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A Vero Cell-Derived Whole-Virus H5N1 Vaccine
Effectively Induces Neuraminidase-Inhibiting
Antibodies
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A Vero cell-derived whole-virus H5N1 influenza vaccine has been shown to induce neutralizing antibodies
directed against the hemagglutinin (HA) protein of diverse H5N1 strains in animal studies and clinical trials.
However, neuraminidase-inhibiting (NAi) antibodies can reduce viral spread and may be of particular
importance in the event of an H5N1 pandemic, where immunity due to HA antibodies is likely absent in the
general population. Here we demonstrate the effective induction of NAi antibody titers after H5N1 vaccination
in humans. In contrast to the immune response directed toward HA, a single vaccine dose induced a strong
NAi response that was not significantly boosted by a second dose, most probably due to priming by previous
vaccination or infection with seasonal influenza viruses. After 2 immunizations, seroconversion rates based on
antibody titers against HA and NA were similar, indicating the induction of equally strong immune responses

against both proteins by this H5N1 vaccine.

Avian H5NI influenza viruses pose a pandemic threat
with continuously occurring widespread infections of
avian species, as well as sporadic human cases with
a mortality rate of approximately 60% [1]. As vaccina-
tion is the most effective measure to combat an influenza
pandemic, a Vero cell-derived H5N1 whole-virus vac-
cine was developed and was shown to induce high levels
of virus-neutralizing antibodies and to provide highly
efficacious cross-clade protection against lethal doses of
H5N1 viruses in animals [2—4]. In clinical trials in hu-
mans, the vaccine’s immunogenicity was assessed by
microneutralization (MN) and single radial hemolysis
(SRH) assays [5, 6], both of which detect antibodies
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specific for the influenza hemagglutinin (HA) [7]. HA is
the most abundant influenza virus surface protein and
the most relevant target protein for vaccination because
it can induce virus-neutralizing antibodies that act by
hindering HA attachment to the sialic acid receptor on
the host cell surface or by interfering with virus mem-
brane fusion. Influenza virus envelopes, however, con-
tain a second major surface protein, neuraminidase
(NA), a tetrameric glycoprotein that cleaves sialic acid
residues from oligosaccharides, including the HA re-
ceptor. This enzymatic cleavage is crucial for progeny
virions to be released from the infected host cell, and
thus NA-inhibiting (NAi) antibodies have the potential
to prevent virus release. While HA-specific antibodies
can neutralize virus infectivity, as first demonstrated by
plaque inhibition assays, NAi antibodies are described as
infection permissive; in other words, these antibodies do
not block infection but can reduce virus budding and
spread, as measured by a reduction of plaque size [8, 9],
which in turn results in a reduction of the intensity of
infection [10, 11]. A negative correlation between serum
NAi antibody titers and severity of influenza illness has
been found in challenge studies in animals [12-15] and
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also humans [16-19]. During the H3N2 influenza pandemic of
1968/1969, it was observed that serum NAi antibody titers
contribute to protection: persons with a history of H2N2 in-
fection and thus having preexisting NAi antibodies against N2
were not as vulnerable to H3N2 infection as were N2-naive
subjects [20]. Likewise, schoolchildren vaccinated with re-
combinant N2 were protected against the circulating H3N2
strain compared with placebo groups [21, 22]. Thus, a number
of studies have demonstrated that humoral protective immunity
against influenza virus infection is mediated by antibodies to
both HA and NA. While both proteins are subject to continuous
evolution, NA has been shown to evolve more slowly [23]. The
immunological response to NA could be of particular im-
portance in the event of an influenza pandemic, where the
majority of the population would be naive for the HA protein
but might possess immunity toward the NA through priming
by earlier influenza infection or vaccination. The European
licensing authority has realized the importance of inves-
tigating the capability of influenza vaccines to induce NAi
antibodies and recommends such investigations, especially
during the development of pandemic influenza vaccines [24].
To date, however, the extent to which NAi antibodies are
elicited by pandemic H5N1 influenza vaccination has not been
reported from investigations in humans. A possible explana-
tion for this could be that the measurement of NAi antibodies
has traditionally relied on NA inhibition assays based on
thiobarbituric acid (TBA-based assay), which are cumber-
some to perform [25-28]. More recently, however, assay
formats for the evaluation of NAi antibody titers have been
developed that are easier to perform and allow for higher
sample throughput [29-34]. Here we report the results of
a proof-of-concept study investigating the generation of NAi
antibodies after vaccination of humans with the Vero cell
culture—derived pandemic whole-virus H5N1 vaccine, using
both the traditional TBA-based NA inhibition assay and the
more recently developed enzyme-linked lectin NA inhibition
assay (ELLA).

