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ABSTRACT The kinetics, longevity, and breadth of antibodies to influenza virus
neuraminidase (NA) in archival, sequential serum/plasma samples from influenza A
virus (IAV) H5N1 infection survivors and from patients infected with the 2009 pan-
demic IAV (H1N1) virus were determined using an enzyme-linked lectin-based assay.
The reverse-genetics-derived H4N1 viruses harboring a hemagglutinin (HA) segment
from A/duck/Shan Tou/461/2000 (H4N9) and an NA segment derived from either 1AV
H5N1 clade 1, IAV H5N1 clade 2.3.4, the 2009 pandemic IAV (HTN1) (H1IN1pdm), or
A/Puerto Rico/8/1934 (H1N1) virus were used as the test antigens. These serum/
plasma samples were also investigated by microneutralization (MN) and/or hemag-
glutination inhibition (HI) assays. Neuraminidase-inhibiting (NI) antibodies against N1
NA of both homologous and heterologous viruses were observed in H5N1 survivors
and H1NTpdm patients. H5SN1 survivors who were never exposed to HIN1pdm virus
developed NI antibodies to HIN1pdm NA. Seroconversion of NI antibodies was ob-
served in 65% of the HINTpdm patients at day 7 after disease onset, but an in-
crease in titer was not observed in serum samples obtained late in infection. On the
other hand, an increase in seroconversion rate with the Hl assay was observed in
the follow-up series of sera obtained on days 7, 14, 28, and 90 after infection. The
study also showed that NI antibodies are broadly reactive, while MN and HI antibod-
ies are more strain specific.

KEYWORDS H5NT1 avian influenza virus, pandemic influenza A (H1N1) 2009 virus,
neuraminidase, neuraminidase inhibition assay, reverse-genetics-derived virus,
microneutralization assay, hemagglutination inhibition assay

nfluenza is a major public health problem worldwide. The disease is mainly caused by

influenza type A and type B viruses, although influenza type A virus causes a more
severe disease and is the only type that has caused pandemics in the past (1). Currently,
influenza type A virus is further classified into 18 HA and 11 NA subtypes. Of these
identified type A subtypes, only HINT and H3N2 are the major circulating viruses
causing human influenza. There are 16 H and 9 N subtypes that cause infections in
aquatic birds, and recently discovered H17N10 and H18N11 are bat influenza-like
viruses (2-4). Many avian influenza viruses spread and cause large-scale outbreaks
among domestic poultry and even cross the species barrier to infect humans (5).
Among the avian viruses reported, the highly pathogenic avian influenza (HPAI) H5N1
virus is the most virulent. The first outbreak of H5SN1 HPAI virus in humans was reported
in Hong Kong in 1997 and had a mortality rate of about 30% (6). A new strain of H5N1
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HPAI virus with higher virulence reemerged in late 2003. The virus spread globally and
infected humans in 16 countries with a mortality rate of about 53% (7). Thailand
reported a total of 25 human cases with 17 deaths between January 2004 and July
2006. The kinetics and longevity of the antibody response for some of these patients
as determined by hemagglutination inhibition (HI), microneutralization (MN) (8), and
indirect immunofluorescence (IF) assays (9) have been previously reported.

The antihemagglutinin (anti-HA) antibodies play a dominant role in protection
against HA-matched influenza virus, while anti-NA antibodies may also be protective in
the case of mismatched HA (10-16). HA antibodies block viral attachment to the target
cell surface, and if the virus enters into the endolysosome, these antibodies also block
viral uncoating and release of the nucleoprotein into cytoplasm. On the other hand,
neuraminidase (NA)-inhibiting (NI) antibodies inhibit viral release, preventing viral
spread from infected cells and viral invasion (17). To study the antibody responses to
natural influenza infection or influenza vaccination, most investigators have employed
HI and MN assays that are strain specific. However, to help improve vaccine potency, it
is useful for anti-NA antibodies to be measured as well, although there are fewer
reports of the antibody response against NA than against HA. This study therefore
explored the kinetics and longevity of NI antibodies in archival serum samples from
H5N1 infection survivors and H1N1pdm patients. Moreover, cross-reactive antibodies to
N1 NA from heterologous viruses were also determined. To accomplish this aim,
reverse-genetics-derived H4N1 viruses with N1 genomic segments from various origins
(rgH4N1 viruses) were constructed and used as test antigens for NI antibody measure-
ment in an enzyme-linked lectin assay (ELLA).

