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ABSTRACT Immune responses induced by currently licensed inactivated influ-
enza vaccines are mainly directed against the hemagglutinin (HA) glycoprotein,
the immunodominant antigen of influenza viruses. The resulting antigenic drift
of HA requires frequent updating of the vaccine composition and annual revacci-
nation. On the other hand, the levels of antibodies directed against the neur-
aminidase (NA) glycoprotein, the second major influenza virus antigen, vary
greatly. To investigate the potential of the more conserved NA protein for the
induction of subtype-specific protection, vesicular stomatitis virus-based repli-
cons expressing a panel of N1 proteins from prototypic seasonal and pandemic
H1N1 strains and human H5N1 and H7N9 isolates were generated. Immunization
of mice and ferrets with the replicon carrying the matched N1 protein resulted
in robust humoral and cellular immune responses and protected against chal-
lenge with the homologous influenza virus with an efficacy similar to that of the
matched HA protein, illustrating the potential of the NA protein as a vaccine an-
tigen. The extent of protection after immunization with mismatched N1 proteins
correlated with the level of cross-reactive neuraminidase-inhibiting antibody ti-
ters. Passive serum transfer experiments in mice confirmed that these functional
antibodies determine subtype-specific cross-protection. Our findings illustrate the
potential of NA-specific immunity for achieving broader protection against anti-
genic drift variants or newly emerging viruses carrying the same NA but a differ-
ent HA subtype.

IMPORTANCE Despite the availability of vaccines, annual influenza virus epidemics
cause 250,000 to 500,000 deaths worldwide. Currently licensed inactivated vaccines,
which are standardized for the amount of the hemagglutinin (HA) antigen, primarily
induce strain-specific antibodies, whereas the immune response to the neuramini-
dase (NA) antigen, which is also present on the viral surface, is usually low. Using
NA-expressing single-cycle vesicular stomatitis virus replicons, we show that the NA
antigen conferred protection of mice and ferrets against not only the matched influ-
enza virus strains but also viruses carrying NA proteins from other strains of the
same subtype. The extent of protection correlated with the level of cross-reactive
NA-inhibiting antibodies. This highlights the potential of the NA antigen for the de-
velopment of more broadly protective influenza vaccines. Such vaccines may also
provide partial protection against newly emerging strains with the same NA but a
different HA subtype.
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nfluenza A viruses cause an acute respiratory infection that can affect up to 30% of

the population during seasonal epidemics (1-4). The viruses undergo continuous
antigenic drift to escape preexisting immune responses (5), necessitating the regular
update of influenza vaccines. The hemagglutinin (HA) protein, which mediates viral
attachment to the target cell and subsequent entry (6), is the main target of neutral-
izing antibodies and thus is subject to continuous antigenic drift. Consequently, the
majority of antibodies directed against the HA protein are highly strain specific (5, 7).
The neuraminidase (NA) protein, which facilitates viral egress, is more conserved (8).
However, since the frequently used inactivated influenza vaccines are standardized
only for HA protein content (9), the amount and quality of the NA protein are known
to vary considerably among vaccine preparations and virus strains used (10, 11).

There is increasing evidence that NA-specific antibodies can provide protection from
influenza viruses, including reports about broad binding and inhibition of NA activity
(12-18). When administered separately, HA and NA proteins induced comparable total
antibody titers (19). Immunization with NA alone decreased lung virus titers in mice and
reduced severe clinical signs and viral shedding in patients (11, 19-22). The resulting
antibody responses cross-reacted with other NA proteins of the same subtype, and
NA-specific immunity protected mice from infection with antigenic drift variants but
not from strains carrying a heterosubtypic NA protein (11, 23). The extent of protection
from strains of the same NA subtype seemed to correlate with the phylogenetic
distance between the vaccine and challenge virus NA proteins (12, 24). The level of
cross-reacting neuraminidase-inhibiting antibodies has thus been proposed as an
indicator for protection (25).

Vesicular stomatitis virus (VSV) is an attractive vector for in vivo antigen expression
and vaccine development (26-28). Due to the affinity of the VSV glycoprotein (G) for
the low-density lipoprotein (LDL) receptor, it is able to infect and replicate in a variety
of tissues, thereby eliciting strong humoral and cellular immune responses (29). The
lack of preexisting immunity and clinical disease associated with VSV infection in
humans has led to the extensive exploration of this vaccine platform. A notable
example is the VSV-Ebola virus (EBOV) vaccine candidate, for which efficacy has recently
been reported (30-36). In contrast to propagation-competent VSV vectors, VSV repli-
cons, which lack the G protein gene, have an improved biosafety profile. They can be
amplified in G protein-expressing cells but perform only a single cycle of replication in
all other cells (37). In chicken, immunization with influenza A virus NA-expressing
single-cycle VSV replicons resulted in antibodies that efficiently inhibited the sialidase
activity of the same subtype and prevented sustained viral shedding, highlighting the
potential of NA-expressing VSV replicons as vaccine candidates (13).

