at high frequencies for 18 months after
immunization®'. We further showed that inclusion of a third
antigen, the HA, in ChAdOx-NPM1-HA and MVA-NPM1-HA
significantly reduced virus shedding in pigs after prime boost
vaccination against homologous HIN1pdmO09 virus challenge®’.
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Table 1. Significant differences between the four groups at the same time-point after immunization.
Assays Significances identified between groups post immunization
Day 35 Day 42 Day 49 Day 56 Day 63 Day70 Day 77 Day 83 Day 87
ELISA 1gG HINT IM>AE IM > AE IM > AE IM >IN IM > AE Not IM>IN Not -
(Fig. 1b-d) IM >IN IM >IN (P=0.03) IM>C (P=0.009) significant IM>C significant
Two- IM>C IM>C IM>IN (P=0.006) IM>IN (P>0.05) (P=0.007) (P>0.05)
way ANOVA (P<0.0001) (P<0.0001) (P<0.0001) IM>C
IM>C (P <0.0001)
(P <0.0001)
AE >IN
(P=10.006)
AE>C
(P =0.006)
H3N2 Not Not Not Not IM > AE IM >IN IM > AE Not -
significant  significant  significant  significant (P=0.013) (P=0.03) (P=0.04) significant
(P>0.05) (P>0.05) (P>0.05) (P>0.05) IM >IN IM>C IM >IN (P>0.05)
(P=0.004) (P=0.03) (P=0.004)
IM>C IM>C
(P=0.004) (P=0.004)
N2 Not Not IM>IN Not IM>IN IM >IN IM>IN IM>C -
significant significant IM>C significant (P =0.04) (P=0.04) (P=0.04) (P=0.003)
(P>0.05) (P>0.05) (P=0.003) (P>0.05) IM>C IM>C IM>C
(P=0.0003) (P=0.0003) (P=0.0003)
AE>C AE>C AE>C
(P=0.04) (P=0.04) (P=0.04)
ELISA I1gG H1N1 Not IM>IN Not Not Not IM>C Not Not Not
(Fig. 6a—c) significant  (P=0.008) significant  significant  significant (P =0.03) significant  significant  significant
Two- (P>0.05) IM>C (P>0.05) (P>0.05) (P>0.05) (P>0.05) (P>0.05) (P>0.05)
way ANOVA (P=0.008)
H3N2 IM>C IM>C IM>C Not Not IM>C Not IM>C IM>C
(P=0.048) (P=0.028) (P=0.02) significant  significant (P=0.04) significant (P=0.03) (P=0.03)
(P>0.05) (P> 0.05) AE>C (P>0.05)
(P=0.04)
N2 Not IM > AE IM>C IM > AE IM > AE IM > AE IM > AE IM > AE IM>C
significant  (P=0.015) (P=0.002) (P=0.002) (P=0.005) (P=0.006) (P=0.019) (P=0.0007) (P=0.003)
(P>0.05) IM>C IM >IN IM>IN IM >IN IM >IN IM >IN
(P=0.004) (P=0.047) (P=0.005) (P =0.005) (P=0.018) (P =0.004)
IM>C IM>C IM>C IM>C IM>C
(P=0.003) (P=0.005) (P =0.005) (P=0.017) (P=0.001)

Here we show that inclusion of the NA, in ChAdOx-NPM1-NA2 and
MVA NPM1-NA2 induced powerful T cell and antibody responses
in pHIN1 pre-exposed pigs and protected them against H3N2
challenge.

The intramuscular and aerosol prime boost immunizations with
ChAdOx-NPM1-NA2/ MVA-NPM1-NA2 generated distinct cellular
and humoral responses. Local T and antibody lung responses were
only observed after aerosol delivery targeting the lower and upper
respiratory tract. In contrast, intramuscular administration boosted
T cell and antibody responses in blood but had a weak effect on
the lung mucosal response measured in BAL after pHIN1 pre-
exposure. As the vaccines contain three immunogens, NP, M1 and
the NA envelope antigen it is difficult to dissect the contribution of
each antigen or arm of the immune response to protection.
Furthermore, this may differ according to the route of immuniza-
tion. In the IM group the most likely mechanism of protection may
be the high titre of anti-NA2 antibodies especially as the
immunizing NA is matched to the challenge H3N2 virus. Although
we could not detect neutralizing activity in the sera of these pigs,
other Fc mediated mechanisms may contribute to the killing of
infected cells*®. The IM regimen also induced a very strong
systemic T cell response; however, we have no evidence for
recruitment of these cells to the site of infection in the respiratory
tract, which may reflect the sensitivity of the assay used or that
there is a real difference in the effects of these immunization
regimes.

