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Abstract

Neuraminidase (NA) is the second most abundant glycoprotein on the surface of influenza A
viruses (IAV). Neuraminidase type 1 (NA1) based virus-like particles (VLPs) have previously
been shown to protect against challenge with HIN1 and H3N2 IAV. In this study, we

produced neuraminidase type 2 (NA2) VLPs derived from the sequence of the seasonal 1AV
AJ/Perth/16/2009. Intramuscular vaccination of mice with NA2 VLPs induced high anti-NA serum
1gG levels capable of inhibiting NA activity. NA2 VLP vaccination protected against mortality

in a lethal A/Hong Kong/1/1968 (H3N2) virus challenge model, but not against lethal challenge
with A/California/04/2009 (H1N1) virus. However, bivalent vaccination with NA1 and NA2 VVLPs
demonstrated no antigenic competition in anti-NA 1gG responses and protected against lethal
challenge with HIN1 and H3N2 viruses. Here we demonstrate that vaccination with NA VLPs

is protective against influenza challenge and supports focusing on anti-NA responses in the
development of future vaccination strategies.
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Introduction

Influenza A virus (1AV) is a causative agent of acute respiratory disease responsible for an
estimated 290,000-645,000 deaths globally per annum during seasonal epidemics (luliano
et al., 2018). While several small molecule inhibitors are licensed for treatment of 1AV
infection, current strategies to proactively mitigate the threat posed by 1AV to the global
population focus on seasonal vaccination (Grohskopf et al., 2013). However, recent seasonal
influenza vaccines have demonstrated a suboptimal overall efficacy, ranging from 29%-40%
from 2016-2019, with only 9% vaccine efficacy against circulating H3N2 strains and 5%
efficacy against the emergent A(H3N2) clade 3C.3a viruses in the latter part of the influenza
season in 2019 (Flannery et al., 2020, 2019; Rolfes et al., 2019). The efficacy of seasonal
AV vaccines has historically depended on sequence homology between the hemagglutinin
(HA), the most abundant surface glycoprotein on the virion, of the vaccine strain and the
circulating strain during the influenza season (Krammer and Palese, 2015).

HA and neuraminidase (NA) are the two most abundant glycoproteins on the surface of
IAV and are divided into 18 and 11 subtypes, respectively. Currently licensed seasonal
influenza vaccines only standardize the antigenic content of HA, with no standard potency
requirement for NA, often leading to variable or nonexistent anti-NA responses after
seasonal vaccination (Chen et al., 2018; Couch et al., 2012; Monto et al., 2015; Wohlbold
and Krammer, 2014). The suboptimal anti-NA response post-vaccination is particularly
problematic given that the antigenic evolution of NA has been suggested to be slower and
discordant from that of HA (Kilbourne et al., 1990). Furthermore, cross-reactive anti-NA
antibodies have been identified after infection with seasonal H1N1 influenza strains that
inhibit NA activity of A/California/04/2009 H1IN1 pandemic virus as well as against H5SN1
viruses (Chen et al., 2012; Marcelin et al., 2011). However, previous work has suggested
that anti-NA immune responses are dampened when both HA and NA are presented on the
same viral particle, with HA being immunodominant over NA (Johannsson et al., 1987;
Johansson and Kilbourne, 1993). Strategies attempting to overcome the immunodominance
of HA over NA have included both supplementing seasonal vaccines with purified NA

and more recently by extending the NA stalk to potentially expose additional epitopes on
the NA molecule itself (Broecker et al., 2019; Johansson et al., 2002, 1998; Kim et al.,
2017). Previous work has also shown that antigens delivered via VLPs in their native form
within the context of a membrane demonstrated superior protection against heterologous
IAV challenge compared with soluble recombinant antigen (Bright et al., 2008).

As anti-HA antibodies have been shown to be neutralizing and able to inhibit virus entry
into cells (Krammer et al., 2015), AV vaccine development has historically focused on
HA responses. However, natural infection with 1AV viruses induces a much more balanced
immune response against both HA and NA (Chen et al., 2018). NA is present on the
surface of virions at a ratio of 1 molecule of NA for every 4 molecules of HA (Harris
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et al., 2006). In the past 100 years, only N1 and N2 1AV subtypes have circulated in
humans compared with H1, H2, and H3 AV subtypes. Anti-NA based immunity and the
contribution to protection against 1AV infection has been appreciated since the 1960’s.
Previous work has demonstrated that both natural infection (Murphy et al., 1972) and
vaccination (Couch et al., 1974) with heterosubtypic HA but homosubtypic NA contributed
to a reduction in illness and clinical signs upon infection with a homosubtypic NA. More
recent work has demonstrated that anti-NA serum antibody titers were a stronger correlate
of protection against mild to moderate influenza disease than anti-HA titers (Memoli et al.,
2016). Historical work has shown that current 1AV vaccination strategies targeting HA in an
effort to prevent 1AV infection could be augmented by targeting anti-NA immune responses
as well.

The efficacy of NA1 VLPs produced using a Spodoptera frugiperda (Sf9) insect cell
expression system has been previously demonstrated against influenza A virus in murine
challenge models (Kim et al., 2019; Quan et al., 2012) as well as in a ferret challenge model
(Smith et al., 2017). Additionally, 7richoplusia ni (Tni) insect cell expression systems have
demonstrated an increased yield of influenza HA VLPs with a reduced amount recombinant
baculovirus in VLP preparations compared to Sf9 cells (Krammer et al., 2010). However,
production of NA VLPs in Tni cells and their subsequent use as a vaccine in a murine
influenza A challenge model has not yet been reported, nor has the use of VLPs using NA2
only or the combined administration of NA1 and NA2 VLPs as a bivalent vaccine against
influenza A viruses. In this study, we produced NA2 VLPs using the NA sequence derived
from A/Perth/16/2009 in a Tni insect cell expression system. We compared different routes
of NA2 VLP vaccination in a murine model in a lethal heterologous challenge model against
A/Hong Kong/1/1968 (H3N2). Using the same expression system, we also produced NA1
VLPs using the NA sequence derived from A/California/04/2009 (H1N1). Vaccination with
both NA1 and NA2 VLPs induced high levels of anti-NA serum IgG capable of inhibiting
NA activity with no evidence of antigenic competition between NA1 and NA2. The bivalent
administration of NA1 and NA2 VLPs was protective against mortality in both lethal H3N2
and H1N1 challenge models. This work demonstrates the efficacy of bivalent vaccination
with NA1 and NA2 VLPs in mice against both lethal HIN1 and H3N2 virus challenge.