MATERIALS AND METHODS

Clinical Study and Vaccine

Human serum samples were derived from a randomized, phase
I/IT clinical study (EUDRACT 2006-001466-17) of an H5N1
monovalent A/Vietnam/1203/2004 whole-virus vaccine [6]. The
vaccine was manufactured in Vero cell culture [3, 35] and in-
activated with formalin and ultraviolet light. Different amounts
of HA antigen were administered twice, 21 days apart, to healthy
adult volunteers. Blood for serological analysis was drawn at
baseline (day 0) and on days 21 and 42. Here, the serum samples
from all subjects dosed with the nonadjuvanted H5N1 whole-
virus formulation containing 7.5 pg HA (n = 42) or with 15 ug
of nonadjuvanted antigen (n = 41) were analyzed.

Recombinant NA

Highly purified, full-length recombinant NA from the H5N1
strain A/Vietnam/1203/2004 (GenBank accession no. EF541467.1)
was produced using a baculovirus expression system (Protein
Sciences Corp).

Determination of NA Activity

Thiobarbituric Acid—Based Assay

A thiobarbituric acid (TBA)-based assay was established as de-
scribed by the World Health Organization [36]. In sum, 10 uL of
serially diluted recombinant NA protein was applied to 96-well
plates, 5 pL fetuin (25 mg/mL; Sigma) was added, and plates
were incubated at 37°C for 16-18 hours. After cooling to room
temperature, 5 pL periodate reagent was added. Following in-
cubation for 20 minutes in the dark, the reaction was stopped by
addition of 25 pL arsenite reagent; 50 WL thiobarbituric acid
(Sigma) was added, and plates were incubated at 99°C for
15 minutes in a thermocycler (Applied Biosystems). Plates were
cooled in a water bath, and 75 pL Warrenoff reagent was added.
Plates were vortexed and centrifuged for 5 minutes at 250g; 50 pL
of the upper phase of each well was transferred to flat-bottom
96-well plates, and the optical density (OD) was measured at
550 nm in a microplate reader (Biotek). The standard NA dose
to be used for NA inhibition tests was defined as the NA activity
measured at OD 1.0.

Enzyme-Linked Lectin Assay

NA activity was also determined by ELLA according to Lambre
et al [30]. In total, 100 pL of serially diluted recombinant NA
protein was applied to 96-well plates precoated with fetuin
(2.5 pg/well; Sigma) and incubated at 37°C for 16-18 hours.
Plates were washed and incubated with peroxidase-labeled
peanut agglutinin (100 pL/well; Sigma) for 2 hours in the dark at
room temperature. Plates were then washed before 100 pL of
o-phenylenediamine dihydrochloride (Sigma) was added as sub-
strate. After 10 minutes incubation in the dark, the reaction was
stopped by addition of 100 pL 0.5 mol/L H,SO,. The OD was
measured at 550 nm. The standard NA dose to be used for NA
inhibition tests was defined as the NA activity measured at OD 1.0.

Determination of NA-Inhibiting Antibody Titers

TBA-Based Assay

To determine NA-inhibiting antibody titers, serum samples were
serially diluted in 2-fold steps, and 5 pL of each dilution was
transferred to 96-well plates. Negative control serum was derived
from naive rabbits, and positive control serum was obtained from
rabbits immunized with the influenza A/Vietnam/1203/2004 NA.
These controls were tested in every assay with the expected results
required for validity of the assay. 5 pL of the standard NA dose
was added to each well. Following incubation for 1 hour at room
termperature, 5 pL fetuin (25 mg/mL, Sigma) was added and
plates were incubated at 37°C for 16-18 hours. Residual NA
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activity was determined as described above. The NAi antibody
titer of a sample was defined as the reciprocal serum dilution
resulting in 50% inhibition of the NA activity of the standard NA
dose.

ELLA

Serum samples were heat-inactivated for 30 minutes at 56°C,
subjected to 3 freeze-thaw cycles, and serially diluted in 2-fold
steps. Positive and negative control serum samples, as well as
validity criteria, were used as described for the TBA-based assay.
In total, 50 pL of each dilution was applied to fetuin-coated
96-well plates (2.5 pg/well; Sigma). The standard NA dose (50 pL)
was added to each well, and the remaining procedure was per-
formed as described above. The NAi titer was defined as 50%
inhibiting titer as calculated by nonlinear regression analysis.

Statistical Analysis

Samples were analyzed in 2 independent tests with means used
for further evaluation. Statistical significant differences between
pre- and postvaccination titers were determined by paired
Student ¢ test analysis, and the significance of the correlation
of titers determined via different test methods or of pre- and

postvaccination titers was determined by nonparametric
Spearman correlation analysis (GraphPad Prism software).
The confidence intervals of the increase of the geometric mean
titers were calculated by applying ¢ statistics on the log-
transformed data, and the confidence intervals of the sero-
conversion rates according to Clopper and Pearson were
calculated based on F distributions (Minitab software).