Published in partnership with the Sealy Institute for Vaccine Sciences

In contrast, AE immunization induced detectable IgG and IgA
antibody against H3N2 in the BAL. The serum anti-NA2 titers was
lower compared to the IM group, but still significantly higher
compared to the control. There was a much stronger local BAL T cell
response in the AE group. We speculate that both T-cell and antibody
responses may contribute to the protection seen in this group.
Aerosol immunization with another T cell candidate vaccine, S-FLU,
which contains all viral proteins induced a powerful T cell response
(but not neutralizing antibody response) and reduced pathology, but
did not prevent virus replication or shedding, although in these
experiments, there was no pHIN1 pre-exposure®*36, We speculate
that T-cell responses can reduce pathology in severe disease, but
combined T-cell and antibody responses are required to prevent
pathology and virus shedding, which will also prevent onward
transmission>>4', It should also be noted that AE immunization
delivers only a third of the dose so that this route appears to be
extremely efficient in inducing immune responses®*,

A limitation of this study is that we have not demonstrated
broad immunity because the challenge virus was matched to the
NA in the vaccine. That question could be addressed by
challenging with a virus with a different NA sequence. However
NA exhibits a slower drift that is discordant with that of HA and
antibody responses against NA typically show broader cross-
reactivity*>~**. Further studies with vaccines containing only NPM1
or NA2 will allow us to determine whether antibodies against viral
envelope proteins are essential for prevention of virus shedding
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immunizations with ChAdOx-NPM1-NA2 and MVA-NPM1-NA2. Each symbol represents an individual animal, the top of the bar the mean and
the line the standard error (SEM). Asterisks denote significance between indicated groups (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
The data were analyzed by two-way ANOVA and Bonferroni’s multiple comparisons test.

and whether mismatch of immunizing and challenge NA reduces
protection in pigs as has been demonstrated in small ani-
mals?®4145 These experiments will also reveal whether T cells
directed solely against internal proteins are sufficient to reduce
pathology and severe disease in a large natural host animal. In
addition, further studies should investigate whether the more
clinically deployable regimens of priming and boosting with the
same viral vector or using a single immunization with ChAdOx2
provides similar protection. A final crucial issue is the duration of
protection, whether antibody or T cell mediated. Even if
protection is relatively short lived, a BPIV will be highly
advantageous because it could be used without changing it
annually or in the face of a pandemic. Lessons learned from these

npj Vaccines (2023) 19

influenza studies may be relevant for SARS-CoV-2 and other
respiratory viruses.

METHODS

ChAdOx2-NPM1-NA2 and MVA-NPM1-NA2 viral vectored
vaccines

ChAdOx2 is a replication deficient (E1 and E3 deleted) simian
adenovirus*, which was engineered to express swine Influenza A
virus nucleoprotein (NP) and matrix 1 (M1) as a fusion protein (NPM1)
and NA2 separated from NPM1 by a 2A ribosome skipping sequence.
The NP and M1 protein ORFs were derived from A/swine/England/
1353/2009 (GenBank accession number KR701098 and KR701100).
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Fig. 3

IFNy ELISpot responses in BAL and spleen. IFNy secreting spot forming cells (SFC) were enumerated in BAL (a-e) and spleen (f-j) on

D83. Cells were stimulated with a pool of peptides covering NP (a, f), NA2 (b, g) and M1 (c) proteins or pH1N1 (d, i) and H3N2 (e, j) viruses.
Each symbol represents an individual animal, the top of the bar the mean and the line the standard error (SEM). Asterisks denote significance
between indicated groups (*p < 0.05, **p < 0.01, ****p < 0.0001) and were analyzed either by one-way ANOVA and the Bonferroni multiple
comparisons test when the data were normally distributed (a-c, f, h, i) or with Kruskal-Wallis and Dunn’s multiple comparisons test when

normality was not achieved (d, e, g, j).

The neuraminidase (NA2) is from H3N2 strain A/swine/Ohio/
A01354299/2017 (GenBank accession number MF801571)3*. MVA is
a replication incompetent poxvirus vector engineered to express the
same NPM1 fusion protein under the control of the F11 promoter
and the same NA2 under the control of the modified H5 promoter*’.

Immunization and challenge animal studies

Animal studies were approved by the ethical review processes at
the Animal and Plant Health Agency (APHA) and the Pirbright
Institute (study numbers PP9878849-2-001 and P47CEOFF2-1-015)

Published in partnership with the Sealy Institute for Vaccine Sciences

in accordance with the UK Government Animal (Scientific
Procedures) Act 1986.