Materials and Methods

Cells and virus stocks

Spodoptera frugiperda (Sf9) cells (IPLB-Sf-21-AE, Expression Systems, Davis, CA, USA)
were maintained at 27°C in suspension in shaker flasks using serum free SF900II

media (Gibco/ThermoFisher Scientific, Waltham, MA, USA). Trichoplusia ni (Tni) cells
(Expression Systems, Davis, CA, USA) were maintained at 27°C in suspension in shaker
flasks using serum free ESF 921 media (Expression Systems, Davis, CA, USA). Madin-
Darby canine kidney (MDCK) cells (ATCC CCL 34, American Type Culture Collection,
Manassas, VA, USA) were maintained in Dulbecco’s modified Eagle’s media (DMEM)
(Corning Life Sciences, Corning, NY, USA) supplemented with 10% fetal bovine serum
(GE Healthcare Life Sciences, Westhorough, MA, USA). A/California/04/2009 (H1N1)
virus (BEI Resources, Manassas, VA, USA) was expanded one time in MDCK cells
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and then serially passaged in the lungs of BALB/c mice. Mice were anesthetized and

thirty microliters of virus suspension was instilled intranasally. Three days post infection,
mice were humanely euthanized. Lungs were harvested and homogenized in sterile PBS
followed by intranasal (IN) instillation in subsequent mice for a total of 10 passages. A/
Hong Kong/1/1968-1 Mouse-Adapted 12A (H3N2) virus was obtained from BEI Resources
(Manassas, VA, USA) and expanded one passage in MDCK cells. Sequence identity of
mouse adapted viruses was confirmed by sequencing on an Illumina iSeq 100 platform as
previously described (Kyriakis et al., 2017; Maljkovic Berry et al., 2020).

Six to eight week old BALB/c mice (Charles River Laboratories, Wilmington, MA, USA)
were housed in the Emory University Division of Animal Resources biosafety level 1
animal facility at Emory University Whitehead animal facility. Mice were transported to
biosafety level 2 containment rooms in the same facility 1 day prior to infection. All

animal experiments and procedures were conducted in accordance with protocols approved
by Emory University’s Institutional Animal Care and Use Committee (IACUC) and in
accordance with the United States Federal Animal Welfare Act (PL 89-544) and subsequent
amendments.

VLP Production and Purification

The neuraminidase 1 (NA1) gene from A/California/04/2009, the neuraminidase 2 (NA2)
gene from A/Perth/16/2009, and the matrix 1 gene from A/Michigan/73/2015 (M1)

were synthesized with unique BamHI and Hindlll restriction sites at the 5’ and 3’

ends, respectively (Integrated DNA Technologies, Coralville, IA, USA). Individual gene
fragments were digested using BamHI and Notl restriction endonucleases and ligated into
BamHI and Notl digested pFastBacl vector from the Bac-to-Bac® Baculovirus Expression
System kit (ThermoFisher Scientific, Waltham, MA, USA). Bacmid DNA was created

and purified according to the Bac-to-Bac® manufacturer’s instructions. Recovered high
molecular weight DNA was then transfected into SF9 cells in SF900I1 media. The resulting
recombinant baculovirus (rBV) stocks were amplified in SF9 according to the Bac-to-Bac®
manufacturer’s instructions.

Recombinant baculovirus stocks were used to coinfect Tni cells at a multiplicity of infection
(MOI) of 5 for NAL or NA2 rBVs and an MOI of 3 for M1 rBVs. VLPs recovered

from the clarified supernatant were first pelleted at 136,000 x g at 4°C for 90 min.

Resulting pellets were resuspended in 1xPBS overnight for approximately 12 hours at 4°C.
Resuspended pellets were then subjected to purification via discontinuous sucrose density
gradient centrifugation from 20%-60% sucrose at 190,000 x g for 16 hours. The resulting
gradients were then fractionated followed by resolution via SDS-PAGE and western blotting.

VLP Characterization

Sucrose gradients were fractionated and analyzed via SDS-PAGE and Western Blot. Western
Blots were probed with polyclonal anti-NA1 sera (NR-3136, BEI Resources, Manassas,

VA, USA), polyclonal anti-NA2 sera (NR-3137, BEI Resources, Manassas, VA, USA), or
polyclonal anti-M1 sera (NR-3134, BEI Resources, Manassas, VA, USA) where indicated.
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Blots were then probed with secondary rabbit anti-goat HRP conjugate antibody (Southern
Biotech, Birmingham, AL, USA) and the resulting chemiluminescent signal was detected
using SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific,
Waltham, MA, USA). The signal was read using the Bio-Rad ChemiDoc Imaging System
(Hercules, CA, USA). The three sucrose fractions containing the maximum respective

NA and M1 signal were combined. In the case of M1 only VLPs, the three sucrose
fractions containing the maximum M1 signal were combined. Combined fractions were
then diluted in 1xPBS and pelleted via centrifugation at 136,000 x g for 90 minutes

at 4°C. Pellets were resuspended in 1xPBS overnight for approximately 12 hours. Total
protein VLP concentration was measured via BCA assay according to manufacturer’s
instructions (Thermo Scientific, Waltham, MA, USA). Resuspended VLP preparations were
then resolved via SDS-PAGE and followed by Coomassie staining or Western blotting.
VLPs were visualized via transmission electron microscopy after negative staining with 1%
phosphotungstic acid.