To investigate the potential of the NA protein to confer protection in mammals
against influenza virus strains carrying the same NA subtype, we generated single-cycle
VSV replicon particles expressing different NA and HA proteins. After analysis of the
immune response kinetics and the levels of cross-reactive antibodies in mice and
ferrets, protective efficacy against challenge with HIN1 Puerto Rico/8/34 (PR8) and
A/Mexico/InDRE4487/2009, respectively, was assessed. The contribution of antibodies
to the observed protection was investigated with a passive transfer experiment in mice,
and sialidase-inhibiting antibodies were identified as correlates of protection.

RESULTS

Generation of VSV replicon particles expressing the HA or NA proteins of
various subtypes. The majority of antibodies induced by inactivated influenza vac-
cines are directed against the HA protein and act in a strain-specific manner (5-7). To
explore the protective potential of an immune response against the more conserved
NA protein, we generated propagation-incompetent VSV by replacing the VSV G gene
with either the HA or NA gene of PR8 (H1N1) or NA genes from prototype seasonal and
pandemic HIN1 strains and a human H5N1 isolate with differing phylogenetic dis-
tances (Fig. TA). An additional transcription cassette encoding the enhanced green
fluorescence protein (eGFP) gene was added downstream of the influenza virus antigen
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FIG 1 Generation and characterization of influenza antigen-expressing VSV replicons. (A) Phylogenetic relationship of influenza A virus NA genes
included in this study. Amino acid sequences were aligned using ClustalW and a phylogenetic tree constructed using the neighbor-joining
method and 1,000 bootstrapped replications with observed amino acid differences as the distance on the aligned sequences using MEGA?7. (B)
Scheme of the genomes of the parental VSV and the recombinant VSV*AG replicons. VSV*AG lacks the gene encoding the VSV G protein and
includes the eGFP gene in an additional transcription unit, depicted in gray. VSV*AG(X) encodes the respective heterologous influenza virus
antigens, depicted in dark gray. (C) Vero E6 cells were surface biotin labeled with EZ-Link sulfo-NHS-biotin (Pierce) 12 h after infection with the
respective VSV*AG replicons, followed by cell lysis and immunoprecipitation of 50 ug of cell extracts with homologous mouse antiserum. Proteins
in the pellet fraction were separated on an SDS-PAGE gel, and surface biotin-labeled proteins were visualized using an avidin-HRP secondary
antibody. (D) Protein bands from three independent replicates were quantified and normalized relative to NAz, for each blot and are shown as
fold changes. Error bars represent the standard deviations of the means. Groups were compared using one-way ANOVA with a Tukey posttest,
and statistical significance is indicated (*, P < 0.05; ns, not significant).

(Fig. 1B) in order to ease the monitoring of infected cells. The resulting VSV replicon
particles were successfully propagated on genetically modified BHK-21 cells that in-
ducibly express the VSV G protein, yielding virus titers of up to 5 X 108 focus-forming
units (FFU)/ml. Upon infection of parental baby hamster kidney (BHK) cells, no infec-
tious particles were detected (data not shown), confirming that these vectors perform
only a single round of replication (37). To assess the surface expression levels of the
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different NA proteins, Vero E6 cells were infected with the different replicons, followed
by cell surface biotinylation and subsequent immunoprecipitation with the respective
homologous mouse sera adjusted to the same antibody titer. Staining with peroxidase-
labeled streptavidin revealed that the NAcsr and NA,,.o proteins migrated at a
molecular mass of about 75 kDa, whereas the NApgzs and NA sy, proteins were
detected at around 55 kDa, reflecting the increased glycosylation of NA,ssz and
NA,7ne- All NA proteins were expressed at comparable levels (Fig. 1C and D), suggest-
ing similar antigen expression levels in vivo.

HA and NA induce robust antibody responses against the homologous strain.
To evaluate the immunogenicity of NA-expressing VSV replicon particles, 6- to 8-week-
old C57BL/6 mice were immunized intramuscularly with 10° FFU of VSV*AG(NA.zg) and
boosted with the same dose 28 days later (Fig. 2A). VSV*AG, VSV*AG(HAqgg), and
inactivated PR8 virus were included as controls. Intramuscular inoculation was chosen
to reproduce the route of immunization of the seasonal inactivated influenza vaccine
and to allow the side-by-side comparison of the elicited immune responses. Sera were
collected at the indicated times, and total antibody titers directed against the homol-
ogous virus strain were quantified by an immunoperoxidase monolayer assay with
PR8-infected Madin-Darby canine kidney (MDCK) cells (Fig. 2B). Mice immunized with
the control replicon VSV*AG did not develop PR8-specific antibodies. Animals vacci-
nated with VSV*AG(HApgg) or VSV*AG(NAgs) produced comparable anti-influenza virus
titers after the first immunization, which did not increase further after the boost.
Compared to the replicon vaccines, antibody titers elicited by the inactivated vaccine
were significantly low after the first immunization (P = 0.0001) but increased after the
second immunization, reaching levels similar to those for the VSV replicon vaccine
groups.

