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Background Antibodies to neuraminidase (NA) contribute to
protection during influenza virus infection, but NA inhibition
(NI) titers are not routinely analyzed in vaccine trials. One reason
is the cumbersome nature of the conventional thiobarbituric acid
(TBA) NI assay, which uses chemical methods to quantify free
sialic acid following incubation of NA with substrate in the
presence of serum. In addition, the assay is complicated by the
need to use virus of a hemagglutinin (HA) subtype novel to the
host to detect NA-specific antibodies only.

Objectives Our primary objectives were to miniaturize the
colorimetric NI assay to a format suitable for quantitative analysis
of large numbers of samples, and validate the specificity and
sensitivity of the miniaturized format with ferret and human sera.
An additional aim was to use reverse genetics to construct HA-

mismatched viral reagents bearing NA of recent influenza A
vaccine strains and H6 HA.

Results Analysis of ferret antisera by the miniaturized assay
demonstrated sensitivity and specificity comparable with the
conventional assay. Similar increases in the NI titers in sera from
vaccinated human volunteers were measured in miniaturized and
conventional assays. Inactivated and live-attenuated vaccines increased
NI titers against a given subtype at approximately the same rate.

Conclusions The reagents and miniaturized format of the TBA
method described here provide a platform for practical serological
monitoring of functional antibodies against NA.

Keywords Influenza virus, miniaturized assay, neuraminidase,
reverse genetics.
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Introduction

Neuraminidase (NA) is one of the two major surface anti-
gens of influenza viruses. The enzymatic activity of NA
contributes to efficient viral replication as it enables spread
in a host by cleavage of new virions from infected cells to
permit dispersal of aggregated virions."” Neuraminidase
may also digest decoy receptors that impede the access of
virions to respiratory epithelial cells.’

Antibodies that inhibit NA activity reduce viral replica-
tion in cell culture and decrease the size of plaques formed
on cell monolayers.*> Animal challenge experiments have
shown that the presence of NA-specific immunity can
reduce disease severity upon infection,® and retrospective
epidemiological studies have supported similar conclusions
in the human host.” The known influenza A viruses are
classified into nine NA subtypes according to serological
properties. In the typical serotyping assay, a substrate with

complex carbohydrates that contain terminal sialic acid
residues, is subjected to digestion by viral NA in the pre-
sence or absence of subtype-specific serum. Detection of
liberated sialic acid correlates with NA activity, so that
inhibition of this signal by serum is attributed to functional
anti-NA antibodies. In the classical NA assay, sialic acid is
cleaved from fetuin, a highly glycosylated protein, and
detected by the periodate-thiobarbituric acid reaction.® NA
inhibition (NI) can be quantified using the same method
to measure NA activity of a defined target virus in the pre-
sence of serial dilutions of serum.’ In conventional proto-
cols for this assay, such as described in the World Health
Organization Manual on Animal Influenza Diagnosis and
Surveillance,'® all steps for incubation of virus with serum
and substrate and chemical reactions are performed in glass
test tubes. Several steps are required after the incubation of
virus and serum with fetuin substrate, beginning with addi-
tion of periodate to oxidize the free sialic acid product.
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Subsequent steps include the addition of arsenite to stop
the oxidation reaction; addition of thiobarbituric acid
(TBA) followed by heating to convert the product to a
chromophore (f-formylpyruvic acid); extraction of the
chromophore into an organic phase; and measurement of
absorbance. Hence, sample processing is cumbersome and
requires significant volumes of multiple hazardous
chemicals. It is impractical to assay large numbers of sera
by this method. A non-quantitative microtiter plate form
of the assay to expedite NA subtyping was previously
reported.'!

The aim of this study was to develop a quantitative,
miniaturized format for the classical TBA method which
would provide a more practical way to quantify NI anti-
body titers in large numbers of samples. NI assays can be
susceptible to background interference by HA-specific anti-
bodies that hinder the substrate’s access to the NA catalytic
site.">”'* Therefore, we generated viral reagents by cloning
and reverse genetics to contain the relevant NA gene in
combination with H6 HA, a novel subtype for humans
which has been used in past NI assays.'>'® After establish-
ing optimized conditions for the miniaturized assay, its
sensitivity and specificity were tested using ferret and
human sera against N1 and N2 antigens of recent seasonal
influenza vaccine strains, and compared directly with
results obtained using the conventional protocol.