Neuraminidase Activity Assay

Purified VLPs preparations were tested for enzymatic neuraminidase activity using the NA-
Star Influenza Neuraminidase Inhibitor Resistance Detection Kit (ThermoFisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, VLP solutions
were diluted in NA-Star Assay Buffer and then incubated with substrate for 30 min at room
temperature. NA-Star accelerator solution was then injected followed by measurement of
the chemiluminescent signal in relative luminescent units (RLU) via Modulus 11 Microplate
Luminometer (Promega, Madison, WI, USA). Inhibition of neuraminidase activity was
measured similarly, with collected sera diluted in NA-Star Assay Buffer followed by
addition of 40 ng or 25 ng of NA2 or NA1 VLPs, respectively. Sera and VLPS were
incubated at 37°C for 30 minutes followed by addition of substrate and incubation at room
temperature for 30 minutes. Plates were read after addition of accelerator using the Modulus
I1 Microplate Luminometer. The highest sera dilution inhibiting at least 50% of NA activity
was reported as the neuraminidase inhibition (NAI) titer.

Immunization and infection

Mice were immunized via either the IN or intramuscular (IM) route as indicated with

the dose indicated for each experiment. Mice vaccinated via the IN route were lightly
anesthetized via isoflurane prior to instillation of NA VLPs in 50 pl total volume. Mice
vaccinated via the IM route were injected with a total volume of 50 pl of VLP solution.
Mice were prime-boost vaccinated 28 days apart with sera collected 14 days post-prime
vaccination and 14 days post-boost vaccination. Mice were challenged 28 days post-boost
vaccination via IN instillation of 5xLDsg of the indicated virus under isoflurane anesthesia.
The LDgq of viruses were determined via the Reed-Muench method (Reed and Muench,
1938). For measurement of viral replication in vaccinated mice, 3-5 mice per group were
humanely euthanized at day 4 post-challenge and lungs were collected in sterile 1xPBS.
Mice were monitored daily for morbidity via weight loss and were humanely euthanized
upon reaching the experimental endpoint of 25% total weight loss.
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Measurement of NA-specific antibody using ELISA

Total immunoglobulin G (IgG) levels were measured as previously described (Esser

et al., 2016) with modifications. Nunc Maxisorb (ThermoFisher Scientific, Waltham,

MA, USA) plates were coated with 100 ng / well of recombinant neuraminidase (rNA)
derived from A/Wisconsin/67/2005 (rN2) (BEI Resources #NR-19237, Manassas, VA,
USA) or A/California/04/2009 (rN1) (BEI Resources #NR-19234, Manassas, VA, USA)
where indicated. Purified recombinant NA2 derived from the homologous A/Perth/16/2009
sequence was not commercially during the execution of the study. Total murine anti-NA 1gG
was detected against a standard curve of murine IgG with HRP conjugated goat anti-mouse
secondary antibody (Southern Biotech, Birmingham, AL, USA).

Plaque Assay for virus titration

Statistics

Results

Whole lungs were homogenized as previously described (Littauer et al., 2017). Briefly,
lungs were homogenized and passed through a 40 um cell strainer. Virus containing
supernatants were clarified by centrifugation at 800 x g for 10 minutes at 4°C. Clarified
supernatants were added in 10-fold serial dilutions in DMEM media to confluent
monolayers of MDCK cells in 6-well culture plates in a volume of 500 pl for 1 hour at room
temperature with gentle rocking (Corning Life Sciences, Corning, NY, USA). Inoculations
were aspirated followed by overlay with agar media as previously described (Littauer et al.,
2018). Cells were incubated for 48-72 hours followed by visualization of plaques via crystal
violet staining. The limit of detection of the assay was 20 plaque forming units (PFU) per
100 mg of lung tissue.

Statistical comparisons between vaccinated groups were performed via one way ANOVA
with post-hoc Bonferroni multiple comparisons using GraphPad Prism statistical software
(GraphPad Software, San Diego, CA, USA) with an alpha of 0.05 (a < 0.05).

Characterization of NA VLPs

As production of NA2 VLPs had not been previously reported in a Tni insect cell expression
system, we first set out to characterize NA2 VLPs produced by coinfection of Tni cells.
Previous work with IAV HA VLPs indicated that a VLPs expressed in Tni cells migrated at
a density of 40-50% sucrose in a sucrose gradient whereas HA VLPs expressed in an Sf9
expression system migrated at 35-45% sucrose (Krammer et al., 2010). To purify NA2 VLP
preparations, NA2 VLPs produced by coinfection of Tni cells with NA2 and M1 rBVs were
subjected to sucrose gradient ultracentrifugation followed by fractionation and Western blots
probed with goat anti-NA2 and goat anti-M1 polyclonal sera. Similar to previous HA VLP
work (Krammer et al., 2010), Western blots of sucrose fractions of NA2 VLPs expressed

in Tni Cells revealed signals for NA2 and M1 that comigrated at an approximate density

of 40-50% sucrose corresponding to fractions 5-7 after ultracentrifugation (Figure 1A).
After fractions 5-7 were combined and washed, the VLP preparation revealed two defined
bands upon SDS-PAGE electrophoresis followed by Coomassie staining that migrated at
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approximately 28 kDa and 55 kDa corresponding to M1 and NA2, respectively (Figure

1B). To confirm the identity of these bands, we performed a Western blot probing the
membrane with polyclonal goat anti-NA2 sera and polyclonal goat anti-M1 sera. The
resulting chemiluminescent signal revealed signals at the expected sizes of NA2 and M1
(Figure 1C). To examine both the size and morphology of the resulting VLPS, we visualized
NA2 VLPs via electron microscopy. The resulting micrographs revealed spherical particles
approximately 70-100 nm in size with morphology consistent with influenza VLPs and
virions (Figure 1D)(Krammer et al., 2010). Lastly, we measured the neuraminidase activity
of the NA2 VLPs to investigate the functional activity of NA2 incorporated into NA2 VLPs.
The NA2 VLPs displayed increasing NA activity with increasing total protein concentration
(Figure 1E). VLP preparations treated identically but created via infection with only M1
rBVs did not show any NA activity above background levels at any concentration examined
(Figure 1E). These results suggest that coinfection of Tni cells with rBVs expressing the
NA2 and M1 gene from IAV produce enzymatically active NA2 VLPs of the expected size
and morphology.

Intramuscular vaccination with NA2 VLPs is immunogenic and protective in a
heterologous challenge model

Previous work with NA VLPs in a murine model has demonstrated that NA1 VLPs produced
in Sf9 insect cells were immunogenic and effective against homologous challenge when
administered via the IN route (Quan et al., 2012) and the IM route (Kim et al., 2019).