To assess the functionality of NA-specific antibodies, their neuraminidase-inhibiting
activity was quantified using an enzyme-linked lectin assay (ELLA) with whole PR8 virus
as the sialidase source (Fig. 2C). Both VSV replicons and the inactivated vaccine induced
robust NA-inhibiting (NI) antibody titers after the first immunization, and titers in-
creased in all groups after the second immunization. However, titers of functional
antibodies were significantly higher in the VSV*AG(NApgs) group (P < 0.0001), dem-
onstrating that the NA-expressing VSV replicon vaccine is more effective in inducing
neuraminidase-inhibiting antibodies. The NI antibody titers of the group immunized
with the HA-expressing VSV replicon were similar to those for the inactivated virus,
illustrating the extent of sterical interference of HA-specific antibodies with NA access
to sialic acids and suggesting that HA-specific antibodies also contribute to the NI titer
detected in the latter group.

VSV*AG(N1)s elicit functional subtype-specific antibodies. Data from several
studies suggest an inverse correlation between high NI antibody titers and reduced
morbidity (25, 52). To systematically assess the breadth of NA-specific immune re-
sponses, mice were immunized twice with VSV replicons expressing the NA proteins
of PR8, A/USSR/90/1977 (H1NT) (USSR) as a prototypic seasonal H1N1 strain, and
A/chicken/Yamaguchi/7/2004 (H5N1) and A/Hangzhou/1/2013 (H7N9) as avian influ-
enza viruses that cause severe disease in humans. For all N1-carrying replicons, total as
well as NI antibody titers against the homologous virus were in the same range (Fig. 2D
and E), indicating similar NA expression levels in vivo. Immunization with NA ssz and
NAsn resulted in NA-specific antibodies that reacted with PR8-infected MDCK cells as
efficiently as antibodies that were obtained following immunization with NApzg (Fig.
2D). In contrast, the matched antisera resulted in 5- to 10-fold-higher total antibody
titers for USSR and H5NT1, respectively (Fig. 2D). The NAyssg- and NA sy ;-specific
antisera also inhibited PR8 sialidase activity (Fig. 2E) but with lower efficacy than
NApgs-specific antibodies (P =< 0.0001). While the NApgg-specific antisera displayed NI
activity against USSR, no cross-reactivity was observed for the NA,,5y; group (anti-USSR)
(Fig. 2E), and none of the heterologous antisera were able to inhibit the NA, s\,
sialidase activity (anti-H5N1) (Fig. 2E). Interestingly, NI antibody titers were detected in
groups with total antibody titers above 3,200, suggesting that a correlation between
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FIG 2 Humoral and cellular immune responses in mice induced by the different VSV*AG replicons. (A) Schematic overview of the immunization
strategy and blood and splenocyte sampling time points. Six- to eight-week-old naive C57BL/6 mice were immunized intramuscularly twice with
106 FFU of the VSV*AG replicons or with 2.5 ug of BPL-inactivated PR8 virus. (B and C) Kinetics of total antibody titers (B) and 50%
neuraminidase-inhibiting (NI) antibody titers (C) against PR8 in animals immunized with matched antigens. Symbols represent the means for each
group (n = 6), and error bars indicate the standard deviations of the means. (D and E) Total antibody titers (D) and NI titers (E) against all PR8,

USSR, and H5N1 viruses. Bars represent the means for each group (n =
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total and NI antibodies could be established. No cross-reactive antibodies were de-
tected after immunization with the heterologous N9 subtype (data not shown), sug-
gesting that NA-specific antibodies cross-react only with NA proteins of the same
subtype.

NA-expressing VSV replicons also induce influenza virus-specific cellular im-
mune responses. In contrast to other vaccine platforms, VSV replicons elicit not only
humoral but also cellular immune responses (38). To evaluate the extent of cellular
immune responses after immunization with NA-specific VSV*AGs, splenocytes of ani-
mals vaccinated with the different N1 vaccine candidates were isolated 7 days after the
second immunization and analyzed for antigen-specific gamma interferon (IFN-v)
secretion by an enzyme-linked immunosorbent spot (ELISpot) assay using purified PR8
virus for restimulation (Fig. 2F). In samples from mice sacrificed 7 days after intranasal
infection with 1 X 103 50% tissue culture infectious doses (TCIDs,) of PR8, 50 to 185
IFN-y-secreting cells per 1 X 10 splenocytes were observed, while a background
response below 3 IFN-y-secreting cells was seen in naive control animals. PR8 stimu-
lation of splenocytes from groups immunized with the inactivated vaccine or the
VSV*AG control replicon resulted in IFN-y-secreting cell numbers close to the back-
ground (0 to 5 positive cells). Following vaccination with the homologous VSV*AG
(NApgg), Up to 65 spots per T X 10° splenocytes were observed, while the heterologous
N1 antigens were associated with lower but still positive responses ranging between 10
and 80 spots per 10° splenocytes. However, these responses were not statistically
different from the background, indicating that the protective effect associated with the
NA antigen in this context is primarily antibody mediated.