For the immunogenicity study, twenty 6-week-old female
Landrace x Large White pigs were obtained from a commercial
high-health status herd (average weight of 9.6 kg at the beginning
of the study). Pigs were screened for the absence of influenza A
virus antibody reactivity by HAI with four swine Influenza A virus
antigens from H1N1pdm09, H1N2, H3N2 and avian-like H1N1
lineages and serum IgG titres against pHIN1 and H3N2 were
assayed by ELISA. All pigs were inoculated intranasally with 3 x
10 PFU of A/swine/England/1353/2009 (pH1N1) MDCK grown
virus in a total of 4ml (2ml per nostril) using a mucosal
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Fig. 4 T cell cytokine responses in BAL. BAL was collected four weeks after the MVA-NPM1-NA2 immunization. Cryopreserved cells from D83
were thawed, stimulated with pHTN1, H3N2, NP or M1 and IFNy, IL-2, TNF and IFNyTNF cytokine secretion was measured in CD4 (a-d, i) and
CD8 (e-h, j). T cells by intracellular cytokine staining. Each symbol represents an individual animal, the top of the bar the mean and the line
the standard error (SEM). Two-way ANOVA and Bonferroni’s multiple comparisons test were used to compare responses between groups and
asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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atomization device (MAD, Wolfe-Tory Medical) (Fig. 1a). The pH1IN1 challenge, daily nasal swabs were collected for 7 days to
inoculation dose for pHINT was in agreement with previous assess virus load by plaque assays and blood samples were
studies, resulting in consistent reproducible infection, virus collected weekly for PBMC isolation, as previously described3°.
shedding, lung vial load and lung pathology3*3%8, Following Briefly, the nasal swabs were collected in 2 ml of virus transport
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Fig. 5 Lung pathology and viral load following re-challenge with H3N2. Representative lung gross pathology, histopathology
(submacroscopic and microscopic) and immunohistochemical NP staining of each group. Gross pathology is observed as areas of
consolidation (arrows). At submicroscopic histopathology, areas of bronchopneumonia are characterized by the obliteration of the normal
airway structures, with inflammatory cell infiltration (¥), that can be observed at microscopic level as bronchiolo- and broncho-interstitial
pneumonia with necrosis of epithelial cells and inflammatory infiltrates in the airways and parenchyma (¥). Virus NP is detected by IHC (brown
stain, arrows) within the bronchiolar wall and luminae and occasionally within the parenchyma (a). Gross (top graphs) and histopathology
scores are shown, including the percentage of lung surface with lesions, lesion scores and histopathology scores (b). Virus load was
determined by plaque assay in daily nasal swabs (c) post H3N2 infection (D1-D4), in the BAL (d) and lung (e) 4 days post infection (D87). The
top of each bar indicates the mean and the line the SEM. Each symbol (circle, square and triangles) represents one animal. Asterisks denote
significance between indicated groups (*p <0.05, **p <0.01) and were analyzed either by one-way ANOVA and Bonferroni’s multiple
comparisons test when the data were normally distributed (c) or with Kruskal-Wallis and Dunn’s multiple comparisons test when normality
was not achieved (b, d, e). Bar = 100 micrometers.
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Fig. 6 Systemic and mucosal antibody responses. pH1N1 (a), H3N2 (b) and NA2 (c) specific IgG responses in serum were determined by
ELISA at the indicated time points. pHIN1 (d) and H3N2 (e) IgG and H1N1 (f) and H3N2 (g) IgA responses in BAL, were determined by ELISA
4 days after the H3N2 challenge. The mean and standard error (SEM) is presented in each time point (a-c). Significant statistical differences are
listed in Table 1. The top of each bar indicates the mean and the line the SEM. Each symbol (circle, square and triangles) represents one animal
(d-g). Asterisks denote significance between indicated groups (*p < 0.05, **p < 0.01) and were analyzed either by one-way (g) or two-way (a-c)
ANOVA and Bonferroni’s multiple comparisons test when the data were normally distributed or with Kruskal-Wallis and Dunn’s multiple

comparisons test when normality was not achieved (d-f).

medium, containing tissue culture medium 199 (Sigma-Aldrich,
Cat. No: M0650) and supplemented with 25 mM HEPES, 0.035%
sodium bicarbonate, 0.5% BSA, penicillin, streptomycin, and
nystatin. For the viral titration with plaque assays on MDCK cells,
the nasal swabs samples were 10-fold serially diluted in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco™) and 200 pl
were overlayered on confluent MDCK cells in 12-well tissue culture
plates. One hour later the plates were washed and 1 ml of %
agarose/medium (1:3) was added. After 72 h of incubation at 37 °C
and 5% CO2 the plaques were visualized using 0.1% crystal violet.
For the PBMC isolation blood was first 1:1 diluted in PBS and then
subjected to a 30min at 920xg centrifugation on density
gradient medium (Biolegend). PBMCs were then harvested,

npj Vaccines (2023) 19

washed twice with PBS and once with culture media and then
were cryopreserved in FCS with 10% DMSO (Sigma-Aldrich,
D2650). Four weeks post pHIN1 infection, the animals were
randomly assigned to four groups and immunized with 5 x 108
infectious units (IU) ChAdOx2-NPM1-NA2 as follows: 1) intramus-
cularly (IM) with 1ml administered in each trapezius muscle
behind the ear); 2) intranasally (IN) with 300 pul per nostril
administered with a MAD, with the aim of restricting the vaccine
to the upper respiratory tract;**3> 3) aerosol (AE) with 1ml
administered over 2-5 min using an Aerogen Solo vibrating mesh
nebulizer (Aerogen, Dangan, Galway, Ireland), and 4) unimmu-
nized controls. The animals in the IN and AE groups were
anaesthetized prior to immunization with a mixture of 5 mg/kg

Published in partnership with the Sealy Institute for Vaccine Sciences
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Fig. 7 IFNy ELISpot responses in PBMC and BAL. IFNy secreting sp
D87. Cells were stimulated with a pool of peptides covering NP (a, f),

ot forming cells (SFC) were enumerated in PBMC (a-e) and BAL (f-j) on
NA2 (b, g) and M1 (c, h) proteins or pH1N1 (d, i) and H3N2 (e, j) viruses.