RESULTS

Detection of NI antibody in H5N1 infection survivors. NI antibodies against
rgH4N1 viruses carrying homologous NA from HPAI H5N1 A/Thailand/1(KAN-1)/04
(KAN-1 NA) or heterologous NA from A/Laos/Nong Khai 1/2007 (H5N1) (NK-1 NA),
A/Thailand/104/2009 (H1N1) (pdm NA), or A/Puerto Rico/8/1934 (H1N1) (PR8 NA) were
determined by ELLA in 26 sequential serum samples collected from 4 H5N1 survivors
over the period 2005 to 2008. The results of MN and HI assays of these sera have been
previously reported (8). This study found that 3 of the H5N1 survivors had mounted an
NI antibody response against the homologous and all of the heterologous NAs used
(Table 1). Survivor 1 developed a 64-fold increase in NI antibody titer in the serum
samples collected at 2 years 3 months and 2 years 9 months after onset of disease,
while the MN antibody titer was relatively stable in both serum samples. Survivor 2 had
a high NI antibody titer as well as high MN and HI antibody titers in all serum samples
tested. Survivor 3 had no MN antibody in the first blood sample collected at 10 days
after onset of disease, while this sample contained high NI antibody titers against all of
the NAs investigated, suggesting that these might be preexisting NI antibodies that
developed in response to seasonal influenza A (H1N1) viruses. Survivor 4 did not
develop NI antibodies at all, even though the patient produced high and persistent
levels of MN and HI antibodies to KAN-1 virus over the 3 years of follow-up. This set of
H5N1 sera demonstrated broad reactivity of NI antibodies across homologous and
heterologous NAs belonging to the same NA subtype, while HA antibodies are more
specific than NI antibodies (18).

Detection of NI and HI antibodies in HINTpdm patients. Determination of NI
antibodies against 3 rgH4N1 viruses with pdm NA, KAN-1 NA, or PR8 NA was carried out
in sequential serum samples collected at days 0, 7, 14, 28, and 90 from 20 HIN1pdm
patients. A 4-fold or greater rise in NI antibody titer to these rgH4N1 viruses was
observed at day 7 (the seroconversion rate ranged from 55 to 65%), rose to a peak at
day 14 or 28 (the seroconversion rate ranged from 60 to 65%), and then declined as
observed at day 90 (Fig. 1A, B, and C and Table 2). The levels of NI antibodies against
rgH4N1 viruses with pdm NA (homologous NA) were significantly higher than those against
KAN-1 NA and PR8 NA (heterologous NA) (analysis of variance [ANOVA], P < 0.05) (Fig. 1D).
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TABLE 1 MN, HI, and NI antibody titers in H5N1 survivors
Antibody titer to KAN-1

Subject no. Time of collection after virus by:@ NI antibody titer to rgH4N1 carrying:

(gender/age in yr) disease onset MN assay HI assay KAN-1 NA NK-1 NA pdm NA PR8 NA

1 (male/2) 2 yr 3 mo 80 80 80 40 40 <10
2 yr 9 mo 160 80 5,120 1,280 2,560 320
3 yr3 mo 80 80 1,280 640 1,280 160
3yr11 mo 80 80 640 320 640 80
4 yr 5 mo 40 40 640 320 640 80
4yr 11 mo 40 40 640 320 640 40

2 (male/29) 2 yr2 mo 160 80 640 160 160 40
2 yr 8 mo 160 80 640 160 160 40
3yr2 mo 160 80 640 160 160 40
3 yr 10 mo 160 80 640 160 160 40
4 yr 3 mo 80 80 320 80 160 40
4 yr 10 mo 80 80 640 160 160 40