N1-expressing VSV replicon particles partially protect mice from heterologous
but not heterosubtypic virus challenge. NA-specific immune responses have previ-
ously been shown to protect from homologous as well as heterologous challenge with
a strain carrying an NA protein of the same subtype (11, 13, 23, 39). To determine the
extent of protection and survival conferred by VSV replicon-based vaccines from
challenge with heterologous virus strains, we infected C57BL/6 mice intranasally with
1 X 10* TCID;, PR8 4 weeks after the last immunization. Animals that received the
homologous HA- or NA-expressing VSV*AG replicons or a matched inactivated vaccine
were already fully protected from weight loss and mortality after a single immunization
(Fig. 3A to D), while mice immunized with the VSV*AG control replicon or with
VSV*AG(NA,ne) reached humane endpoints within 6 to 7 days (Fig. 3A to D). A single
immunization with the mismatched N1-expressing VSV*AG replicons resulted in partial
protection from weight loss and mortality, specifically 50% for VSV*AG(NA_ssz) and
80% for VSV*AG(NAsn,) (Fig. 3A and C), and a second immunization had no added
beneficial effect (Fig. 3B and D). There was a clear correlation between mean NI
antibody titers and percent survival for each group (Fig. 3E), and the correlation
coefficient further improved after two immunizations (Fig. 3F), strengthening the link
between sialidase-inhibiting antibodies and protection.

Functional NA-specific antibodies are sufficient for cross-protection. To confirm
that the observed cross-protection is due to functional NA-specific antibodies, sera
from animals immunized twice with the respective VSV*AG replicons or inactivated PR8
were transferred into naive 6- to 8-week-old C57BL/6 mice (Fig. 4A). Total and NI
antibody titers were measured in donor serum before transfer and 24 h after transfer
in serum collected from recipient animals (Fig. 4B). The levels of PR8-binding and NI
antibodies were similar to those in the above-described experiment (compare Fig. 2
and 4B). However, the NI antibody titers were generally lower than those observed
previously, leading to titers below detection levels for VSV*AG(NAssg)- The weight loss

FIG 2 Legend (Continued)

Journal of Virology

Log,-transformed groups were compared to the NA, group using one-way ANOVA with a Tukey posttest. (F) IFN-y ELISpot analysis results after
restimulation with purified PR8 virus. HIN1 PR8-infected mice were used as positive controls, and noninfected mice were used as negative
controls. Symbols indicate spot-forming units (SFU) for individual animals, and black bars represent the respective means. Groups were compared
using one-way ANOVA with a Tukey posttest, and statistical significance is indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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FIG 3 Protective efficacy of the different vaccine candidates. Mice were vaccinated once or twice in 4-week intervals and then challenged
with 1 X 10* TCID,, of HIN1 PR8 4 weeks later. Upon challenge, animals were monitored daily for clinical signs and body weight and
euthanized as soon as the weight loss reached 25%. (A to D) Percent weight changes after challenge following one (A) or two (B)
immunizations and the respective percent survivals (C and D) (n = 6; N1 H5N1, n = 5). (E and F) Correlation between mean NI titer and

percent survival 4 weeks after the first (E) or the second (F) immunization.

and survival rates of the recipient animals mirrored those of the originally vaccinated
groups, with antisera directed against NA,,5; being more protective than those against
NAyssr (compare Fig. 3B and D and 4C and D), demonstrating that subtype-specific
cross-protection is largely antibody mediated.

Influenza virus HA- or NA-expressing VSV replicon particles reduce spread to
the lower respiratory tract in ferrets. Ferrets are frequently used to assess the
immunogenicity and efficacy of influenza vaccines since they reproduce many of the
clinical signs and much of the overall course of disease seen in patients (40). Following
the same experimental design as the one described above (Fig. 5A), immunization with
VSV*AG replicons expressing the matched HA or NA proteins of pdmH1N1 A/California/
04/2009 or VSV*AG(NAsn,) elicited robust total antibody titers after the first immuni-
zation, which remained stable after a second immunization (Fig. 5B). While matched HA
and NA proteins induced similar responses, levels in the NA,,5y; group were slightly but
not statistically significantly lower (Fig. 5B). In contrast, both groups immunized with
NA-expressing replicons induced similar NI titers, with a slight increase after the second
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FIG 4 Efficacy of passive serum transfer. (A) Schematic overview of the experimental design. Mice were vaccinated on days 0 and 28 with the
respective VSV*AG replicons, and serum was isolated 7 days after the boost immunization. Sera were subsequently transferred into naive mice.
Blood samples were taken 24 h later, and animals were challenged with 1 X 104 TCID5, of HIN1 PR8. (B) Total antibody responses against PR8
and NI titers of donor mice. Bars represent the means for three repeated measurements of pooled serum, and error bars indicate the standard
deviations of the means. Log,-transformed groups were compared to the NAyz; group using one-way ANOVA with a Tukey posttest. Statistical
significance is indicated (*, P < 0.05; ****, P < 0.0001). (C and D) Percent weight change (C) and percent survival (D) in recipient mice. Upon
challenge, body weight was monitored as a measure of morbidity. Animals were euthanized as soon as the weight loss reached 25%.