Each symbol represents an individual animal, the top of the bar the mean and the line the standard error (SEM). Asterisks denote significance
between indicated groups (*p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001) and were analyzed either by one-way ANOVA and the Bonferroni

multiple comparisons test when the data were normally distributed
when normality was not achieved (d, f-j).

Zoletil (2.5 mg/kg of Tiletamine + 2.5 mg/kg of Zolazepam) and
0.05mg/kg Domitor (medetomidine). After four weeks, the
animals were boosted with 1.5 x 108 PFU of MVA-NPM1-NA2 by
the same immunization route as they were primed. Four weeks
later the animals were humanely killed and blood, bronchoalveo-
lar lavage (BAL), lung and spleen were collected.

For the efficacy study twenty-four 6-weeks old female influenza
virus free pigs were used (average weight 9.6 kg) and inoculated
intranasally with 3 x 10° PFU pH1N1 as above (Supplementary

Published in partnership with the Sealy Institute for Vaccine Sciences

(a, b, ¢, e) or with Kruskal-Wallis and Dunn’s multiple comparisons test

Fig. 2a). Four weeks later the animals were randomly divided into
groups and primed with 5 x 108 [lU ChAdOx2-NPM1-NA2 either IM,
IN or AE. The animals were boosted 4 weeks later with 1.5 x 10®
PFU of MVA-NPM1-NA2 using the same immunization route. Two
pigs assigned to the IN and C group, reached their humane
endpoints 14 days post pH1N1 inoculation, which was 2 weeks
prior to the first immunization, due to osteomyelitis of bacterial
origin. A third pig was euthanized 2 days after ChAdOx2 IN
immunization, because of bacterial polyserositis, unrelated to the

npj Vaccines (2023) 19
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vaccination. Thus, the IN and C groups were left with four and five
animals, respectively. Although we were not able to identify the
aetiology of the intercurrent infection that caused the 3 pigs to
reach their human endpoints, as a precaution we administered a
single dose of 20 mg/kg Engemycin 10% (oxytetracycline) to
all pigs.

Four weeks after the boost with MVA-NPM1-NA, all animals
were intranasally infected with 9 x 107 pfu of A/swine/Ohio/
A01354299/2017 (H3N2) MDCK grown virus by administration of
2 ml to each nostril using a MAD300 device. The H3N2 inoculation
dose was chosen based on pilot studies and was also higher
because the pigs were older and heavier by that time (average
weight 66.7 kg). Pigs were culled four days later for assessment of
pathology, virus load and immune responses. For logistical
reasons, two H3N2 challenges were performed, with half of the
animals challenged at 28 days post boost and the remainder at
30 days post boost. As the analysis of samples from pigs
challenged at days 28 and 30 did not show any significant
differences, for simplicity in presentation, the results of the assays
carried out on pigs challenged on both days have been
amalgamated in all figures. At postmortem blood, BAL and lung
were collected and processed as described before3%31, Daily nasal
swabs were collected after the H3N2 challenge for assessment of
virus shedding by plaque assays, as described above. Viral load
was also assessed in BAL and lung by plaque assays post H3N2
infection3031,

Lung pathology and immunohistochemistry

Gross and histopathological analyses were performed as pre-
viously described>. Briefly, the lungs were removed, and digital
photographs were taken of the dorsal and ventral aspects.
Macroscopic pathology was scored blind as previously reported®.
The percentage of the lung displaying gross lesions for each
animal was calculated using image analysis software (Nikon NIS-
Ar) on the digital photographs. Lung tissue samples from cranial,
middle, and caudal lung lobes were taken from the right lung and
collected into 10% neutral-buffered formalin for routine histolo-
gical processing. Formalin-fixed tissues were paraffin wax
embedded, and 4-mm sections were cut and routinely stained
with H&E3C. Immunohistochemical detection of influenza A virus
NP was performed in 4-mm tissue sections. Histopathological
changes in the stained lung tissue sections were scored by a
veterinary pathologist blinded to the treatment group. Lung
histopathology was scored using five parameters (necrosis of the
bronchiolar epithelium, airway inflammation, perivascular/bronch-
iolar cuffing, alveolar exudates, and septal inflammation) on a five-
point scale of 0-4 and then summed to give a total slide score
ranging from 0-20 per lobe (~1.5 x 3 x 1.5 cm?). and a total
animal score from 0 to 603'. A mean score for the three lung lobes
was calculated for each animal. The individual lung lobes were
also scored using the “lowa” method, which takes into account the
amount of viral Ag present in the sample>°.