A clinical study in which volunteers were challenged with
wild-type influenza virus showed a correlation between
serum NI titer and protection against illness in individuals
vaccinated with either an inactivated or live-attenuated
vaccine.'” To evaluate the use of our miniaturized assay to
identify responses following vaccination, we analyzed
responses to NA in groups of volunteers immunized with
the 2006/2007 formulation of either trivalent inactivated
vaccine (TIV) or live-attenuated influenza vaccine (LAIV).

Materials and methods

Viruses

Influenza A virus A/New Caledonia/20/1999 (HIN1) was
supplied by the United States Centers for Disease Control
and Prevention (CDC); and A/Wisconsin/67/2005 NYMC
X161B (H3N2) was supplied by Dr. Galina Vodeiko (FDA
Center for Biologics Evaluation and Research). A virus
derived by traditional reassortment between H6NI1 virus
A/turkey/Massachussettes/3740/1975 (A/tk/Mass/75) and
A/Puerto Rico/8/34 (PR8) was contributed by Dr. Doris
Bucher (New York Medical College). For reverse genetics-
derived viruses used, the NA gene segments of A/New
Caledonia/20/99 and A/Wisconsin/67/2005 and the HA
segment of A/tk/Mass/75 were amplified by PCR with uni-
versal primers'® and cloned into the plasmid pHW2000.
Sequences of cloned inserts matched the intended viral

genes at the amino acid level. The empty plasmid and plas-
mids encoding PR8 genes were provided by Dr. Robert
Webster (St. Jude Children’s Research Hospital). Reassor-
tant viruses bearing NA of a given vaccine strain, H6 HA
of A/tk/Mass/75, and the complementary six gene seg-
ments of PR8 were rescued by 8-plasmid reverse genetics,
as previously described.’ The viral constructs bearing NA
of A/New Caledonia/20/1999 and A/Wisconsin/67/2005
are referred to as H6Nlnewcal09 and H6N2yyi 05, respec-
tively. HA and NA genes of the rescued viruses were con-
firmed by sequencing. HA cross-reactivity between the H6
viral constructs and ferret sera specific to A/New Caledo-
nia/20/1999 or A/Wisconsin/67/2005 was undetectable by
standard HA inhibition tests®® using chicken erythrocytes.
All viruses were propagated in 10-day fertilized chicken
eggs, harvested, and concentrated by ultracentrifugation
through 25% sucrose.

Serum specimens

Ferret sera supplied by the CDC, Influenza Virus Surveil-
lance and Diagnosis Branch, were collected from naive
(normal) or virus-infected animals. Human serum speci-
mens were collected from volunteers before and 4 weeks
after immunization with (split) TIV or LAIV seasonal vac-
cines (2006-2007 season) at Brooke Army Medical Center
(Fort Sam Houston, TX, USA) under an IRB-approved
protocol and after obtaining informed consent.

Neuraminidase inhibition assays

The miniaturized format of the NI assay was developed by
reduction and optimization of the conventional assay
described in the 2002 WHO Manual on Animal Influenza
Diagnosis and Surveillance'® and is summarized below.
Fetuin was diluted in phosphate-buffered saline (PBS) to
25 mg/ml, except where noted. Each virus was titrated in
PBS (pH 7+4) containing 0-1% bovine serum albumin
(PBS-0-1% BSA) to determine the dilution that yields an
optical density at wavelength 550 nm (ODss5,) of 1:0 in the
final extracted chromophore layer. Please note that NAs of
some other HIN1 and H3N2 strains have shown a marked
dependence on divalent cations in diluent (e.g., saline with
titrated CaCl, or Dulbecco’s PBS with Ca**and Mg*") for
optimal activity. Twofold serial dilutions of serum were
made in duplicate across wells of a 96-well polypropylene
PCR plate (Eppendorf, Hamburg, Germany). Six sera were
typically titrated across seven dilutions in one plate that
included controls. In each well, 5 ul serum diluted in PBS
was mixed with 5 ul virus and incubated for 30-45 minutes
at room temperature. Volumes were dispensed by a low-
multi-channel  pipette. Next, 5 ul fetuin
(25 mg/ml) was added per well. Four fetuin control wells
for background signal contained the substrate alone with