immunization (Fig. 5C), thereby reproducing the antibody response kinetics seen
in mice. Intranasal challenge of the animals with 10> TCID;, pdmH1N1 A/Mexico/
INDRE4487/2009 resulted in an increase in body temperature in all groups, starting on
day 2, and mild to moderate clinical disease characterized by reduced activity, conges-
tion, runny nose, and sneezing (Fig. 5D and E). Unfortunately, two animals in the
VSV*AG(NAsn;) group succumbed to anesthesia immediately after challenge. All
remaining animals were sacrificed on day 3 after infection, and viral loads in nasal
turbinates and lungs as representatives of the upper and lower respiratory tracts were
quantified. Nasal turbinate titers were slightly lower in NA-immunized groups albeit not
statistically different (Fig. 5F), and vaccination reduced spreading to the lung irrespec-
tive of the antigen used (Fig. 5Q). It is of note that the two NA-immunized animals with
detectable virus in the lung had the lowest NA-specific antibody titers in their respec-
tive groups. One of the two remaining animals in the VSV*AG(NAsy;) group was
completely protected from lower respiratory tract infection, and the lung titer of the
other one was around 10-fold lower than the control group mean, suggesting an
efficacy similar to those of the matched vaccines and providing further evidence for the
correlation between functional NA-specific antibody responses and protection.
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FIG 5 Humoral immune responses in ferrets induced by the different VSV*AG replicons and viral load after infection. (A) Schematic
overview of the immunization-and-infection strategy and blood sampling time points. Naive ferrets were immunized twice with 108
FFU VSV*AG replicons intramuscularly. All animals were challenged intranasally with 10> TCID;, A/Mexico/InDRE4487/2009 and
sacrificed for virus titration on day 3 after infection. (B and C) Kinetics of total antibody titers (B) and NI titers (C) against pdmH1N1
in animals immunized with matched or mismatched antigens. Log,-transformed groups were compared using two-way ANOVA with
a Tukey posttest. (D and E) Temperature changes (E) and clinical scores (F) measured over 3 days after infection. Symbols represent
the means for each group (n = 4; postinfection N1 H5N1, n = 2), and error bars indicate the standard deviations of the means. (F and
G) Virus titers in the nasal turbinates (F) and lungs (G) in terms of TCID, per gram on MDCK cells. Symbols indicate data for individual
animals, and black bars represent the respective means.

DISCUSSION

Currently licensed influenza vaccines are highly strain specific and have to be
updated as soon as HA antigenic drift variants emerge (41, 42). Even though inactivated
influenza vaccines contain NA protein, its content and quality are not standardized. The
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contribution of NA-specific immunity to protection has only recently become a focus of
investigation (11, 12, 21, 43). While there is increasing evidence that NA proteins can
induce subtype-specific protection, its extent as well as possible correlates of this
protection remained to be characterized. Using VSV*AG replicons encoding N1 proteins
of the mouse-adapted PR8, prototypic seasonal and pandemic HIN1, and human H5N1
strains, we observed that in the absence of HA, NA induced robust humoral immune
responses that protected mice and ferrets from challenge with a matched strain as
efficiently as HA-specific immunity. For heterologous N1 proteins, the level of cross-
reactive NI antibodies correlated with protection, and antibodies alone were sufficient
to confer this protection. These findings highlight the potential of NA as a promising
antigen to induce broader protection and demonstrate the potential of single-cycle VSV
replicons as a vector platform for vaccine development.

VSV-based single-round replicons are a promising vaccine platform. The suc-
cess of the propagation-competent VSV-based vaccine candidate against Ebola virus
demonstrates the potential of VSV as a vaccine platform (35, 36). However, the
benefit-risk profile of a propagation-competent viral vector may not be appropriate for
all target pathogens. VSV replicons, which are limited to a single round of replication
due to the lack of an essential viral gene in their genome, constitute an attractive
alternative, as they maintain the high-level protein expression capacity of the VSV
replication machinery but are unable to produce progeny virus (37, 44). Consistent with
this de novo protein synthesis, we were able to detect IFN-y secretion after stimulation
of splenocytes from VSV*AG(NT)-immunized mice with influenza virus. However, the
responses were low compared to those of previously influenza virus-infected animals,
which may be due to the lack of strong T cell epitopes in the NA protein (45). In
contrast, we were able to demonstrate that NA proteins expressed with this system
elicit robust functional antibody responses that exceed the titers induced by an
inactivated vaccine. Repeated immunization resulted in an increase of these responses,
and this effect might be improved further by including viral proteins with known
conserved T cell epitopes, such as the NP or M1 protein in the VSV replicon (46), and
by taking advantage of G proteins from heterologous, antigenically different VSV strains
(47).

Similar efficacies of NA- and HA-specific immune responses against matched
virus strains. While a recent study found HA- and NA-reactive B cells at similar
frequencies after influenza infection (48), an immunodominance of the HA over the NA
protein has been postulated based on the analysis of antibody prevalence in sera from
individuals immunized with inactivated vaccines (49). However, the variability in NA
content makes it difficult to assess the contribution of NA-specific antibodies to vaccine
efficacy (11, 50). Nevertheless, after separate administration of purified HA and NA
proteins, comparable antibody levels have been observed in study participants (19).
Moreover, NA-based vaccines reduced clinical disease and viral shedding in patients
(20, 39, 51), and immunization of mice with purified NA protein resulted in lower lung
titers and protection from lethal challenge with the matched as well as heterologous
strains carrying the same subtype (11, 52). Here we show that in the context of de novo
protein expression, the protection conferred by NA-specific immune responses is
similar to that of HA-specific responses against the matched strain, further strength-
ening the potential of the NA protein as a vaccine antigen. Standardizing the NA
protein content and quality in existing vaccines might thus be a straightforward
approach for inducing more broadly protective immune responses.