ELISA

Endpoint titer ELISAs for pH1N1, H3N2 and recombinant NA
protein from H3N2 A/swine/Ohio/A01354299/2017 (NA2)
(sequence matched to the vaccine antigen, Genbank accession
number: ATE49827, produced by The Native Antigen company)
were performed for serum and BAL as described before®*. Briefly,
96-well microtiter plates (Nunc MaxiSorp, Sigma Aldrich, UK) were
overnight coated either with 1 pug/ml of recombinant NA protein
(N2) (sequence matched to the vaccine antigen, GenBank
accession number: ATE49827, and produced by The Native
Antigen Company) or with live pH1N1 or H3N2 viruses grown in
MDCK cells (1 x 10° PFU per well). Two hundred microliters
blocking solution of 4% (w/v) milk powder (Marvel) in PBS,
supplemented with 0.05% Tween-20 (PBS-T) was used, and the

npj Vaccines (2023) 19

plates were incubated for 2 h at room temperature. The starting
dilutions for serum and BAL were 1:20 and 1:2, respectively, and
the plates were incubated on a rocking platform. One hour later,
the plates were washed 3 times with PBS-T and 100 pl of
horseradish peroxidase (HRP)-conjugated goat anti-pig 19G (Bio-
Rad, Cat. No.: AAI41P), diluted in PBS-T with 4% milk powder was
added for 1h. The plates were washed 4 times with PBS-T and
were developed with 100l of 3,3’,5,5-tetramethylbenzidine
(TMB) High Sensitivity substrate solution (BioLegend, London
UK). The reaction was stopped with 100 ul 1M H,SO, and the
plates were read with the Cytation3 Imaging Reader (Biotek,
Swindon, UK). The quantities of antibody were determined as the
reciprocal value of the dilution that gave the first reading above
the cut-off value (end-point titer). Cut-off values were determined
as mean blank ODs plus 2-fold standard deviations.

IFNy ELISpots and intracellular cytokine staining

Cryopreserved cells from BAL, spleen and PBMC were used to
assess the frequency of IFNy-producing cells by ELISpot as
described before3?. Briefly, MultiScreen-HA ELISPOT plates (Merck
Millipore) were coated with 0.5 pg/ml anti-pig IFNy (clone P2G10;
BD Pharmingen) overnight. The plates were washed with PBS and
blocked with culture media [RPMI 1640 with stable glutamine
supplemented with 10% fetal calf serum (FCS), 100 IU/ml
penicillin, and 100 pg/ml streptomycin (all from Thermo Fisher)]
for at least 1 h at 37 °C and 5% CO,. After washing with PBS, 3 x
10° cells per well were seeded in triplicates and stimulated either
with live pH1NT or H3N2 viruses (multiplicity of infection of 1),
3 pg/ml ConA (positive control, Sigma-Aldrich), culture medium
(negative control), or with one of the pools of peptides at a
concentration of 2 ug/well. The pool of peptides for NP1, NP2, M1,
NA1, or NA2 are shown in Table 2. After 40-h incubation at 37 °C
and 5% CO2, the plates were washed with PBS-T and incubated
for 1.5h at room temperature with 0.25 pg/ml biotinylated anti-
pig IFNy detection Ab (clone P2C11, BD Pharmingen). The cells
were washed and incubated with streptavidin-alkaline phospha-
tase (1:2,000 in PBS, 0.01% Tween 20, 0.1% BSA, Roche, Mannheim,
Germany) for 1h at room temperature. To visualize the spots,
100 pl of 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetra-
zolium substrate (Sigma-Aldrich) was added according to instruc-
tions of the manufacturer and the reaction was stopped
15-20 min later by using tap water. The spots were counted
using the AID ELISPOT reader (AID Autoimmun Diagnostika) and
the results from NP1 and NP2 or NA1 and NA2 were pooled and
shown as NP and NA, respectively. Results were expressed as IFNy-
producing cell number per 106 stimulated cells after subtraction of
the average number of spots in medium stimulated control wells.

Intracellular staining (ICS) was performed to analyze IFNy, TNF and
IL-2 production by CD4 and CD8b cells in BAL. Cryopreserved cells
from BAL were thawed and seeded in duplicates in 1 x 10° cells per
well and stimulated overnight with live pHTH1 or H3N2 (MOI = 1) or
medium as a negative control or were stimulated with peptide pools
covering NP and M1 proteins included in the vaccine (2 pg/ml) for

Table 2. Pools of peptides (15mers overlapping by 10) for each
antigen.

Pool Genbank Accession number Amino acid Number of

residues peptides

NP1 AKJ82485 1-259 62

NP2 AKJ82485 248-498 62

M1  KR701100.1 1-252 61

NA1 ATE49827 1-239 57

NA2 ATE49827 227-469 58
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1:100 (secondary)

Table 3. Antibodies used for the intracellular cytokine staining.

Antigen Clone Isotype Fluorochrome Dilution used Source of primary Ab Details of secondary Ab
CD4 74-12-4 1gG2b PerCP-Cy5.5 1:50 BD Biosciences (Cat. No: 561474)

CD8b PPT23 1gG1 FITC 1:200 Bio-Rad Laboratories (Cat. No: MCA5954F)

TNF MADb11 1gG1 BV421 1:100 BioLegend (Cat. No: 502932)

IFNy P2G10 19G1 APC 1:800 BD Biosciences (Cat. No: 561480)

IL-2 A150D 3F1 2H2 1gG2a  PE-Cy7 1:400 (primary) ThermoFisher (Cat. No: ASC0924) Rat-anti-mouse, 1gG2a,

BioLegend (Cat. No: 407114)