RESULTS

To determine the NAi antibody response induced in humans by
vaccination with a Vero cell-derived whole-virus H5N1 vaccine,
individual serum samples from both the 7.5-ug and 15-pg dose
groups obtained prevaccination (day 0), 3 weeks after the pri-
mary immunization (day 21), and 3 weeks following the booster
immunization (day 42) were analyzed with the TBA-based assay
(Figure 1A) and the ELLA (Figure 1B). Already after the first
dose (day 21), a highly significant induction of NAi antibodies
by H5N1 vaccination was measured using both test systems.
With the TBA assay, the geometric mean titer (GMT) increased
from 2.1 (95% confidence interval [CI], 1.7-2.7) at baseline to
4.5 (95% CI, 3.4-6.1) on day 21 and 5.3 (95% CI, 3.9-7.1) on
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Figure 1.

H5N1 vaccination induces neuraminidase-inhibiting antibodies, as determined by the thiobarbituric acid (TBA) assay and the enzyme-linked

lectin assay (ELLA). Individual neuraminidase-inhibiting (NAi) antibody titers at baseline (day 0) and 21 days after the first and second vaccination as
determined by the TBA-based assay (A) and the ELLA (B). The limit of detection (LOD) of the TBA assay was a titer of 2, and serum samples below the
LOD were assigned a titer of 1. The LOD of the ELLA was a titer of 10. The total number of serum samples tested (N), and the number of serum samples
tested and found above the LOD are given (N > LOD). GMI denotes the geometric mean of the increase. Seroconversion (Seroconv) was defined as an
increase of titers by a factor of 4 or more with respect to baseline. Statistical differences between groups were calculated with paired Student ¢ test
analysis using GraphPad Prism software. Abbreviations: Cl, confidence interval; GMT, geometric mean titer; n.s., not significant.
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day 42. The ELLA was found to be the much more sensitive
assay: GMTs were calculated as 79.6 (95% CI, 62.4-101.5) at
baseline and 390.8 (95% CI, 297.4-513.6) on day 21. After the
second vaccination, the GMT assessed with the ELLA was 418.7
(95% CI, 317.5-552.2). Of note, although NAi antibody titers
in both assays increased significantly after the first vaccination,
the moderate increase in titers after administration of the
second dose was not statistically significant (Figure 1). While the
sensitivity of the TBA-based assay and the ELLA differed, Figure 2
shows that there was a correlation of NAi antibody titers derived
from these 2 assays (Spearman r = 0.83, P < .0001), probably
because both assays measure the same antibody function. No-
tably, however, using the TBA assay, NA-inhibiting antibodies
were detectable in only 43 of 83 subjects prior to pandemic
vaccination, whereas with the more sensitive ELLA all 83 study
subjects tested were positive (Figure 1). Seroconversion was de-
fined as =4-fold increase in NAi antibody titer postvaccination
compared with titers at day 0. The seroconversion rates with the
TBA assay were calculated as 21.7% on day 21 and as 33.7% on
day 42 (Figure 1A), whereas for the ELLA these were 56.6% and
63.9% after the first and second vaccine doses, respectively
(Figure 1B).

The vaccine dose used was found not to have a statistically
significant effect on the NAi antibody response; this result is
similar to the dose-independent H5-specific antibody response
reported previously [6]. Numerically, for the TBA assay the GMT
values 21 days after the primary vaccination were 4.7 (95% CI,
3.1-7.1) for the 7.5-pg dose group and 4.4 (95% CI, 2.8-6.9) for
the 15-pg dose group. The GMTs on day 42 were 4.6 (95% CI,
3.0-7.1) and 6.0 (95% CI, 3.9-9.1) for the groups receiving 7.5 j1g
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Figure 2. Correlation between neuraminidase-inhibiting (NAi) antibody
titers as determined by the thiobarbituric acid (TBA) assay and the
enzyme-linked lectin assay (ELLA). Shown are individual ELLA titers
(x-axis) plotted against the corresponding TBA titers (y-axis). Nonparametric
correlation according to Spearman was calculated using GraphPad Prism
software.

and 15 pug HA antigen, respectively. Similar dose-independent
NAI responses were obtained with the more sensitive ELLA: the
GMT values on day 21 were 400.5 (95% CI, 269.8-594.4) for the
7.5-ug group and 381.2 (95% CI, 257.2-564.8) for the 15-ug
group. The day 42 GMTs were 401.7 (95% CI, 269.8-594.4) and
437.0 (95% CI, 300.5-635.4) for the 7.5-ug group and 15-pg
group, respectively. Similarly, there were no significant differ-
ences regarding seroconversion or the increase of GMTs (GMI)
between the dose groups (Table 1).