Sialidase-inhibiting antibody titers predict the extent of protection against
heterologous strains. While HA-mediated protection is primarily strain specific, the
immune response elicited by NA proteins protects at least partially against heterolo-
gous strains carrying the same NA subtype (11, 23, 25, 51). This aspect makes NA a
promising candidate for the development of more broadly protective influenza vac-
cines. However, such development programs require robust correlates of protection to
measure vaccine efficacy. Our study demonstrates that phylogenetic distance, which
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FIG 6 Linear comparison of the NA proteins. The cytoplasmic domain, transmembrane region (TM), stalk region, and head domain are depicted
in dark, medium and light gray, and white, respectively. Putative glycosylation sites are shown above, active sites are in red, and previously
identified critical residues for inhibiting antibody binding are indicated by gray arrowheads and the respective amino acid numbering.

has been postulated to correlate with the extent of protection (21, 24, 53), may be only
partially relevant. Instead, we observed a strong link between NI antibody titers and
protection, irrespective of amino acid homology, phylogenetic distance, or the HA
subtype present. This is in agreement with previous reports showing that N1-specific NI
antibody titers correlated with cross-protection against infection with low-pathogenic
avian influenza virus (LPAIV) H5N1 infection (25, 54).

The extent of these cross-reactive antibodies and the cross-protection observed
here is in line with previous publications identifying critical residues for the cross-
reactivity of NA-specific antibodies (55, 56). Particularly, amino acid 339, located in a
region associated with sialic acid binding and catalytic activity, has been identified as
being essential for epitope recognition by antigenic mapping with mouse monoclonal
antibodies (56). This residue differs in NApgg, NAyssr, @and NA o, but turns out to be
conserved between NA_y,ini and NAysy,, which may explain the high cross-
reactivity observed in our ferret study (Fig. 6). Of note, the two NA proteins with stalk
deletions characteristic of avian-origin viruses and the lowest number of potential
N-glycosylation sites, NApzg and NA, sy, €licited the highest sialidase-inhibiting anti-
body titers in our study, suggesting that stalk length and glycosylation pattern may also
influence the extent of functional antibodies (Fig. 6). However, a causal connection
between either characteristic and antigenicity would require validation involving a
larger selection of proteins, similar to an influenza B virus neuraminidase study (14).
Together with a recent report that natural influenza infection, in contrast to immuni-
zation with inactivated vaccines, induces broadly cross-reactive NA-specific antibodies
(48), our study underlines the potential of NA-based vaccines and demonstrates that
neuraminidase-inhibiting antibodies may serve as promising functional correlates of
protection.

MATERIALS AND METHODS

Cells. BHK-21 cells were obtained from the German Cell Culture Collection (DSZM, Braunschweig,
Germany) and grown in Earle’s minimal essential medium (MEM; Sigma-Aldrich) supplemented with 10%
fetal bovine serum (FBS; Life Technologies) and 200 mM t-glutamine (Sigma-Aldrich). BHK-G43 cells,
which inducibly express the VSV G protein, were maintained as described previously (54). Madin-Darby
canine kidney (MDCK) cells (ATCC CCL-34) and Vero E6 cells (ATCC CRL-1586) were maintained in
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Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich) supplemented with 5% FBS and 200 mM
L-glutamine (Sigma-Aldrich).

Virus production and quantification. The mouse-adapted HIN1 influenza virus strain A/Puerto
Rico/8/34 (PR8) and pdmH1N1 A/Mexico/InDRE4487/2009 were grown on MDCK cells in serum-free
DMEM supplemented with 0.75 ug/ml tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin
(TPCK-trypsin; Sigma-Aldrich). When cytopathic effect was widespread, the supernatant was harvested,
clarified by centrifugation at 3,000 X g for 15 min at 4°C, aliquoted, and stored at —80°C. To quantify
virus titers, MDCK cells were seeded into 96-well plates at 90% confluence, and quadruplicate wells were
inoculated with 10-fold serial dilutions of the supernatant. After 2 days of incubation at 37°C and 5% CO,,
the plates were washed once with phosphate-buffered saline (PBS) diluted 1:3 in double-distilled H,O,
air dried for 15 min, and fixed at 65°C for 8 h. Infected cells were stained by adding ferret anti-HTN1
serum at a dilution of 1:500, followed by incubation for 2 h at room temperature. The plates were then
washed with PBS and incubated with a 1:750 dilution of a horseradish peroxidase (HRP)-coupled
anti-ferret secondary antibody (Biomol GmbH) for 1 h at room temperature. Following a final washing
step, positive cells were visualized with 3-amino-9-ethyl-carbazole staining (Sigma-Aldrich). Virus titers
were expressed as the 50% tissue culture infectious dose (TCID,) per milliliter.

For egg-grown PR8, 11-day-old embryonated eggs were inoculated by the allantoic route and
incubated at 37°C and 60% humidity in an egg incubator. Infected allantoic fluid was harvested under
sterile conditions 48 h after inoculation and purified through a 20% (wt/vol) sucrose cushion at
135,000 X g for 2 h at 4°C. Pellets were resuspended in PBS with 10% FBS. The hemagglutination titer
of each virus was determined by mixing 2-fold dilutions in U-bottomed microtiter plates with an equal
volume of 0.5% guinea pig red blood cells (RBCs) according to standard protocols (57).