volume

respective buffers in place of serum and virus, and four
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virus control wells for non-inhibited signal contained all
components except serum (PBS in place of serum). The
plates were sealed, mixed, and incubated at 37°C in a PCR
thermocycler or cabinet incubator for 15-16 hours or for
2 hours, where noted. Detection of free sialic acid was
initiated with addition of 5 ul periodate reagent per well
(200 mm NalO,, 53% H3PO,, stored in the dark) for a
15-20 minutes incubation at room temperature. Each well
then received 25 ul arsenite reagent (1M AsNaO,, 700 mm
Na,SO,, 0:3% concentrated H,SO,), and the plate was agi-
tated until the yellow color disappeared. Next, 50 ul of
TBA reagent (50 mm TBA, 625 mm Na,SO,,) was added
per well, wells were closed with cap strips, and the plate
was incubated 15 minutes at 99°C on a PCR thermocycler
block with heated lid. Plates were chilled on an ice bath for
5-10 minutes. Warrenoff reagent (95% 1-butanol, 5% con-
centrated HCI) was dispensed at 75 ul per well, wells were
sealed with cap strips or MicroAmp optical adhesive film
(Applied Biosystems, Foster City, CA, USA), and each plate
was vortexed vigorously until the extraction of pink chro-
mophore to the organic layer was clearly evident. Plates
were centrifuged at 250 x g for 5 minutes to separate
phases, and 50 pl of the upper phase per well was trans-
ferred to Costar 96-well half area flat bottom plates (Corn-
ing Life Sciences, Corning, NY, USA). Sample absorbance
was analyzed on a Victor’ V multi-label reader with a
550 nm filter (PerkinElmer, Waltham, MA, USA). BSA,
fetuin, and chemical compounds, including pure N-acetyl
neuraminic acid (NANA), were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

The mean background absorbance obtained in fetuin
control wells (no virus or serum) was subtracted from
readings of all other wells. Based on the results of an
empirical test to determine the ratio of sample absorbance
of 50 pul in a 96-well half area plate and in a standard spec-
trophotometer (data not shown), the background-corrected
readings were multiplied by 3-1 to derive OD values as
defined in a 1-cm cuvette spectrophotometer. Assay results
were accepted if the mean ODss, values of virus control
samples (no serum) was 0-7-1-3 and fetuin control samples
were <0-1. NI titers were defined as the inverse of the high-
est serum dilution at which the mean absorbance was
<50% of the mean signal of virus controls. Human samples
with titers <5 were assigned a value of 2-5 for the purpose
of calculating geometric mean titers.

The conventional NI assay was performed in test tubes
as described in the 2002 WHO manual,'’ with the follow-
ing adjustments and differences from the miniaturized
assay. Each virus preparation was diluted in PBS—0-1% BSA
to a concentration providing NA activity that yielded an
end ODs,o reading of 0-5 by a cuvette spectrophotometer
in the absence of serum (using a fetuin control sample to
blank the instrument). Following incubation of 50 ul virus
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with an equal volume of each serial dilution of serum for
30 minutes at room temperature, 100 ul fetuin solution
(12-5 mg/ml) was added per sample and incubated at 37°C
for 15-16 hours. Volumes of periodate, arsenite, TBA, and
Warrenoff reagents added per sample were 0-1, 10, 2-5,
and 3:0 ml, respectively. Arsenite reagent contained
770 mm AsNaQO, and 500 mm Na,SO,, with 0-3% H,SO,,
while TBA reagent contained 42 mm TBA and 500 mm
Na,SO,. Incubation of samples with TBA reagent was per-
formed in a boiling water bath. Absorbance was measured
in 1-cm cuvettes with a SmartSpec 3000 spectrophotometer
(Bio-Rad Laboratories, Hercules, CA, USA) at wavelength
549 nm.

Statistical analysis

The intra-assay variability of the miniaturized assay was
determined by performing 12 replicate titrations of a human
serum sample, prepared separately and tested against
H6N Inewcal 9o and HON2yisc 05 antigens. To generate con-
tinuous data sets for analysis of variance, dilution factors
were transformed (log,) and 50% endpoint titers were
determined using non-linear regression (GraphPad Prism,
GraphPad Software, La Jolla, CA, USA). In accordance with
the previous analysis of traditional NI assay data,”’ the
standard deviation (SD) of log,-transformed NI titers from
each data set was calculated by sum of squares analysis.