To determine if NA2 VVLPs produced in Tni cells were immunogenic, we prime-boost
vaccinated groups of BALB/c mice with 5 pg NA2 VLPs via the IN route and the IM route
28 days apart. A separate group of mice were mock vaccinated IM with 1xPBS to serve

as controls. Sera were collected 14 days post-prime and 14 days post-boost vaccination.
Mice were challenged with 5xLDsgq of homosubtypic but heterologous A/Hong Kong/1/1968
(H3N2) (85.9% neuraminidase amino acid homology between the NA2 VLP antigen A/
Perth/16/2009 and A/Hong Kong/1/1968) virus 28 days post-boost vaccination with lung
homogenates collected 4 days post-infection to evaluate viral lung titers. To evaluate the
immunogenicity of NA2 VLPs, we measured total serum anti-NA2 VLP IgG levels via
ELISA. In sera collected 14 days post-prime vaccination, IM vaccinated mice showed an
approximate 4-fold increase over IN vaccination in total serum IgG levels (Figure 2A). The
magnitude of this difference increased 14 days post-boost vaccination, with IM vaccinated
mice showing an approximate 9-fold increase over IN vaccinated mice in total serum IgG
levels (Figure 2B). Higher total serum 1gG levels correlated with an increased functional
anti-NA2 immune response. Sera collected from mice post-boost vaccination via the IM
route demonstrated a 2-fold increase in neuraminidase inhibition (NAI) titer compared

to mice vaccinated IN (Figure 2C). Mice vaccinated via the IM route survived lethal
infection with heterologous H3N2 virus despite a peak mean weight loss of 14.9% at day

5 post-challenge (Figure 2D). Fifty percent of mice vaccinated IN reached the experimental
endpoint in the challenge experiment and were humanely euthanized (Figure 2E). All
mock vaccinated mice reached the experimental endpoint by day 6 post-challenge and
were humanely euthanized (Figure 2E). IM vaccinated mice demonstrated an approximate
2-log reduction in viral titers measured in lung lysates harvested 4 days post-infection (dpi)
compared to mock vaccinated control mice (Figure 2F). Alternatively, the mean viral lung
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titer of IN vaccinated mice was reduced compared to mock vaccinated mice however this
reduction was not statistically significant (p = 0.063) (Figure 2F). Taken together, these
data suggest that 1M vaccination with NA2 VVLPs produced in Tni cells affords increased
protection compared to IN vaccination in a lethal H3N2 1AV challenge model.

Vaccination with NA2 VLPs has a dose dependent effect on serum IgG levels and
morbidity after challenge

Previous work has used varying doses of NA VLPs produced using Sf9 insect cell
expression systems ranging from 5 g — 10 pg per dose in murine models(Kim et al.,
2019; Quan et al., 2012). In our IM model of vaccination, all mice displayed signs of
morbidity in the form of weight loss at a dose of 5 g of total protein (Figure 2D). In an
effort to improve upon the observed morbidity after challenge, we next sought to optimize
the dose of NA VLPs in our IM vaccination regimen. Mice were prime-boost vaccinated
28 days apart followed by lethal challenge using 5xL D5y H3N2 virus 28 days after boost.
Sera was collected 14 days post each vaccination and lung tissues were harvested 4 days
post-infection. Four groups of mice were vaccinated IM with 1 ug, 5 ug, 10 ug, or 15 ug
of total protein of NA2 VLPs. One group was mock vaccinated with 1xPBS to serve as
controls.

Post-prime vaccination, all mice vaccinated with NA2 VLPs showed elevated anti-NA2
serum IgG levels compared to mock vaccinated control mice, with the 15 pg dose yielding

a statistically significant total serum 1gG concentration compared to both the 1 ug and 5

ug dose (Figure 3A). However, post-boost vaccination, serum IgG levels of mice vaccinated
with 10 pg and 15 ug of NA2 VLPs were approximately 1.6 fold and 2.9 fold higher than the
groups vaccinated with 5 ug and 1 pg of NA2 VVLPs, respectively (Figure 3B). Interestingly,
increasing the dose to 15 pg from 10 pg of NA2 VLPs did not result in a significant
increase in mean serum anti-NA2 IgG levels (p = 0.98). Similar to the previous experiment
investigating the route of administration, functional anti-NA2 antibody responses followed
the same trend as the total serum anti-NA2 1gG levels. NAI titers increased with increasing
doses of NA2 VLPs, however a plateau was observed at the 10 ug dose with no significant
increase observed in total NAI titer at a 15 pg dose (p = 0.8272) (Figure 3C). Along these
lines, observed morbidity decreased with an increasing dose of NA2 VLPs with a plateau
observed when increasing from a 10 ug dose to a 15 ug dose of NA2 VLPs (Figure 3D).

All mice experienced morbidity at all doses examined, however increasing the dose from

5 ug to 10 pg decreased the mean peak weight loss from 15.2% to 9.6%, respectively. No
decrease in mean peak weight loss was observed when increasing the dose from 10 ug to

15 pg of total NA2 VLPs. While all groups experienced morbidity, mice vaccinated with a
dose of 5 pg of total NA2 VLPs or higher were completely protected from mortality (Figure
3E). One individual animal vaccinated with a 1 ug dose did reach the experimental endpoint
and was humanely euthanized 7 dpi, while all mice receiving the mock PBS vaccination
reached the experimental endpoint and were humanely euthanized by 6 dpi (Figure 3E).
Similar to the serology and challenge data, the 10 pg and 15 ug dose groups showed over a
1.5 log reduction in mean viral lung titers compared to mock vaccinated control mice, with
no statistically significant difference between these groups, whereas the 5 g dose group
demonstrated an approximate 1 log reduction in viral titers (Figure 3F). While increasing the
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dose of NA2 VLPs resulted in a dose dependent reduction in mean viral titers from 1 ug up
to a 10 g dose, no statistical difference was observed between the vaccinated groups given
the small sample size.