In previous vaccination studies, a strong dependence of the
NAi antibody response on prior exposure to HA and NA mole-
cules was reported [27, 37-39]. In the current study, all serum
samples tested were positive at baseline in the ELLA (Figure 1),
indicating that all subjects had prior exposure to N1 NA. To
investigate whether the induction of NAi antibodies by the pan-
demic H5N1 vaccine was influenced by the level of preexisting
anti-N1 NA immunity, the prevaccination NAI titers of the study
subjects were compared with their respective postvaccination
NAI titers. For both NAi assays, preexisting titers correlated po-
sitively with postimmunization titers (TBA assay: Spearman
r = 0.79, P < .0001; ELLA: Spearman r = 0.66, P < .0001),
suggesting that vaccination-induced NAI titers build upon pre-
existing anti-N1 immunity. The levels of preexisting serum NAi
antibody titers did not differ significantly (P = .05) between
subjects previously shown to have some level of anti-H5 virus-
neutralizing antibodies at baseline (n = 33), as determined by
MN assays [6] and those lacking them (n = 50). To evaluate the
influence of preexisting H5 antibody titers on the induction of N1
antibodies by vaccination, NAi antibody titers were compared
between subjects who had tested seropositive or seronegative at
baseline in the MN or the SRH assays. No significant difference
(P = .05) was seen in the day 42 postvaccination NAi antibody
titers (TBA assay and ELLA) in subjects who were MN assay
positive at day 0 and those who were MN assay negative. Similarly,
the day 42 NAi titers did not differ significantly (P = .05) between
groups that were reactive (n = 14) or nonreactive (n = 69) in the
SRH assay at baseline. Thus, preexisting immunity toward H5 HA
did not influence the N1 NAi antibody response in this study.

We further addressed the question of whether there is a cor-
relation between antibody titers directed against N1 and H5 in-
duced by H5N1 vaccination. The individual titer results derived
from the sensitive ELLA correlated well with the previously de-
termined corresponding MN assay results (Spearman r = 0.67,
P < .0001) (Table 2). Because 2 vaccine doses induced higher
virus-neutralizing antibody titers against H5 than 1 dose [6],
whereas the NAi antibody response was not significantly boosted
by a second immunization (Figure 1 and Table 1), the correlation
between ELLA and MN results was even more significant when
day 21 results were excluded from analysis (Spearman r = 0.72,
P < .0001). Due to the lower sensitivity of the TBA assay com-
pared with the ELLA, the Spearman coefficient of correlation for
the TBA assay and the MN results was lower, with r = 0.52
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Table 1.

Proportion of Subjects With Seroconversion and Geometric Mean of the Increase From Baseline Based on Antibodies Against

H5 and N1
Seroconversion® GMI Value

Dose Assay Day 21 Day 42 Day 21 Day 42

7.5 g TBA 23.8 (12.1-39.5) 28.6 (15.7-44.6) 2.1 (1.7-2.7) 2.1 (1.6-2.9)
ELLA 59.9 (43.3-74.4) 64.3 (48.0-78.4) 5.3 (3.8-7.4) 5.3 (3.7-7.6)
MNP 35.7 (21.6-52.0) 69.0 (52.9-82.4) 3.2 (2.4-4.2) 5.3 (4.1-6.9)
SRHP 61.9 (45.6-76.4) 73.8 (68.0-86.1) 4.8 (3.2-7.2) 6.3 (4.3-9.1)

15 ug TBA 19.5 (8.8-34.9) 39.0 (24.2-55.5) 2.1 (1.6-2.6) 2.8 (2.2-3.6)
ELLA 53.7 (37.4-69.3) 63.4 (46.9-77.9) 4.6 (3.5-6.0) 5.2 (4.0-7.0)
MNP 34.9 (21.0-50.9) 68.3 (51.9-81.9) 3.1 (2.5-4.0) 5.7 (4.3-7.5)
SRHP 39.5 (25.0-55.6) 58.5 (42.1-73.3) 2.8 (1.9-4.2) 4.7 (3.1-7.1)

Data are % (95% confidence interval) unless otherwise indicated. In all assays the same samples were analyzed. The 95% confidence intervals were calculated
using Minitab software.

Abbreviations: ELLA, enzyme-linked lectin assay; GMI, geometric mean of the increase; MN, microneutralization; SRH, single radial hemolysis; TBA, thiobarbituric acid.