Results

The TBA method was miniaturized by reducing volumes of
all constituents sufficiently for a 96-well plate format. Viral
antigen concentrations were standardized for a balance of
robust signal quantification and sensitivity to serum inhibi-
tion. Because the miniaturized assay was conducted in wells
of a PCR plate, the incubation step conventionally per-
formed in a boiling water bath could be performed effec-
tively in a thermocycler block. Sealing plates with cap strips
or adhesive film permitted all incubations and the extrac-
tion of chromophore to be conducted within a closed con-
tainer. Rapid colorimetric analysis of samples was
performed with a microplate reader.

To assess the linear range for free sialic acid quantifica-
tion in the miniaturized NA assay format, we analyzed
twofold serial dilutions of NANA that were dispensed in
duplicate wells (15 pl/well). ODsso signal increased in
direct proportion to sialic acid quantity across a
0-7-20 nmol range (0-1-2-7 ODssp, Figure 1A). The levels
of sialic acid detected after overnight fetuin incubation with
serially diluted H6NIyewcal 90 and H6N2yyis,99 Were pro-
portional to virus concentration within approximately the
same ODssq limits (Figure 1B). A value of 1-0 ODss5, was
selected as the target for NA antigen dilutions in the minia-
turized NI assay.
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Figure 1. Colorimetric detection of sialic acid in a miniaturized assay
format. (A) Serial dilutions of purified N-acetyl neuraminic acid were
added to duplicate wells of a 96-well PCR microplate, converted to
chromophore by the miniaturized periodate-thiobarbituric acid
reactions, extracted, and measured in terms of absorbance at 550 nm.
(B) Allantoic fluid stocks of reverse genetics-derived viruses
H6N1newcal, 90 and HEN2yis 05 were serially diluted and incubated
overnight with fetuin substrate in duplicate microplate wells. Liberated
sialic acid was assayed in the same manner as N-acetyl neuraminic acid
was assayed in (A). For subsequent NI antibody analysis, each virus was
diluted to the concentration which yielded a reading of 1-0. Error bars
represent the standard deviation (SD) of replicate wells. At some data
points, the SD is not large enough for bars to be visible.

To demonstrate specificity of the assay, sera harvested
from ferrets previously infected with A/New Caledo-
nia/20/1999 or A/Wisconsin/67/2005 vaccine strain
viruses were tested for NI activity against H6N1newcal 99
and H6N2yy;s,5 viral antigens. Each ferret antiserum inhib-
ited the homologous NA, but did not inhibit NA of the
other subtype (Figure 2). The 50% inhibition titers deter-
mined with the miniaturized assay equaled or exceeded the
corresponding titers obtained using the conventional assay
(Table 1).

Neuraminidase activity in the miniaturized assay was
also measurable using a 2-hour incubation of virus with
fetuin substrate, and this signal was enhanced moderately
by doubling the fetuin concentration (data not shown).
However, an increased amount of virus was necessary in
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Figure 2. Analysis of ferret antiserum NI activity against homologous
and heterosubtypic NA antigens in miniaturized colorimetric assay.
Serial dilutions of normal ferret serum (NFS), ferret anti-A/New
Caledonia/20/1999, and ferret anti-A/Wisconsin/67/2005 were
incubated for 30 minutes with (A) HENTnewcal, 99 OF (B) HEN2wis, 05
antigens in duplicate wells of a 96-well microplate. Fetuin substrate was
added, and samples were incubated 15 hours at 37°C. Sialic acid
cleavage from the substrate was quantified using the miniaturized
colorimetric assay.

the 2-hour fetuin incubation to provide adequate dynamic
range for reliable quantification of serum NI activity (e.g.,
a signal of at least 0-5 ODs5). A consequence of increased
virus concentration is reduction in sensitivity to serum-
mediated inhibition. For example, assaying ferret anti-
A/New Caledonia/20/1999 in the 2-hour format, with
H6NInewcal 9o antigen at a sixfold greater concentration
than in the overnight format, resulted in a reduction of NI
titer from 1280 to 320. Similarly, assaying ferret anti-
A/Wisconsin/67/2005 in the 2-hour format, with
H6N 1y, 05 at a threefold greater concentration than in the
overnight format, resulted in a reduction of NI titer from
80 to 20.