Generation of recombinant VSV replicon particles. The plasmid pVSV*AG(NA,;s,,;) was recently
described (13). It encodes a G protein gene-deleted VSV genome encoding NA of A/chicken/Yamaguchi/
7/2004 (H5N1) and a GFP reporter. For the generation of influenza HA- or NA-expressing recombinant
VSV replicons, the respective HA or NA genes of A/Puerto Rico/8/1934 (H1N1) (HApgg or NAygg [GenBank
accession number CY009444.1 or CY009446.1, respectively]), A/California/04/2009 (H1N1) (HA gmpinn OF
NA amens [GenBank accession number GQ117044.1 or FJ969517.1, respectivelyl), A/USSR/90/1977
(HINT) (NA_ssg [GenBank accession number CY121880.11), A/chicken/Yamaguchi/7/2004 (H5N1) (NA, sy,
[GenBank accession number AB166864.1]), or A/Hangzhou/1/2013 (H7N9) (NA,\, [GenBank accession
number KC853765.1]) were used to replace the NA, s, gene in the fourth transcription unit of
pVSV*AG(NAsy1), taking advantage of the flanking Mlul and BstEll endonuclease restriction sites. The
sequences of all clones used for further experiments were confirmed by Sanger sequencing.

To obtain VSV replicon particles, BHK-G43 cells were infected with recombinant modified vaccinia
virus Ankara (MVA) virus expressing the T7 RNA polymerase (58). Prior to infection, the expression of the
VSV G protein was induced by adding mifepristone at a concentration of 10~° M (Sigma-Aldrich) to the
cell culture medium. Cells were cotransfected with the respective genomic plasmids along with three
helper plasmids encoding the VSV N, P, and L proteins under the control of the T7 promoter, as described
above. After 24 h of incubation, the cells were trypsinized, seeded along with an equal number of fresh
BHK-G43 cells, and incubated for an additional 24 h at 37°C in the presence of mifepristone (59). The
supernatant was clarified by low-speed centrifugation at 1,000 X g for 15 min at 4°C and stored at —80°C.
For further passaging of the replicons, BHK-G43 cells were induced to express the VSV G protein by
adding mifepristone and infected with the respective replicons. When cytopathic effect was widespread,
the supernatant was harvested, clarified by centrifugation at 1,000 X g for 15 min at 4°C followed by
purification through a 20% (wt/vol) sucrose cushion at 100,000 X g for 1 h at 4°C, and resuspended in
PBS. Replicon stocks were stored at —80°C. Virus stocks were titrated on BHK-21 cells, taking advantage
of the GFP reporter for detection of infected cells. Infectious virus titers were expressed as focus-forming
units (FFU) per milliliter.

Western blot analysis. To analyze cell surface protein expression, Vero E6 cells were infected with
the respective VSV replicons at a multiplicity of infection (MOI) of 10, and cell surface proteins were
biotinylated with 2 mM EZ-Link sulfo-NHS-LC-LC-biotin (Pierce) in PBS at 12 h postinfection. Noninfected
BHK-21 cells were used as a control. Cells were subsequently lysed with radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris [pH 8], 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100) supple-
mented with Halt protease inhibitors (Thermo). Cell lysates were centrifuged at 14,000 X g for 10 min
at 4°C to remove cell debris, and the supernatants were stored at —20°C until further use. Protein
concentration was determined by using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific).
For immunoprecipitation, 50 ug of total protein was coincubated with 5 ul of equal amounts of
homologous mouse antibody and incubated under rotation at 4°C for 3 h with the addition of protein
G plus agarose beads (Santa Cruz) during the final 1 h. Beads were then precipitated by centrifugation,
washed 4 times with lysis buffer, and separated by 10% SDS-polyacrylamide gel electrophoresis. Proteins
were transferred to polyvinylidene difluoride (PVDF) membranes (Merck Millipore) and blocked overnight
at 4°C in 5% milk powder prepared in Tris-buffered saline containing 1% Tween (TBS-T). The membranes
were then incubated with Pierce high-sensitivity streptavidin-HRP (ThermoFisher). After three wash steps
with TBS-T, bands were visualized using the Amersham ECL Prime Western blotting detection system (GE
Healthcare) with a MicroChemi 4.2 chemiluminescent imaging system (DNR Bio Imaging Systems Ltd.),
and the resulting bands were quantified from underexposed TIF images using the ImageJ analysis
software package (NIH).