@ Seroconverison was defined as an increase in titers from baseline by a factor of =4 for the TBA assay, the ELLA, and the MN assay results. Seroconversion for
SRH was defined as an increase in hemolysis area by =50% for positive (>3.997 mm?) baseline samples or a postvaccination hemolysis area of =25 mm? for

negative baseline samples.
© Data derived from Ehrlich et al [6].

(P < .0001) for the whole data set and r = 0.55 (P < .0001) when
day 21 results were excluded. The correlation of both NAi assay
results with the corresponding titers as determined by the SRH
assay were of similar significance (ELLA: r = 0.5, P < .0001 for the
whole data set and r = 0.54, P < .0001 without day 21 data; TBA:
r = 0.38, P < .0001 for the whole data set and r = 0.39, P < .0001
without day 21 data) (Table 2). Importantly, after 2 vaccine doses,
the seroconversion rates and the GMI values calculated on the
basis of MN, SRH, and ELLA data were very similar (Table 1).
Taken together, these data indicate that proportionally strong
immune responses to the HA and NA components of the vaccine
were induced.

DISCUSSION

The current study represents to our knowledge the first report
on the induction of anti-NA immunity in humans in response to
pandemic H5N1 vaccination. By testing serum samples with the
TBA assay and the ELLA, we have investigated the induction of
anti-N1 NAi antibodies in subjects after 1 or 2 immunizations
(Figure 1). The induction of substantial NAi antibody titers after

a single vaccination, in contrast to the induction of an immune
response toward H5 HA, which generally requires 2 immuni-
zations for an optimal response [6, 40], is characteristic of
a primed response. Indeed, the highly sensitive ELLA revealed
that all study subjects tested had some level of preexisting
N1-specific NAi antibody, presumably due to exposure to, or
vaccination with, N1-containing seasonal influenza viruses.
Given that HIN1 influenza A viruses have been circulating for
decades and primary influenza infections typically occur during
childhood, this finding is not surprising in that all study subjects
were in the 18—45-year age group. Consistent with that obser-
vation, maximum NAi titers were already achieved after the first
immunization, that is, a booster dose for this primed study
population, with only insignificant increases in NAi titers after
the second immunization.

NAi antibodies to N1 might be of particular importance in the
event of a H5N1 pandemic, where the majority of the population
would be naive for the H5 HA protein. Vaccination against
a seasonal strain of influenza that shares the NA with a potential
pandemic virus thus seems to provide for an additional benefit
in a pandemic situation by inducing cross-reactive NA-specific

Table 2. Correlation Between Antibody Titers Assessed by Different Test Methods

TBA ELLA MN SRH
TBA r=0.83; P < .0001 r=0.52; P <.0001 r=0.38; P < .0001
ELLA r=0.83; P<.0001 r=0.67; P<.0001 r=0.50; P < .0001
MN r=0.52; P < .0001 r=0.67; P < .0001 r=0.71; P < .0001
SRH r=0.38; P < .0001 r=0.50; P < .0001 r=0.71; P < .0001

Nonparametric Spearman correlations were calculated using GraphPad Prism software version 5.0.

Abbreviations: ELLA, enzyme-linked lectin assay; MN, microneutralization; SRH, single radial hemolysis; TBA, thiobarbituric acid.
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antibodies. Indeed, experiments in mice have demonstrated that
vaccination with DNA encoding the NA of a seasonal HIN1
virus provides partial cross-protection against H5N1 influenza
virus challenge [41]. To further investigate the role of immu-
nological priming in the NAi response to vaccination, an NA
antibody—negative study population (eg, pediatric subjects)
would be of interest. In young children who have not encoun-
tered influenza infections and are naive to both HA and NA, the
effective induction of antibodies by a pandemic influenza vac-
cine would be of particular importance.

In the current study, vaccination-induced NAi titers corre-
lated with preexisting anti-N1 NAi titers, that is, the antibody
response to vaccination is increased in subjects with high pre-
vaccination anti-N1 antibody titers as compared with those with
lower titers, indicative of priming to the N1 antigen. In contrast,
there was no influence of preexisting H5-specific antibodies on
the NAi response to vaccination. Thus, a previously developed
hypothesis that a certain NA exhibits maximum immunoge-
nicity in populations primed with this NA but lacking antibodies
to the HA protein of the vaccine virus strain [27, 37-39] is not
supported by the results of our study. No statistically significant
difference in NAi titers was seen between the 7.5- and 15-ug HA
vaccine doses in this report, or between 3.75 and 30 pg of HA in
the previous investigation of HA-specific immunogenicity of the
vaccine [6]. In another study, however, 180 pg of HA antigen in
a trivalent seasonal influenza split vaccine induced significantly
higher NAi, as well as HA-specific antibody titers in elderly
subjects, compared with a standard dose of 45 pg HA [33]. This
divergent observation may be explained by the differences
in vaccine compositions and the very large amount of antigen
investigated.