5h at 37°C and 5% CO,, as previously described®*. One hour
following the peptide stimulation, Brefeldin A (GolgiPlug™, BD
Biosciences) was added in all wells and 4h later, the cells were
centrifuged for 4 min at 1500 rpm, washed twice with PBS and
stained with the primary Abs listed on Table 3. Twenty minutes after
the surface staining and incubation at 4 °C, the cells were fixed and
permeabilized with BD Cytofix/Cytoperm (BD Biosciences, Cat. No:
555028) as per the instructions of the manufacturer. Cells were then
incubated for 30 min at 4°C with the directly conjugated Abs,
afterwards washed twice and finally stained with the secondary rat
anti-mouse 1gG2a antibody for 20min at 4°C. The cytokine
production from CD4 and CD8 T cells was analyzed using the flow
cytometry antibody panel listed in Table 3. The cells were also
stained for Near-Infrared Fixable LIVE/DEAD stain (Invitrogen, Cat.
No: L34975), for identification of live cells. The frequency of cytokine
production shown is after subtraction of the frequencies found in
medium control wells (unstimulated).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.2.0
(GraphPad Software, San Diego, CA, United States). The data sets
were first analyzed for normality and then subjected to either a one-
way or two-way ANOVA and Bonferroni’s multiple comparisons test
when normally distributed or to a Kruskal-Wallis test and Dunn’s
multiple comparisons test when normality was not achieved (the
figure legends state the data sets/ graphs that were not normally
distributed). Significant differences were either presented on each
graph or listed on Table 1 (*»<0.05, **p<0.01, ***p<0.001,
¥¥¥¥p <0.0001). Until 28 DPI, all animals were treated identically
and significant differences between the groups were not identified.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

Data generated or analyzed during this study that are critical to the reported findings
are available within the article and its Supplementary Information files. Additional
supporting data are available from the corresponding authors without undue
reservation.

Received: 13 September 2022; Accepted: 30 January 2023;
Published online: 15 February 2023

REFERENCES

1. Belshe, R, Lee, M.-S., Walker, R. E,, Stoddard, J. & Mendelman, P. M. Safety,
immunogenicity and efficacy of intranasal, live attenuated influenza vaccine.
Expert Rev. Vaccines 3, 643-654 (2004).

2. Hoft, D. F. et al. Live and inactivated influenza vaccines induce similar humoral
responses, but only live vaccines induce diverse T-cell responses in young chil-
dren. J. Infect. Dis. 204, 845-853 (2011).

Published in partnership with the Sealy Institute for Vaccine Sciences

20.

21.

22.

23.

24.

. Jeyanathan, M. et al. Aerosol delivery, but not intramuscular injection, of

adenovirus-vectored tuberculosis vaccine induces respiratory-mucosal immunity
in humans. JCI Insight 7, https://doi.org/10.1172/jci.insight.155655 (2022).

. Low, N. et al. A randomized, controlled trial of an aerosolized vaccine against

measles. N. Engl. J. Med. 372, 1519-1529 (2015).

. Satti, I et al. Safety and immunogenicity of a candidate tuberculosis vaccine

MVAB85A delivered by aerosol in BCG-vaccinated healthy adults: a phase 1,
double-blind, randomised controlled trial. Lancet Infect. Dis. 14, 939-946 (2014).

. van Doremalen, N. et al. Intranasal ChAdOx1 nCoV-19/AZD1222 vaccination

reduces viral shedding after SARS-CoV-2 D614G challenge in preclinical models.
Sci. Transl. Med. 13, https://doi.org/10.1126/scitranslmed.abh0755 (2021).

. Wu, S. et al. Safety, tolerability, and immunogenicity of an aerosolised adenovirus

type-5 vector-based COVID-19 vaccine (Ad5-nCoV) in adults: preliminary report of
an open-label and randomised phase 1 clinical trial. Lancet Infect. Dis. 21,
1654-1664 (2021).

. Lara-Puente, J. H. et al. Safety and immunogenicity of a newcastle disease virus

vector-based SARS-CoV-2 vaccine candidate, AVX/COVID-12-HEXAPRO (Patria), in
pigs. mBio 12, e0190821 (2021).

. Li, J-X. et al. Safety and immunogenicity of heterologous boost immunisation

with an orally administered aerosolised Ad5-nCoV after two-dose priming with
an inactivated SARS-CoV-2 vaccine in Chinese adults: a randomised, open-label,
single-centre trial. Lancet Respir. Med. 10, 739-748 (2022).

. Nardelli-Haefliger, D. et al. Immune responses induced by lower airway mucosal

immunisation with a human papillomavirus type 16 virus-like particle vaccine.
Vaccine 23, 3634-3641 (2005).

. Lu, D. & Hickey, A. J. Pulmonary vaccine delivery. Expert Rev. Vaccines 6, 213-226

(2007).

. Bolton, D. L., Song, K., Tomaras, G. D., Rao, S. & Roederer, M. Unique cellular and

humoral immunogenicity profiles generated by aerosol, intranasal, or parenteral
vaccination in rhesus macaques. Vaccine 35, 639-646 (2017).

. Knight, M., Changrob, S., Li, L. & Wilson, P. C. Imprinting, immunodominance, and

other impediments to generating broad influenza immunity. Immunol. Rev. 296,
191-204 (2020).