These data suggest that increasing the dose from 5 pg to 10 g of total protein of NA2 VLP
preparation reduces viral replication in lung tissues and reduces morbidity observed in our
lethal H3N2 challenge model. Conversely, reducing the dose to 1 ug of NA2 VLPs resulted
in a 0.5 log reduction in viral lung titers but only 80% survival after lethal challenge. Lastly,
while positive effects were observed increasing the dose from 5 g to 10 ug, no additional
statistical benefit was observed by increasing the dose further to 15 pg of NA2 VLPs. These
results suggest that a 10 g dose of total protein of NA2 VLP preparation is the optimal dose
in this challenge model.

Vaccination with NA2 VLPs was not protective in a heterosubtypic HIN1 lethal challenge

model

It has been previously reported that vaccination with NA1 VVLPs produced in an Sf9 insect
cell expression system protected against mortality but not morbidity in a heterosubtypic,
lethal H3N2 murine challenge model (Kim et al., 2019; Quan et al., 2012). However, the
efficacy of NA2 VLPs against HIN1 viruses has not been previously investigated. To this
end, we sought to investigate the ability of NA2 VLPs to protect mice at various doses
against a lethal challenge using 5xLDsgq of A/California/04/2009 (H1N1).

In this experiment, all mice were prime-boost vaccinated with 1 ug, 5 ug, 10 pg, 15 g of
NA2 VLPs or mock vaccinated with 1xPBS. All mice experienced morbidity in the form of
rapid weight loss following lethal HIN1 virus infection (Figure 4A). Furthermore, all mice
in all groups reached experimental endpoints by day 9 post infection and were humanely
euthanized (Figure 4B). Based on these data, vaccination with NA2 VLPs did not provide
protection against morbidity or mortality at any dose when challenged with a lethal dose of
heterosubtypic HLN1 virus.

Multivalent vaccination with NA1 and NA2 VLPs efficiently induce both anti-N1 and anti-N2

antibodies

As vaccination with NA2 VLPs alone did not confer protection from morbidity or mortality
in a heterosubtypic H1N1 challenge model, we next asked if simultaneous vaccination

with NA1 and NA2 VLPs in a multivalent vaccine would afford to protection against both
an HIN1 and H3N2 IAV. While attempting to co-express both NA1 and NA2 antigens

in a single host cell to create multivalent VVLPs is an attractive approach capable of
potentially enriching cross-reactive B cell epitopes in germinal center reactions, controlling
for equivalent expression of both NA1 and NA2 antigens in a single preparation presents
unique technical challenges. Along these lines, we blended NA1 and NA2 VLPs together
after production to create an equal mixture of both VLP preparations. Previous work

has identified potential intramolecular dominance of specific antigens and epitopes in
multivalent vaccines with a biased response observed towards specific antigens in vaccine
formulations (Schutze et al., 1989). To determine if inclusion of both NA1 and NA2

VLPs administered concomitantly in a multivalent form induced a biased immune response
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towards either group 1 or group 2 neuraminidases, we next examined sera from mice
vaccinated with a multivalent NA1 + NA2 VLP vaccine. Groups of BALB/c mice were
prime-boost vaccinated 28 days apart with 10 pg of a multivalent NA1 + NA2 vaccine

(5 ug NA1 VLPs plus 5 pg NA2 VLPS), 10 pg of monovalent NA1 VLPs, 10 pg of
monovalent NA2 VVLPs, or mock vaccinated with 1xPBS. Mice were bled 14 days post-
prime vaccination and 14 days post-boost vaccination to assess serological responses to both
NA1 and NA2 antigen.

As expected, mock vaccination with 1xPBS produced minimal or undetectable serum

1gG responses against INA2 post-prime and post-boost vaccination (Figures 5A and 5B).
While mean anti rNA2 serum 1gG levels were slightly elevated post-boost vaccination
with NA1 VLPs, this difference was not statistically significant (p = 0.4245) (Figure

5B). Furthermore, the commercially sourced rNA2 coating antigen was produced using a
baculovirus expression system and purified via metal affinity chromatography, potentially
leading to contaminating insect cell and baculovirus proteins contributing to background
non-NA2 1gG reactivity in serum samples. Multivalent vaccination with NA1 + NA2
VLPs afforded an equivalent response against rNA2 to monovalent vaccination with NA2
VLPs alone (Figure 5A). Post-boost, vaccination with NA1 + NA2 VLPs demonstrated

an increased anti-NA2 IgG response compared to monovalent vaccination with NA2 VLPs
(Figure 5B). Similar to previous experiments, total 1gG levels correlated with an increased
functional anti-NA titer. Specifically, mice receiving multivalent NA1 + NA2 VLPs had
higher functional NAI titers against NA2 VVLPs than mice vaccinated with monovalent NA2
VLPS (Figure 5C). Based on these data, multivalent vaccination with NA1 + NA2 VLPs
induced a superior IgG response against group 2 NA.

Similarly, vaccination with 1xPBS or NA2 VLPs did not produce an appreciable serum

1gG response against rINA1 post-prime or post-boost vaccination (Figures 5D and 5E).
However, mean serum anti-N1 1gG levels were elevated post-boost vaccination in mice
vaccinated with NA1+NA2 VLPs compared to vaccination with NA1 VVLPs alone (Figure
5E). Likewise, sera collected post-boost vaccination from mice receiving either 1xPBS or
NA2 VLPs did not exhibit any inhibition of NA1 neuraminidase (Figure 5F). Conversely,
sera from mice vaccinated with NAL + NA2 VLPs exhibited a significant increase in mean
NAI titers compared to mice vaccinated with NA1 VLPs in a monovalent form. Similar to
the serology results against group 2 NA, these data suggest that multivalent vaccination with
NA1 + NA2 VLPs induced a superior 1gG response against group 1 NA.