Animal experiments. All animal experiments were carried out in compliance with the regulations of
German animal protection laws and were authorized by the responsible state authority. Six- to eight-
week-old female C57BL/6N mice (Janvier Labs) were immunized twice intramuscularly 4 weeks apart with
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1 X 106 FFU of the respective VSV replicon particles diluted in 50 wl PBS or beta-propiolactone
(BPL)-inactivated PR8 (catalog number NR-19325; BEI Resources, NIAID, NIH) as a control. On days 28, 35,
and 56 after the initial immunization, 6 animals of each group were anesthetized with isoflurane and
exsanguinated by cardiac puncture. Serum samples were stored at —20°C for further analysis. For virus
challenge, mice were anesthetized by intraperitoneal injection with ketamine (100 mg/kg of body
weight) and xylazine (10 mg/kg) and inoculated intranasally with 10* TCID,, of PR8 in 30 wl, correspond-
ing to 3X the 100% lethal dose (LD, o,). Animals were monitored daily for clinical signs and body weight
and euthanized as soon as weight loss reached 25%. For T cell response analysis, spleens were harvested
7 days after the second immunization.

To investigate the role of the antibodies in protection from infection, naive animals were injected
intraperitoneally with 500 wl of pooled sera collected on day 35 after initial immunization. The next day,
mice were anesthetized, bled via the retrobulbar route, and infected intranasally with PR8 as outlined
above. Recipient animals with total anti-PR8 antibody titers below 50% of the initial donor titer were
considered a transfer failure and subsequently excluded from the study (NAyzg, N = 2; inactivated PR8,
n=2).

Male and female ferrets (Mustela putorius furo) 16 weeks of age or older and seronegative for
influenza viruses were used for the study. Groups of 4 animals were immunized twice intramuscularly 4
weeks apart with 1 X 108 FFU of the respective VSV replicon particles, and blood samples were collected
before the first and second immunizations and the challenge. Two months after the initial immunization,
animals were challenged by intranasal inoculation with 105 TCID,, of pdmH1N1 A/Mexico/InDRE4487/
2009. Three days after infection, all animals were sacrificed, and tissues were harvested for titration.

Total influenza virus antibody assay. Total influenza virus-specific antibody responses were
quantified using an immunoperoxidase monolayer assay with PR8- or pdmH1N1-infected MDCK cells as
described previously (60). Briefly, MDCK cells were seeded into 96-well plates at 90% confluence and
infected with PR8 at an MOI of 0.01. After 48 h, cells were washed once with PBS diluted 1:3 in
double-distilled H,0, air dried, and fixed at 65°C for 8 h. Serial 2-fold dilutions of mouse sera were added
to the fixed MDCK cells, and antibody titers were detected by immunostaining as outlined above and
expressed as the reciprocal of the last serum dilution at which antibody-positive cells were detected.

Enzyme-linked lectin assay. To determine the amount of neuraminidase-inhibiting antibodies, an
enzyme-linked lectin assay (ELLA) was performed as described previously (61). Briefly, flat-bottom
MaxiSorp polystyrene 96-well plates (Nunc) were coated with fetuin (Sigma-Aldrich). Serum samples
were heat treated at 56°C for 45 min prior to serial 2-fold dilutions in PBS and subsequent coincubation
with a predetermined 90% NA activity of PR8 at 37°C for 16 to 18 h. After three wash steps with PBS
containing 0.05% Tween 20 (PBS-T), peroxidase-labeled lectin from Arachis hypogaea (Sigma-Aldrich) was
added, and the mixture was incubated for 2 h at room temperature. Plates were washed again before
the addition of o-phenylenediamine dihydrochloride (OPD) substrate (Sigma-Aldrich). The reaction was
stopped with 1 N sulfuric acid before the absorbance at 490 nm was read. The sialidase-inhibiting
antibody titer was expressed as the reciprocal of the highest dilution that exhibited =50% inhibition of
NA activity.

ELISpot assay. For the quantification of gamma interferon (IFN-y)-expressing T cells, a commercial
murine IFN-y ELISpot assay (eBioscience) was used, according to the manufacturer’s instructions.
Splenocytes were isolated on day 35, 7 days after the second immunization, and 2 X 105 cells were
coincubated with 320 hemagglutinating units (HAU) of egg-grown PR8 or Newcastle disease virus at 37°C
in 200 wl RPMI (10% mouse serum, 2 nM L-GIn, 1% penicillin-streptomycin; Sigma-Aldrich) in MultiScreen
ELISpot polyvinylidene difluoride 96-well plates (Millipore). C57BL/6 mice were infected with 1 X 103
TCID5, HINT PR8 virus 7 days before splenocyte isolation as a positive control, while uninfected mice
were used as a negative control. Medium alone was used as a negative control, and concanavalin A
(ConA; Sigma-Aldrich) at 6 ug/ml was added to positive-control wells to assess splenocyte reactivity.
After 36 h, cells were removed from the wells, and the plates were washed before incubation with
biotin-conjugated anti-IFN-y antibodies and avidin-HRP according to the manufacturer’s instructions. A
3-amino-9-ethyl-carbazole (Sigma-Aldrich) substrate solution was used for visualization of spots, and
analysis was performed using the AID EL R04 ELISpot reader.

Statistical and phylogenetic analyses. Statistical analyses were performed using GraphPad Prism 6
on log,-transformed data using one-way or two-way analysis of variance (ANOVA) with a Tukey posttest.
All groups were compared, and P values of =0.05 were considered significant. Amino acid sequences
were aligned using ClustalW, and a phylogenetic tree was constructed using the neighbor-joining
method and 1,000 bootstrapped replications with observed amino acid differences as the distance on the
aligned sequences using MEGA7.
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