It has previously been suggested that the antigen content of
both surface glycoproteins, HA and NA, should be standardized
in influenza vaccines [41]. The highly significant correlation of
NAi antibody titers determined by the ELLA and HA-specific
neutralizing antibody titers as determined by MN assays of the
same serum samples, described in the current study, suggests
that the NA and HA components of the H5NI1 vaccine were
similarly immunogenic in the study population (Table 2). This
finding is further supported by the comparable GMI values
calculated from results of the ELLA and the MN assay (Table 1).
In studies administering equivalent amounts of purified HA and
NA antigens to mice, equivalent HA- and NA-specific ELISA
titers were found, confirming the generally equal immunogenic
potential of both proteins [13]. However, seroconversion rates
based on NAI titers have been reported to be lower than the rates
based on HA-specific antibody titers even in NA-primed pop-
ulations [38, 42]. This effect has either been assigned to greater
molar amounts of HA than NA proteins on the viral surface and
molecular antigenic competition between these molecules being
in favor of HA [39, 42], or to the variable content of immuno-
genic NA in vaccines [37, 43], leading to poor NA-specific

antibody responses. In light of the current investigation, the
sensitivity of the assays used to measure antibodies specific for
HA and NA should also be taken into consideration to explain the
described divergence in antibody frequency. The seroconversion
rates calculated in the present study from titers determined by
the insensitive TBA assay (Figure 1, Table 1) were well aligned
with those previously reported for seasonal influenza virus vac-
cines [25-27, 37, 38, 41]. In contrast, the day 42 seroconversion
rates based on MN and SRH assay results were in line with the
rates based on the ELLA titers (Table 1). Thus, beyond the earlier
described effectiveness of the Vero cell-derived whole-virus
H5NT1 vaccine in inducing antibodies to the virus HA, we show
here that this vaccine is equally effective in inducing antibodies to
the NA. Consequently, it seems that adjusting the antigen amount
of the vaccine according to the HA concentration, as is currently
done, can be considered adequate.

To more conclusively investigate the breadth of antibody
specificity following influenza vaccination, qualified assay sys-
tems for the evaluation of NAi antibodies need to be available.
Our study provides the first head-to-head comparison of the
TBA-based assay and the ELLA. While the results obtained with
these assays correlated well (Figure 2), the ELLA showed far
better sensitivity. Another advantage of the ELLA is that it does
not require hazardous reagents, unlike the TBA assay. Thus, due
to its safety and superior performance, the ELLA would be the
assay of choice for the determination of NAi antibody responses
during clinical influenza vaccine evaluations.

Notes

Acknowledgments. The authors are grateful to Nicole Hetzelt, Cherry
Abraham, and Mandy Reinhardt for excellent performance of NA inhibition
assays and Daniel Portsmouth for critically reading the manuscript.

Financial support. This work was supported by Baxter BioScience.

Potential conflicts of interest. All authors are employed by Baxter
BioScience, the manufacturer of the Vero cell culture-derived H5N1
vaccine.

All authors have submitted the ICMJE Form for Disclosure of Potential
Conflicts of Interest. Conflicts that the editors consider relevant to the
content of the manuscript have been disclosed.

References

1. World Health Organization (WHO). Cumulative number of confirmed
human cases of avian influenza A/(H5N1) reported to WHO. http://
www.who.int/csr/disease/avian_influenza/country/cases_table_2011_04_
21/en/index.html. Accessed 23 May 2011.

2. Kistner O, Howard MK, Spruth M, et al. Cell culture (Vero) derived
whole virus (H5N1) vaccine based on wild-type virus strain induces
cross-protective immune responses. Vaccine 2007; 25:6028-36.

3. Howard MK, Kistner O, Barrett PN. Pre-clinical development of cell
culture (Vero)-derived H5N1 pandemic vaccines. Biol Chem 2008;
389:569-77.

4. Sabarth N, Howard MK, Savidis-Dacho H, van MA, Barrett PN,
Kistner O. Comparison of single, homologous prime-boost and het-
erologous prime-boost immunization strategies against H5N1 influenza
virus in a mouse challenge model. Vaccine 2010; 28:650—6.

Neuraminidase-Inhibiting Antibodies in H5N1 Vaccinees o JID 2012:205 (1 January) e 33

Zz0z 1snbny 9| uo1senb Aq L1/ /8/82/1/502/31o1e/pil/woo dnoolwspede//:sdpy woll papeojumoq


http://www.who.int/csr/disease/avian_influenza/country/cases_table_2011_04_21/en/index.html
http://www.who.int/csr/disease/avian_influenza/country/cases_table_2011_04_21/en/index.html
http://www.who.int/csr/disease/avian_influenza/country/cases_table_2011_04_21/en/index.html

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Ehrlich HJ, Muller M, Fritsch S, et al. A cell culture (Vero)-derived H5N1

whole-virus vaccine induces cross-reactive memory responses. J Infect Dis
2009; 200:1113-8.