Multivalent vaccination with NA1 and NA2 VLPs is protective against lethal challenge with
IAVs containing group 1 or group 2 neuraminidases

As vaccination with multivalent NA1 + NA2 VVLPs appeared to have a positive effect on
anti-NA 1gG responses (Figure 5), we next sought to investigate the protection after lethal
challenge with HIN1 and H3N2 IAVs. Mice were IM vaccinated in a prime-boost regimen
with 10 pg total protein of NA1 VLPs, NA2 VLPs, a combination of NA1 (5 pg) + NA2 (5
ug) VLPs, or mock vaccinated with 1xPBS. All groups were challenged 28 days post-boost
vaccination with either 5XLDgy of HIN1 or H3N2 virus and monitored for morbidity in the
form of weight loss, mortality, and for viral replication in lung tissues.
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After challenge with H3N2 virus, all mice mock vaccinated with 1xPBS or vaccinated

with NA1 VLPs showed severe morbidity (Figure 6A) and were humanely euthanized

after reaching experimental endpoints by day 7 and day 8 post infection, respectively
(Figure 6B). Similar to previous experiments, all mice vaccinated with either the monovalent
NA2 VLPs or the multivalent NA1 + NA2 VLPs experienced minor morbidity with peak
mean weight loss of approximately 8% and 5%, respectively (Figure 6A). However, all
mice were completely protected from mortality when administered NA2 VLPs or NA1

+ NA2 VLPs (Figure 6B). Notably, vaccination with NA1 + NA2 VLPs or NA2 VLPs
alone resulted in an approximate 2.5 log and 1.5 log reduction in viral lung titers

compared to mock PBS vaccination, respectively (Figure 6C). Vaccination with NA1

VLPs did not lead to a reduction in viral lung titers compared to the mock vaccinated

group (Figure 6C). Vaccination with NA1 + NA2 VLPs did reduce the mean viral lung

titer compared to monovalent vaccination with NA2 VLPs, although this reduction was

not statistically significant (p = 0.0828). Taken together, these results demonstrate that
multivalent vaccination with NA1 + NA2 VLPs protected mice against mortality after lethal
challenge with heterologous H3N2 |AV.

All mice vaccinated with 1xPBS or NA2 VLPs experienced weight loss (Figure 6D) and
were humanely euthanized after reaching experimental endpoints after 9 and 10 days post
infection with HIN1 virus, respectively (Figure 6E). Conversely, all mice vaccinated with
monovalent NA1 VLPs or multivalent NA1 + NA2 VLPs were fully protected against
homologous HIN1 1AV, with no signs of morbidity (Figure 6D) and no mortality (Figure
6E) throughout the observation period. Similarly, administration of both NA1 VLPs and
NA1 + NA2 VLPs led to an equivalent approximate 3.5 log reduction in viral lung

titers compared to mock vaccination with 1xPBS after homologous challenge (Figure 6F).
Expectedly, viral lung titers in mice vaccinated with NA2 VLPs did not differ significantly
from mice mock vaccinated with 1xPBS after a heterosubtypic challenge with HIN1

IAV (Figure 6F). Based on these data, the multivalent administration of NAL + NA2
VLPs is protective against lethal challenge with homologous HIN1 1AV and equivalent
to monovalent NAL1 VLPs alone.

Discussion

Currently licensed influenza vaccines both target and predominantly induce antibody
responses against HA glycoproteins with highly variable or non-existent anti-NA responses
(Chen et al., 2018; Couch et al., 2012; Laguio-Vila et al., 2015; Powers et al., 1996).
However, anti-NA2 responses have been shown to contribute to protection after both
infection and immunization in humans (Beutner et al., 1979; Monto and Kendal, 1973;
Murphy et al., 1972). Previous works investigating the role of NA VLPs as candidate 1AV
vaccines have focused on using NA1 as the immunizing antigen (Easterbrook et al., 2012;
Kim et al., 2019; Quan et al., 2012; Smith et al., 2017), however none have investigated
the role of only NA2 as an immunizing antigen in an insect cell based NA VLP expression
system. Here, we used a murine model to demonstrate that IM vaccination with NA2 VLPs
containing the NA2 antigen from A/Perth/16/2009 provided protection against a distant
heterologous mouse adapted H3N2 virus (A/Hong Kong/1/1968) but failed to protect mice
in a lethal heterosubtypic challenge with HIN1 virus (A/California/04/2009). However,
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bivalent vaccination with NA1 and NA2 VLPs induced stronger humoral immune responses
against both NA1 and NA2 antigens as well as an overall decrease in morbidity and viral
lung titers in our H3N2 challenge model. High anti-NA serum levels measured by ELISA
and NAI have correlated with protection in a ferret and murine models of infection (Quan et
al., 2012; Smith et al., 2017; Walz et al., 2018) and as an independent correlate of protection
in humans (Monto et al., 2015). Additionally, passive transfer of anti-NA immune sera to
naive animals has been demonstrated to be protective in murine challenge models suggesting
that humoral immunity is sufficient to confer protection (Walz et al., 2018; Wohlbold et

al., 2015a). In this study, total 1gG levels and NAI titers correlated with protection of mice
against morbidity and mortality as well as reducing viral replication after lethal challenge
with [AV.

The majority of trivalent and quadrivalent inactivated split virus vaccines and recombinant
purified HA protein vaccines currently licensed for use are administered intramuscularly.
Additionally, a live attenuated influenza vaccine is licensed for IN administration. In this
study, we compared both routes of administration for NA2 VLPs. Previous work has
demonstrated protection against both homologous and heterosubtypic challenge using NA1
VLPs via both the IM and IN routes (Kim et al., 2019; Quan et al., 2012). However, IN
vaccination did not offer complete protection against mortality in our heterologous challenge
model. Of note, NA VLPs used in this study were produced in Tni insect cells where
previous work with NA VLPs in insect cell expression systems used Sf9 expression systems
(Kim et al., 2019; Quan et al., 2012; Smith et al., 2017). Vaccine production platforms
require the ability to scale to produce adequate supply and Tni cells offer an attractive
expression system for influenza VVLPs with their increased VLP protein yields over Sf9 cells
while minimizing contaminating baculovirus production (Krammer et al., 2010). However,
local activation of the innate immune system by residual, contaminating baculovirus has
been shown to increase the immunogenicity and subsequent survival after vaccination with
influenza VLPs in a murine model (Heinimaki et al., 2017; Margine et al., 2012). Previous
work has also shown that IN vaccination with a purified recombinant NA combined with

an adjuvant afforded superior protection compared with IM vaccination using the same NA
protein in a murine model (Wohlbold et al., 2015a), and that the incorporation of membrane
bound adjuvants into VLPs has demonstrated increased immunogenicity after vaccination
against influenza and other viruses (Liu et al., 2018; Skountzou et al., 2007). Further studies
are needed to determine if the addition of adjuvants could improve the immunogenicity of
both IN and IM administered NA VLPs produced in Tni cells.