To compare the sensitivity of conventional and minia-
turized NI assay methods, both were used to analyze ferret
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Table 1. Comparison of NI results using conventional and
miniaturized assays

NI titers by two assays

NA source  Serum Conventional  Miniaturized
H6N1nc /99 Normal ferret <5 <5
Ferret a-HTN1* 320 1280
Ferret o-H3N2** <5 <5
H6N2is, 05  Normal ferret <5 <5
Ferret o-HTN1* <5 <5
Ferret a-H3N2** 40 80
Human Pre Post*** Pre Post
H6N2wis, 05 Volunteer 1 <5 5 5 20
Volunteer 4 <5 5 10 20
Volunteer 6 <5 5 10 20
Volunteer 7 5 5 20 20

NI, neuraminidase inhibition; NA, neuraminidase.

*Ferret anti-A/New Caledonia/20/1999.

**Ferret anti-A/Wisconsin/67/2005.

***Sera were collected 4 weeks after influenza vaccination.

and human sera. NI titers determined for ferret anti-HIN1
and anti-H3N2 sera against homologous antigens were
four- and twofold lower, respectively, when measured by
the conventional assay (Table 1). Four pairs of adult
human serum collected before and after vaccination with a
seasonal LAIV (containing the A/Wisconsin/67,/2005
strain), were analyzed for NI titers against H6N2y;s,05 by
the two methods. Higher anti-N2 NI titers were obtained
with the miniaturized assay, and shifts in titer following
vaccination using either of the two assays were comparable
(Table 1). For some of the pre-vaccination serum samples
the conventional assay yielded no detectable titer at the
lowest tested dilution of serum (<5), whereas the miniatu-
rized assay was sensitive enough to determine a titer of 5
or 10. The increased sensitivity of the miniaturized assay
did not diminish its capacity to detect a rise in NI titer fol-
lowing vaccination; in one case it measured a greater
increase than the conventional assay.

The effect of HA subtype on NI titer determinations
with the miniaturized assay was assessed in the post-vacci-
nation sera of nine human volunteers. Most of these sera
caused more inhibition of NA when assayed against HA-
matched HIN1 virus than against HA-mismatched H6N1
virus (Table 2), which is evidence that the H6NI1 antigen
permits more accurate determination of anti-NA antibody
activity. The impact of HA specificity when assaying N2-
specific titers was less pronounced, but still evident, as

Miniaturized NA inhibition assay |

Table 2. Neuraminidase inhibition assay comparison using antigens
with native viral HA versus HA novel to host

NI titers to NI titers

N1newcal /99 to N2is, 05
Human volunteer ~ HiN1*  H6N1**  H3N2***  H6N2'
#3 160 80 40 20
#4 20 10 20 20
#5 5 <5 40 20
#6 40 20 10 10
#7 20 10 20 20
#13 160 40 80 40
#18 80 80 20 20
#25 >320 160 20 20
#26 40 5 80 80

NI, neuraminidase inhibition; HA, hemagglutinin.
*Tested against wild-type A/New Caledonia/20/1999.
**Tested against reverse genetics-derived virus with H6 HA and

N1newcal /99 genes.
***Tested against A/Wisconsin/67/2005 x 161B.

Tested against reverse genetics-derived virus with H6 HA and
N2wis 05 genes.

three of the nine sera mediated greater inhibition of HA-
matched H3N2 than HA-mismatched H6N2 neuraminidase
activity. Results of these tests are consistent with a moder-
ate exaggeration of NI titers in assays against viruses with
matched HA subtypes, because of HA antibody-mediated
interference, as previously reported.'**

We analyzed the intra-assay variability of NI readings in
the miniaturized assay by performing 12 replicate titrations
of one human serum sample, each of these in duplicate.
The replicates were prepared separately and tested against
both H6N1newcal 09 and H6N2vyis. 05 antigens. To generate
appropriately distributed data sets for analysis of variance,
the dilution factors were transformed (log,) and 50% end-
point titers were determined using non-linear regression.
The mean NI titer against H6Nlyewcalo9 Was 4:16 log,,
with SD 0-182 log,. Against H6N2yys05 the mean titer
was 5-55 log,, with SD 0-175 log,. In both cases, two SDs
equal approximately 0-36 log,, or 1-3. Thus, >1-3-fold dif-
ference in NI titers between two sera tested in the same
assay is considered significant. We intend to confirm this
analysis of intra-assay variability using multiple samples
during inter-laboratory validation studies.