. Dugan, H. L. et al. Preexisting immunity shapes distinct antibody landscapes after

influenza virus infection and vaccination in humans. Sci. Transl. Med. 12; https://
doi.org/10.1126/scitranslmed.abd3601 (2020).

. Nachbagauer, R. et al. Defining the antibody cross-reactome directed against the

influenza virus surface glycoproteins. Nat. Inmunol. 18, 464-473 (2017).

. Sridhar, S. et al. Cellular immune correlates of protection against symptomatic

pandemic influenza. Nat. Med. 19, 1305-1312 (2013).

. Wilkinson, T. M. et al. Preexisting influenza-specific CD4+ T cells correlate with dis-

ease protection against influenza challenge in humans. Nat. Med. 18, 274-280 (2012).

. Hayward, A. C. et al. Natural T cell-mediated protection against seasonal and

pandemic influenza. Results of the flu watch cohort study. Am. J. Respir. Crit. Care
Med. 191, 1422-1431 (2015).

. McMichael, A. J., Gotch, F. M., Noble, G. R. & Beare, P. A. Cytotoxic T-cell immunity

to influenza. N. Engl. J. Med. 309, 13-17 (1983).

Antrobus, R. D. et al. Clinical assessment of a novel recombinant simian adeno-
virus ChAdOx1 as a vectored vaccine expressing conserved Influenza A antigens.
Mol. Ther.: J. Am. Soc. Gene Ther. 22, 668-674 (2014).

Coughlan, L. et al. Heterologous two-dose vaccination with simian adenovirus
and poxvirus vectors elicits long-lasting cellular immunity to influenza virus A in
healthy adults. EBioMedicine 29, 146-154 (2018).

Lambe, T. et al. Immunity against heterosubtypic influenza virus induced by
adenovirus and MVA expressing nucleoprotein and matrix protein-1. Sci. Rep. 3,
1443 (2013).

Lillie, P. J. et al. Preliminary assessment of the efficacy of a T-cell-based influenza
vaccine, MVA-NP+M1, in humans. Clin. Infect. Dis.: Off. Publ. Infect. Dis. Soc. Am.
55, 19-25 (2012).

Puksuriwong, S. et al. Modified vaccinia ankara-vectored vaccine expressing
nucleoprotein and matrix protein 1 (M1) activates mucosal M1-specific T-cell

npj Vaccines (2023) 19

13



npj

E. Vatzia et al.

14

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

immunity and tissue-resident memory T cells in human nasopharynx-associated
lymphoid tissue. J. Infect. Dis. 222, 807-819 (2020).

Krammer, F. & Palese, P. Influenza virus hemagglutinin stalk-based antibodies and
vaccines. Curr. Opin. Virol. 3, 521-530 (2013).

Krammer, F. et al. NAction! How can neuraminidase-based immunity contribute
to better influenza virus vaccines? mBio 9; https://doi.org/10.1128/mBi0.02332-17
(2018).

Krammer, F., Li, L. & Wilson, P. C. Emerging from the shadow of hemagglutinin:
neuraminidase is an important target for influenza vaccination. Cell Host Microbe
26, 712-713 (2019).

Krammer, F., Palese, P. & Steel, J. Advances in universal influenza virus vaccine
design and antibody mediated therapies based on conserved regions of the
hemagglutinin. Curr. Top. Microbiol. Inmunol. 386, 301-321 (2015).

Skarlupka, A. L., Bebin-Blackwell, A.-G., Sumner, S. F. & Ross, T. M. Universal
influenza virus neuraminidase vaccine elicits protective immune responses
against human seasonal and pre-pandemic strains. J. Virol. 95, €0075921 (2021).
Holzer, B. et al. Comparison of heterosubtypic protection in ferrets and pigs
induced by a single-cycle influenza vaccine. J. Immunol. 200, 4068-4077 (2018).
Morgan, S. B. et al. Aerosol delivery of a candidate universal influenza vaccine
reduces viral load in pigs challenged with pandemic HIN1 virus. J. Inmunol. 196,
5014-5023 (2016).

Janke, B. H. Influenza A virus infections in swine: pathogenesis and diagnosis. Vet.
Pathol. 51, 410-426 (2014).

Rajao, D. S. & Vincent, A. L. Swine as a model for influenza A virus infection and
immunity. ILAR J. 56, 44-52 (2015).

Vatzia, E. et al. Respiratory and intramuscular immunization with ChAdOx2-
NPM1-NA induces distinct immune responses in HIN1pdmO09 pre-exposed pigs.
Front. Immunol. 12, 763912 (2021).

Martini, V. et al. Distribution of droplets and immune responses after aerosol and
intra-nasal delivery of influenza virus to the respiratory tract of pigs. Front.
Immunol. 11, 594470 (2020).

Martini, V. et al. Simultaneous aerosol and intramuscular immunization with
influenza vaccine induces powerful protective local T cell and systemic antibody
immune responses in pigs. J. Immunol. 206, 652-663 (2021).

Doherty, P. C. & Kelso, A. Toward a broadly protective influenza vaccine. J. Clin.
Investig. 118, 3273-3275 (2008).