. Ehrlich HJ, Muller M, Oh HM, et al. A clinical trial of a whole-virus H5N1

vaccine derived from cell culture. N Engl ] Med 2008; 358:2573-84.

. Schild GC, Oxford JS, Virelizier JL. Immunity to influenza. Dev Biol

Stand 1975; 28:253-72.

. Kilbourne ED, Laver WG, Schulman JL, Webster RG. Antiviral activity

of antiserum specific for an influenza virus neuraminidase. J Virol
1968; 2:281-8.

. Jahiel RI, Kilbourne ED. Reduction in plaque size and reduction in

plaque number as differing indices of influenza virus-antibody reactions.
] Bacteriol 1966; 92:1521-34.

Johansson BE, Bucher DJ, Kilbourne ED. Purified influenza virus
hemagglutinin and neuraminidase are equivalent in stimulation of an-
tibody response but induce contrasting types of immunity to infection.
] Virol 1989; 63:1239-46.

Johansson BE, Grajower B, Kilbourne ED. Infection-permissive im-
munization with influenza virus neuraminidase prevents weight loss in
infected mice. Vaccine 1993; 11:1037-9.

Johansson BE, Matthews JT, Kilbourne ED. Supplementation of con-
ventional influenza A vaccine with purified viral neuraminidase results
in a balanced and broadened immune response. Vaccine 1998; 16:
1009-15.

Johansson BE, Brett IC. Recombinant influenza B virus HA and NA
antigens administered in equivalent amounts are immunogenically
equivalent and induce equivalent homotypic and broader heterovariant
protection in mice than conventional and live influenza vaccines. Hum
Vaccin 2008; 4:420-4.

Brett IC, Johansson BE. Immunization against influenza A virus:
comparison of conventional inactivated, live-attenuated and re-
combinant baculovirus produced purified hemagglutinin and neur-
aminidase vaccines in a murine model system. Virology 2005; 339:
273-80.

Schulman JL, Khakpour M, Kilbourne ED. Protective effects of specific
immunity to viral neuraminidase on influenza virus infection of mice.
] Virol 1968; 2:778-86.

Murphy BR, Kasel JA, Chanock RM. Association of serum anti-
neuraminidase antibody with resistance to influenza in man. N Engl ] Med
1972; 286:1329-32.

Clements ML, Betts RF, Tierney EL, Murphy BR. Serum and nasal wash
antibodies associated with resistance to experimental challenge with
influenza A wild-type virus. J Clin Microbiol 1986; 24:157-60.

Couch RB, Kasel JA, Gerin JL, Schulman JL, Kilbourne ED. Induction
of partial immunity to influenza by a neuraminidase-specific vaccine.
] Infect Dis 1974; 129:411-20.

Murphy BR, Markoff L], Hosier NT, et al. Temperature-sensitive
mutants of influenza A virus: evaluation of A/Victoria/3/75-ts-1[E]
recombinant viruses in volunteers. Infect Immun 1978; 20:671-7.
Monto AS, Kendal AP. Effect of neuraminidase antibody on Hong
Kong influenza. Lancet 1973; 1:623-5.

Beutner KR, Rizzone C, DeMello S, Ogra PL. Clinical evaluation of
neuraminidase monospecific (HEQN2) recombinant influenza vaccine
in children. Dev Biol Stand 1976; 33:162-70.

Beutner KR, Chow T, Rubi E, Strussenberg ], Clement J, Ogra PL.
Evaluation of a neuraminidase-specific influenza A virus vaccine in
children: antibody responses and effects on two successive outbreaks of
natural infection. ] Infect Dis 1979; 140:844-50.

Kilbourne ED, Johansson BE, Grajower B. Independent and disparate
evolution in nature of influenza A virus hemagglutinin and neur-
aminidase glycoproteins. Proc Natl Acad Sci U S A 1990; 87:786-90.
European Medicines Agency (EMEA). Guideline for dossier structure
and content for pandemic influenza vaccine marketing authorisation
application. http://www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2009/10/WC500003993.pdf. Accessed 23 May 2011.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Powers DC, Kilbourne ED, Johansson BE. Neuraminidase-specific
antibody responses to inactivated influenza virus vaccine in young and
elderly adults. Clin Diagn Lab Immunol 1996; 3:511-6.