Finally, using the miniaturized NI assay with HA-mis-
matched viruses, NI titers against Nlyewcal 99 and N2vyis 05
homologous to the vaccine antigens were determined in
sera from human volunteers, before and after immuniza-
tion with TIV or LAIV vaccines (Table 3). Prior to vaccina-
tion, NI titers against N1 ranged from <5 to 160, whereas
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Table 3. Subtype-specific NI titers in human volunteers pre- and
post-immunization with seasonal trivalent influenza vaccines*

NI to NI to
Vaccine Human N1Newcal/99 NzWis/OS
group volunteer Pre Post Pre Post
LAIV #1 5 10 10 10
#3 20 20 40 40
#4 10 10 10 10
#5 <5 <5 40 20
#6 20 40 5 10
#7 5 20 10 20
#8 <5 5 5 20
#9 5 5 <5 <5
#10 10 10 <5 5
#13 40 40 80 80
#14 <5 5 5 5
#17 10 10 10 5
#18 80 80 10 20
#19 10 10 <5 5
#21 20 20 20 20
#35 80 80 80 40
GMT 10-9 141 109 130
Response rate 31% 38%
TIV #11 10 20 10 10
#12 5 10 20 40
#15 5 10 20 20
#20 5 5 10 10
#22 20 20 10 10
#23 10 20 10 10
#24 10 10 10 10
#25 160 160 10 10
#26 <5 <5 40 40
#28 20 20 10 20
#29 10 10 10 20
#30 10 10 10 40
#31 5 5 10 10
#32 5 5 20 40
#33 10 20 10 20
#34 20 40 40 80
GMT 10-0 13:0 135 19-2
Response rate 38% 44%

LAIV, live-attenuated influenza vaccine; TIV, trivalent inactivated
vaccine; NI, neuraminidase inhibition; GMT, geometric mean titer.
*Sera assayed against H6N1yewcal 99 and HEN2yyis .05 antigens.

titers against N2 ranged from <5 to 80. Increases in NI
antibody titers against N1 were detected in five of 16 LAIV
recipients and six of 16 TIV recipients. Titers against N2
were increased in six of 16 LAIV recipients and seven of 16
TIV recipients. In the two groups combined, there were six
individuals with rises in titer against both N1 and N2, five
with a rise in titer against only N1, and seven with a rise in
titer against only N2. There were 14 individuals (44%) in
this study with no rise in titer against either NA. Despite
the considerable range in NI titers detected among indivi-

duals, most of the responders to either antigen had only
twofold increases in NI titer, with a few instances of four-
fold increases (three of 64 total comparisons). There
were also three instances in which an NI titer in post-
vaccination serum was twofold lower than the titer in pre-
vaccination serum.

Discussion

Influenza vaccine evaluation could be enhanced by moni-
toring functional antibody responses to NA, in tandem
with HA-specific antibody analysis. One hindrance to the
widespread adoption of NA antibody monitoring is the
lack of suitable high-throughput serological assays. In this
study, we have successfully reduced the scale of the tradi-
tional NI assay in which sialic acid molecules cleaved from
fetuin substrate are measured using periodate-TBA chemi-
cal reactions. There have been no fundamental changes in
the nature or theory underlying the mini-assay procedure.
We have shown that the miniaturized assay retains the NA
subtype specificity of the conventional format, and consis-
tent, robust signals are obtained using proportionally less
viral antigen. Consequently, the miniaturized assay is gen-
erally more sensitive to antibody-mediated inhibition. In
the event that speed of assay completion is a top priority it
is possible to perform the miniaturized assay with a 2-hour
virus-fetuin incubation, rather than overnight. When using
the shorter incubation time, a greater concentration of viral
antigen is required for robust signal readings, and this
reduces the assay’s sensitivity.

Practical advantages for our miniaturized NI assay for-
mat compared with the conventional format include a
marked increase in sample throughput, a 10-fold reduction
in the volume of serum required for NI titration, and
greater safety in handling samples in 96-well plates rather
than racks of open tubes. The small reaction volume is
conducive to handling chemical reagents under the protec-
tion of a standard fume hood, and incubations outside of
the fume hood can be contained by disposable plate sealers
or cap strips. Furthermore, the volume of chemical waste
generated per sample analyzed is reduced by approximately
20-fold. The need for a large capacity boiling water bath is
eliminated, and the equipment necessary for the miniatur-
ized assay format, including a PCR thermocycler (or simple
heat block) for heating and a photometric plate reader, are
generally available.