Sun, W., Luo, T,, Liu, W. & Li, J. Progress in the development of universal influenza
vaccines. Viruses 12, https://doi.org/10.3390/v12091033 (2020).

Everett, H. E. et al. Vaccines that reduce viral shedding do not prevent trans-
mission of HIN1 pandemic 2009 swine influenza A virus infection to unvacci-
nated pigs. J. Virol. 95; https://doi.org/10.1128/JVI.01787-20 (2021).

Paudyal, B. et al. Fc-mediated functions of porcine IgG subclasses. Front. Inmunol.
13, 903755 (2022).

McMahon, M. et al. Mucosal immunity against neuraminidase prevents influenza
B virus transmission in guinea pigs. mBio 10; https://doi.org/10.1128/mBio.00560-
19 (2019).

Abed, Y., Hardy, I, Li, Y. & Boivin, G. Divergent evolution of hemagglutinin and
neuraminidase genes in recent influenza A:H3N2 viruses isolated in Canada. J.
Med. Virol. 67, 589-595 (2002).

Sandbulte, M. R. et al. Discordant antigenic drift of neuraminidase and hemag-
glutinin in HINT and H3N2 influenza viruses. Proc. Natl Acad. Sci. USA 108,
20748-20753 (2011).

Rijal, P. et al. Broadly inhibiting antineuraminidase monoclonal antibodies
induced by trivalent influenza vaccine and H7N9 infection in humans. J. Virol. 94;
https://doi.org/10.1128/JV1.01182-19 (2020).

Strohmeier, S. et al. A novel recombinant influenza virus neuraminidase vaccine
candidate stabilized by a measles virus phosphoprotein tetramerization domain
provides robust protection from virus challenge in the mouse model. mBio 12,
0224121 (2021).

Folegatti, P. M. et al. Safety and immunogenicity of a novel recombinant simian
adenovirus ChAdOx2 as a vectored vaccine. Vaccines 7, https://doi.org/10.3390/
vaccines7020040 (2019).

Morris, S. J., Sebastian, S., Spencer, A. J. & Gilbert, S. C. Simian adenoviruses as
vaccine vectors. Future Virol. 11, 649-659 (2016).

Hemmink, J. D. et al. Distinct immune responses and virus shedding in pigs
following aerosol, intra-nasal and contact infection with pandemic swine influ-
enza A virus, A(H1N1)09. Vet. Res. 47, 103 (2016).

Halbur, P. G. et al. Comparison of the pathogenicity of two US porcine repro-
ductive and respiratory syndrome virus isolates with that of the Lelystad virus.
Vet. Pathol. 32, 648-660 (1995).

npj Vaccines (2023) 19

50. Gauger, P. C. et al. Kinetics of lung lesion development and pro-inflammatory
cytokine response in pigs with vaccine-associated enhanced respiratory disease
induced by challenge with pandemic (2009) A/H1N1 influenza virus. Vet. Pathol.
49, 900-912 (2012).

ACKNOWLEDGEMENTS

We are grateful to the animal staff at APHA and the Pirbright Institute for providing
excellent animal care. We also thank The Pirbright Institute Flow Cytometry Unit and
Claire Powers and Louise Rose for producing the virus. We thank APHA for providing
the swine A/swine/England/1353/2009 influenza virus strain (DEFRA surveillance
programme SV3041) and Animal and Plant Health Inspection Service National
Veterinary Services Laboratories, Ames, US for providing the A/swine/Ohio/
A01354299/2017(H3N2). We wish to thank Dr Ryan Waters from the Pirbright
Institute and Dr Elsa Barrero from APHA for providing Veterinary expertise. This work
was supported by the Medical Research Council (grant number MR/S037160/1) and
UKRI Biotechnology and Biological Sciences Research Council (BBSRC). Institute
Strategic Programme and Core Capability Grants to The Pirbright Institute (BBS/E/I/
00007031 and BBS/E/I/00007037 and BBS/E/I/00007039). The authors would also like
to acknowledge the Pirbright Flow Cytometry facility and support through the Core
capability grant (BBS/E/I/00007039).

AUTHOR CONTRIBUTIONS

ET., S.G. and T.L. designed the study and obtained the funding; S.M. generated the
vaccine; EV. designed and EV. KF, TM., AMN., V.C. and RM. performed the
experiments in the lab; F.J.S. performed pathological analysis; E.V., ET.,, AMN., V.C,
B.P., T.C, EIM. and A.M. processed samples; E.V. acquired, analyzed and interpreted
the data; H.E,, EV. and ET. coordinated and oversaw the pig studies; H.E,, EV. and Dr
Elsa Barrero infected and immunized the animals at APHA; E.T. and E.V. wrote the
manuscript. All authors have read and approved the manuscript.

COMPETING INTERESTS

The authors declare the following competing financial interests: S.C.G. is co-founder of
Vaccitech and named as an inventor on a patent covering use of ChAdOx2-vectored
vaccines. T.L. is a consultant to Vaccitech. RM is an employee of Aerogen Limited.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541541-023-00620-2.

Correspondence and requests for materials should be addressed to Eleni Vatzia or
Elma Tchilian.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Published in partnership with the Sealy Institute for Vaccine Sciences