Marcelin G, Bland HM, Negovetich NJ, et al. Inactivated seasonal in-
fluenza vaccines increase serum antibodies to the neuraminidase of
pandemic influenza A(HIN1) 2009 virus in an age-dependent manner.
] Infect Dis 2010; 202:1634-8.

Kilbourne ED, Cerini CP, Khan MW, Mitchell JW Jr, Ogra PL. Im-
munologic response to the influenza virus neuraminidase is influenced
by prior experience with the associated viral hemagglutinin. I. Studies
in human vaccinees. ] Immunol 1987; 138:3010-3.

Kilbourne ED, Couch RB, Kasel JA, et al. Purified influenza A virus N2
neuraminidase vaccine is immunogenic and non-toxic in humans.
Vaccine 1995; 13:1799-803.

Hassantoufighi A, Zhang H, Sandbulte M, et al. A practical influenza
neutralization assay to simultaneously quantify hemagglutinin and
neuraminidase-inhibiting antibody responses. Vaccine 2010; 28:790-7.
Lambre CR, Terzidis H, Greffard A, Webster RG. Measurement of anti-
influenza neuraminidase antibody using a peroxidase-linked lectin and
microtitre plates coated with natural substrates. ] Immunol Methods
1990; 135:49-57.

Lambre CR, Terzidis H, Greffard A, Webster RG. An enzyme-linked
lectin assay for sialidase. Clin Chim Acta 1991; 198:183-93.
Sandbulte MR, Gao J, Straight TM, Eichelberger MC. A miniaturized
assay for influenza neuraminidase-inhibiting antibodies utilizing re-
verse genetics-derived antigens. Influenza Other Respi Viruses 2009;
3:233-40.

Cate TR, Rayford Y, Nino D, et al. A high dosage influenza vaccine
induced significantly more neuraminidase antibody than standard
vaccine among elderly subjects. Vaccine 2010; 28:2076-9.

Sultana I, Gao J, Markoff L, Eichelberger MC. Influenza neuraminidase-
inhibiting antibodies are induced in the presence of zanamivir. Vaccine
2011; 29:2601-6.

Kistner O, Barrett PN, Mundt W, Reiter M, Schober-Bendixen S,
Dorner F. Development of a mammalian cell (Vero) derived candidate
influenza virus vaccine. Vaccine 1998; 16:960-8.

Webster RG, Krauss S. WHO manual on animal influenza diagnosis
and surveillance. http://www.who.int/csr/resources/publications/influenza/
whocdscsrnes 20025rev.pdf. Accessed 23 May 2011.

Kendal AP, Noble GR, Dowdle WR. Neuraminidase content of influenza
vaccines and neuraminidase antibody responses after vaccination of
immunologically primed and unprimed populations. J Infect Dis 1977;
136(Suppl):S415-24.

Kendal AP, Bozeman FM, Ennis FA. Further studies of the neuramini-
dase content of inactivated influenza vaccines and the neuraminidase
antibody responses after vaccination of immunologically primed and
unprimed populations. Infect Immun 1980; 29:966-71.

Johansson BE, Moran TM, Bona CA, Popple SW, Kilbourne ED. Im-
munologic response to influenza virus neuraminidase is influenced by
prior experience with the associated viral hemagglutinin. II. Sequential
infection of mice simulates human experience. ] Immunol 1987; 139:
2010-4.

Treanor JJ, Campbell JD, Zangwill KM, Rowe T, Wolff M. Safety and
immunogenicity of an inactivated subvirion influenza A (H5N1) vaccine.
N Engl ] Med 2006; 354:1343-51.

Sandbulte MR, Jimenez GS, Boon AC, Smith LR, Treanor JJ, Webby RJ.
Cross-reactive neuraminidase antibodies afford partial protection
against H5N1 in mice and are present in unexposed humans. PLoS
Med 2007; 4:e59.

Kilbourne ED. Comparative efficacy of neuraminidase-specific and
conventional influenza virus vaccines in induction of antibody to
neuraminidase in humans. J Infect Dis 1976; 134:384-94.

Tanimoto T, Nakatsu R, Fuke I, et al. Estimation of the neuraminidase
content of influenza viruses and split-product vaccines by immuno-
chromatography. Vaccine 2005; 23:4598-609.

34 e JID 2012:205 (1 January) e Fritz et al

Zz0z 1snbny 9| uo1senb Aq L1/ /8/82/1/502/31o1e/pil/woo dnoolwspede//:sdpy woll papeojumoq


http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/10/WC500003993.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/10/WC500003993.pdf
http://www.who.int/csr/resources/publications/influenza/whocdscsrncs 20025rev.pdf
http://www.who.int/csr/resources/publications/influenza/whocdscsrncs 20025rev.pdf