Neuraminidase inhibition assay results can be distorted
by HA-specific antibodies interfering with substrate clea-
vage by NA."> We therefore cloned HA of an H6 virus for
co-transfection with the contemporary N1 or N2 NA genes
in construction of reassortant viruses to serve as antigens
in the NI assay. Given the general absence of human
immunity to H6 influenza viruses, human serological stu-
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dies performed with these constructs are unlikely to be
affected by HA-specific antibodies. These, or other reverse
genetics-derived viruses designed with alternate HA genes,
offer the same utility for quantification of NI antibody
responses in laboratory animals following vaccination or
challenge.

We utilized the miniaturized assay and reverse genetics-
derived antigen reagents to assay NI titers against Nlype-
Cal’99 and N2wis/05 in pre- and post-vaccination sera of TIV
and LAIV recipients in a small clinical trial. The NA anti-
gens were homologous to the HINI and H3N2 strains
represented in the vaccines. Most individuals had positive
NI titers against both NA subtypes prior to vaccination,
but titers varied substantially. Whether examining Nlyey.
Cals99- or N2wis 0s-Specific NI titers, both vaccine formula-
tions elicited rises in titer in 30-45% of the recipients, and
similar response rates were associated with TIV and LAIV.
Among the five individuals without initially detectable
titers against Nlnewcal 99 OF N2wis 05, three developed low
titers after vaccination. Instances of twofold rises in titer
against either NA subtype far outnumbered fourfold rises,
and none were greater than fourfold, despite the assay’s
capacity to detect much wider differences between indivi-
duals. Thus, both vaccines showed the capacity to induce
NI antibodies, but it does not appear that either vaccine
elicited particularly robust NI responses in this small trial.
The percentages of volunteers with anti-H1 and anti-H3
antibody responses to vaccination — using the convention-
ally defined parameter of a fourfold rise in HAI titer — were
comparable to NI response rates. Probably reflecting pre-
existing titers, both vaccines induced fourfold HAI titer
increases in fewer than one-third of recipients, with respect
to both Hl and H3 (Hassantoufighi and FEichelberger,
unpublished data). The lower magnitude of NI titers in
most human volunteers, even after TIV vaccination, may
result from a low quantity of conformationally intact NA
protein in the vaccine formulation. This parameter is not
standardized or routinely monitored for stability. In the
case of LAIV, enzymatically active NA should be expressed
by virus replicating in vivo, but the amount of expression
is not known.

There were isolated instances of twofold lower NI anti-
body titers in post-vaccination serum compared with pre-
vaccination serum. However, calculating 50% endpoint
titers for these sera by non-linear regression showed that
the difference in titer was only statistically significant in
one of these three pairs. Assigning NI titers as the recipro-
cal of the highest dilution observed to inhibit NA activity
by at least 50% has the advantage of simplicity, but a draw-
back is that two samples which both reach 50% inhibition
very near one of the dilutions may be assigned twofold dif-
ferent titers. Conversely, a pair of samples with a small dif-
ference in NI activity may be assigned the same titer. The
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alternative approach of calculating 50% endpoint titers by
non-linear curve fitting precludes these errors. However,
high accuracy with this approach requires assaying across a
wide range of dilutions, which restricts the output of the
assay. The size and variability of a data set and the aims of
a study may be important considerations in the choice of
method to assign NI titers.

Development of improved methodologies for evaluation
of the immune responses elicited by modern influenza vac-
cines is clearly a desirable objective. NI antibody level has
been shown to correlate with protection against seasonal
influenza in clinical trials,'”** which points to the potential
value of monitoring NI titers as part of seasonal and pre-
pandemic influenza vaccine evaluation. It may be worth
particular consideration in the context of pre-pandemic
vaccines because the antigenic structure of the HA con-
tained within a stockpiled pre-pandemic vaccine may differ
from the strain that becomes transmissible in the human
population, reducing the capacity of HA-specific antibodies
alone to mediate protection.

Because it measures functional inhibition, the conven-
tional TBA assay for antibodies that inhibit NA has clear
relevance to immunity in vivo.”>>* However, the ineffi-
ciency of the standard method has been a serious hin-
drance to its widespread use. By miniaturizing the method
to a microplate format — and in the process enhancing its
sensitivity to serum NI activity — we have developed a
more practical platform for large-scale serological monitor-
ing. In addition, this provides an effective means for com-
paring new methods to quantify NA-specific antibody
responses with the traditional assessment of NA inhibition.
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