Licensed influenza vaccines contain both an HIN1 and H3N2 1AV strain in addition to

one or two Influenza B strains and, therefore, do not need to rely on heterosubtypic cross
protection for efficacy. Multiple previous studies have shown that vaccination with NA1
VLPs was completely protective against mortality, but not morbidity, after challenge with

a heterosubtypic H3N2 virus (Kim et al., 2019; Quan et al., 2012). Conversely, other

studies vaccinating with purified recombinant NA have demonstrated homosubtypic but not
heterosubtypic protection (Deroo et al., 1996; Wohlbold et al., 2015b). While the NA2 VLPs
produced in the current study were protective against a heterologous homosubtypic H3N2
virus challenge, the NA2 VVLPs afforded no protection against morbidity or mortality in

a lethal heterosubtypic H1N1 virus challenge (Figure 4A and 4B). However, vaccination
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with a bivalent NA1 and NA2 VLPs preparation did offer protection against morbidity

and mortality in both H3N2 and H1N1 challenge models. Similar to previous work
examining the administration of a bivalent mixture of NA1 and NA2 purified proteins, we
did not observe any antigenic competition between the NAL1 or NA2 subtypes when both
antigens were administered concomitantly (Johansson and Kilbourne, 1994). Conversely,
we observed an increase in total mean 1gG levels and NAI titers against each individual
antigen similar to that observed by Johansson and Kilbourne, suggesting possible common
B cell or T cell epitopes between subtypes. Indeed, previous work has identified shared

B cell epitopes between NA subtypes and multiple monoclonal antibodies specific for
epitopes that bind to and inhibit multiple NA subtypes (Doyle et al., 2013; Gravel et

al., 2010; Rijal et al., 2019). Specifically, Doyle et al. identified a monoclonal antibody
specific for the universally conserved influenza A NA active site epitope “ILRTQESEC”
capable of inhibiting NA activity in 9 different subtypes. It is also possible that shared T

cell epitopes between NA subtypes contribute to increased positive selection during B cell
germinal center affinity maturation leading to increased IgG levels observed in this study.
Studies aimed at generating broadly neutralizing antibodies targeting the conserved HA stalk
have taken the approach of repeatedly vaccinating with the same HA stalk with different
chimeric irrelevant globular HA heads included in each subsequent vaccination (Krammer
et al., 2013). This approach has yielded an increase in antibodies targeting the shared
epitopes presented in each subsequent vaccination and afforded protection independent of
CD8 T cells. The specific mechanisms responsible for enrichment of both total 1gG and
functional anti-NA antibodies warrant further investigation. Investigation of broadly reactive
anti-NA antibodies capable of inhibiting multiple subtypes will require further research
investigating antibody responses at a monoclonal level while the contribution of potential
shared T cell epitopes will require further studies to map T cell epitopes for individual

NA molecules. Nonetheless, functional anti-NA immunity and its subsequent contribution to
protection against morbidity caused by influenza virus infection appears to be a useful and
underappreciated correlate of protection.

There is evidence that when HA and NA are presented together in the same virus particle,
the immune response to HA is immunodominant over the NA response in priming both

B and T lymphocytes (Johannsson et al., 1987). More recent work has improved the
immunogenicity of the NA molecule by extending the length of the NA stalk by as few

as 15 or 30 amino acids to potentially improve recognition by B cell receptors of infected
hosts (Broecker et al., 2019). Vaccination with NA VLPs where NA is presented on an
individual particle in the absence of HA molecules has the potential to overcome the
limitation of HA immunodominance. However, other work has shown that while both N1
VLPs and H5N1 VLPs protected against mortality in a homologous lethal HSN1 ferret
challenge model, the experimental group vaccinated with HSN1 VLPs containing both

the homologous HA and NA showed a reduction in morbidity and nasal wash titers after
challenge compared to the group vaccinated with N1 VVLPs alone (Smith et al., 2017).

While the role of anti-HA immunity and its ability to prevent virus infection has long been
appreciated in homologous challenge models, the additional supplementation of seasonal
influenza vaccines with purified NA has been shown augment the anti-NA immune response
and increase the breadth of immunity against potentially drifted influenza viruses (Johansson
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etal., 2002, 1998; Kim et al., 2017). Indeed, individuals with higher anti-NA2 antibody
titers developed after infection with circulating H2N2 viruses were less likely to be infected
upon emergence of the 1968 Hong Kong H3N2 virus into the human population (Monto
and Kendal, 1973; Murphy et al., 1972). Furthermore, anti-NA1 antibody titers have been
previously credited with lessening the severity of the 2009 HIN1 pandemic (Marcelin et
al., 2011). However, more recent work has shown that current seasonal vaccine responses
are dominated by anti-HA recall responses with very poor anti-NA responses (Chen et

al., 2018). NA VLPs offer a platform to supplement existing strategies already effective at
eliciting anti-HA immune responses while presenting the NA molecule to the host immune
system in its native, membrane bound conformation.

Taken together, the data from this study suggest that bivalent vaccination with NA1 and
NA2 VLPs results in a balanced immune response against both group 1 and group 2
neuraminidases capable of protecting mice from mortality and reducing viral replication

in both an HIN1 and H3N2 challenge model. Furthermore, these data show that there is

no deleterious effect from antigenic competition between the two different NA subtypes in
our murine model. While murine models of influenza infection are inexpensive and well
established, mice are not natural hosts for |AVs. Expanding these studies to a ferret or swine
model of 1AV infection would be a logical next step and provide valuable insight into the
applicability of these data in an outbred animal model.
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Research Highlights
Neuraminidase 2 virus-like particle vaccination protected mice against H3N2

Vaccinating mice with neuraminidase 1 and 2 together improved responses in
mice

Influenza vaccines could benefit from a balanced neuraminidase response
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Figure 1:

NA2 VLP purification and characterization. (A) Western blot analysis of the migration of
NA2 VLPs in 20-60% sucrose gradients after ultracentrifugation. Lane 1 represents the
fraction with the lowest density, lane 10 represents the fraction with the highest density.
NAZ2 blots were probed with polyclonal goat anti-NA2 sera, while M1 blots were probed
with polyclonal goat anti-M1 sera. (B) Coomassie stained SDS-PAGE gel loaded with 10
ug of NA2 VLP preparation. Molecular weight in kilodaltons (kDa) is indicated to the left.
(C) Western blot of 10 pug of NA2 VLP preparation. Blot was probed with polyclonal goat
anti-NA2 and anti-M1 sera. Molecular weight in kilodaltons (kDa) is indicated to the left.
(D) Negative stain electron micrograph of NA2 VLP preparation. Scale bar represents 100
nm. (E) Neuraminidase activity by NA-STAR assay. The NA2 VLP preparation is indicated
by the black line and symbols, while M1 only VLPs are indicated by the grey line and
symbols. Individual symbols represent the mean of 3 replicates. Error bars represent the
standard error of the mean (SEM).
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Figure 2:

The route of administration affects immune responses to NA2 VLPs. Groups of BALB/c
mice were vaccinated in a prime-boost regimen 28 days apart with 5 g total protein of NA2
VLP preparation intramuscularly (IM), intranasally (IN), or mock vaccinated IM with PBS.
Mice were then challenged 28 days post-boost vaccination with 5xLDsy mouse adapted
A/Hong Kong/1/1968 (H3N2) virus. (A) Total serum IgG responses measured by ELISA
at 14 days post-prime vaccination (N=5). (B) Total serum IgG responses measured by
ELISA at 14 days post-boost vaccination (N=5) (C) Neuraminidase inhibition (NAI) titers
measured 14 days post-boost vaccination (N=5). (D) Body weight changes of mice after
challenge with heterologous H3N2 virus (N=5). (E) Mortality of mice after challenge with
heterologous H3N2 virus (N=5). (F) Viral titers of lung homogenates harvested at 4 days
post infection (N=3). Error bars represent SEM. *= p<0.05; ***=p<0.001; ****=p<0.0001.
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Dose response to intramuscular (IM) vaccination with differing amounts of NA2 VLPs.
Groups of BALB/c mice were vaccinated IM in a prime-boost regimen 28 days apart with

1 ug, 5 ug, 10 pg, or 15 pg total protein of NA2 VLP preparation or mock vaccinated

with PBS. Mice were then challenged 28 days post-boost vaccination with 5XL.Dsy mouse
adapted A/Hong Kong/1/1968 (H3N2) virus. (A) Total serum IgG responses measured by
ELISA at 14 days post-prime vaccination (N=5). (B) Total serum IgG responses measured
by ELISA at 14 days post-boost vaccination (N=5) (C) Neuraminidase inhibition (NAI)
titers measured 14 days post-boost vaccination (N=5). (D) Body weight changes of mice
after challenge with heterologous H3N2 virus (N=5). (E) Mortality of mice after challenge
with heterologous H3N2 virus (N=5). (F) Viral titers of lung homogenates harvested at 4
days post infection (N=3). Error bars represent SEM. *= p<0.05; **=p<0.01; ***=p<0.001;
****=p<(0.0001.
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Figure 4:

Days post-challenge
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Intramuscular vaccination with differing amounts of NA2 VLPs in a heterosubtypic HIN1
challenge model. Groups of BALB/c mice were intramuscularly (IM) vaccinated in a prime-
boost regimen 28 days apart with 1 ug, 5 pg, 10 g, or 15 pg total protein of NA2 VLP
preparation or mock vaccinated with PBS. Mice were then challenged 28 days post-boost
vaccination with 5XLDgg mouse adapted A/California/04/2009 (H1N1) virus. (A) Body
weight changes of mice after challenge with heterosubtypic HIN1 virus. (B) Mortality

of mice after challenge with heterosubtypic HIN1 virus. N=5 mice per group. Error bars

represent SEM.
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Figure 5:

Serological responses to the combined administration of NA1 + NA2 VLPs. Groups of
BALB/c mice were vaccinated IM in a prime-boost regimen 28 days apart with 10 ug

NAL + NA2 VLPs (5 ug NAL VLPs + 5 pg NA2 VLPs), 10 ug NA1 VLPs, 10 ug NA2
VLPs or mock vaccinated with PBS. (A) Total serum anti NA2 IgG responses measured

by ELISA at 14 days post-prime vaccination. (B) Total serum anti NA2 IgG responses
measured by ELISA at 14 days post-boost vaccination. (C) Neuraminidase inhibition (NAI)
titers against NA2 VLPs measured 14 days post-boost vaccination. (D) Total serum anti
NAL IgG responses measured by ELISA at 14 days post-prime vaccination. (E) Total serum

anti

NAZ1 1gG responses measured by ELISA at 14 days post-boost vaccination. (F) NAI

titers against NA1 VVLPs measured 14 days post-boost vaccination. N=5 mice per group.
Error bars represent SEM. *= p<0.05; ***=p<0.001; ****=p<0.0001.
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Figure 6:

Lethal challenge of mice vaccinated with combined administration of NA1 + NA2 VLPs
using H3N2 and H1N1 viruses. Groups of BALB/c mice were vaccinated IM in a prime-
boost regimen 28 days apart with 10 pg NA1 + NA2 VVLPs (5 pg NAL1 VLPs + 5 pg NA2
VLPs), 10 pg NA1 VLPs, 10 pg NA2 VLPs or mock vaccinated with PBS. Mice were

then challenged 28 days post-boost vaccination with either 5XLDsy mouse adapted A/Hong
Kong/1/1968 (H3N2) virus or 5xLDsg mouse adapted A/California/04/2009 (H1NZ1) virus.
(A) Body weight changes of mice after challenge with H3N2 virus (N=10). (B) Mortality
of mice after challenge with H3N2 virus (N=10). (C) Viral titers of lung homogenates
harvested at 4 days post infection with H3N2 virus (N=5). (D) Body weight changes of mice
after challenge with HIN1 virus (N=10). (E) Mortality of mice after challenge with HIN1
virus (N=10). (F) Viral titers of lung homogenates harvested at 4 days post-infection with
H1N1 virus (N=5). Error bars represent SEM. **=p<0.01; ***=p<0.001.
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