3 (female/32) 10 days <5 20 2,560 640 640 640
1 yr6 mo 160 80 320 640 320 1,280
2yr 160 80 320 320 320 1,280
2 yr 6 mo 160 80 320 640 320 1,280
3 yr3 mo 80 80 320 320 320 1,280
3 yr 8 mo 80 80 320 320 320 1,280
4 yr 2 mo 80 80 320 320 160 1,280

4 (male/7) 20 days 640 160 <10 <10 <10 <10
5 mo 80 80 <10 <10 <10 <10
11 mo 80 80 10 10 10 <10
1yr5mo 40 80 <10 <10 <10 <10
2 yr2 mo 40 40 <10 <10 <10 <10
2 yr 7 mo 40 40 <10 <10 <10 <10
3yr1 mo 40 40 <10 <10 <10 <10

aPreviously reported by Kitphati et al. (8).

The geometric mean titers (GMTs) and 95% confidence interval of NI antibodies against the
rgH4N1 viruses are shown in Fig. 1D.

The results of the NI antibody assays were different from those of HI assays in that
a gradual increase in Hl antibody titers was observed over time. The seroconversion rate
of Hl antibodies to wild-type H1N1pdm virus increased from 50 to 65 to 75 and to 100%
at days 7, 14, 28, and 90, respectively (Fig. 1A and Table 2). However, no HI antibody
titers against rgH5N1 and rgPR8 viruses were observed in any of the serum samples
tested (Fig. 1B and C). Taken together, the results show that HI antibodies were strain
specific, while NI antibody broadly reacted across homologous and heterologous NA
belonging to the N1 subtype. Nevertheless, homologous NA yielded significantly higher
NI antibody titers than the heterologous NA.

Conservation of amino acid residues involved in the NI antibody assay. Amino
acid sequences of various influenza viruses belonging to subtype N1 were aligned for
residues in the NA catalytic site as follows, using N1 numbering (with N2 numbering
shown in parentheses), as previously reported (19): R118, D151, R152, R225 (224), E277
(276), R293 (292), R368 (371), and Y402 (406); for the framework, the residues were
E119, R156, W179 (178), S180 (179), D199 (198), 1223 (222), E228 (227), H275 (274), E278
(277), and E425. An analysis shows that the catalytic site and framework of all NAs
belonging to subtype N1 are 100% identical. These residues did not change over time
as observed with N1 NA of the influenza virus strains circulating in 1934, 1999, 2004,
2006, and 2009 (Fig. 2). In other words, the catalytic site and framework of the NA
proteins of influenza viruses belonging to the same NA subtype are extremely con-
served.

DISCUSSION
Several lines of direct and indirect evidence support an important role for anti-NA
antibodies in protecting against influenza. Levels of NI antibodies induced by virus-
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FIG 1 (A to C) Kinetics and longevity of HI and NI antibodies in 20 HIN1pdm patients against rgH4N1 viruses with pdm NA (A), KAN-1 NA (B), and PR8 NA (C).

(D) Geometric mean titers (GMT) of NI antibody against rgH4N1 with pdm NA, KAN-1 NA, and PR8 NA are significantly different (ANOVA, P < 0.05); Cl, confidence
interval.
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TABLE 2 Seroconversion rates by HI versus NI antibody assays in HINTpdm patients at
various time points

No. (%) of serum samples with seroconversion
(n = 20) on day:

Assay and test virus 7 14 28 920

HI
A/Thailand/104/2009 (H1N1) 10 (50) 13 (65) 15 (75) 20 (100)
rgH5N1 0
rgPR8 0

NI
rgH4N1 (pdm NA) 13 (65) 13 (65) 13 (65) 12 (60)
rgH4N1 (KAN-1 NA) 11 (55) 11 (55) 12 (60) 9 (45)
rgH4N1 (PR8 NA) 12 (60) 13 (65) 13 (65) 12 (60)

like-particles (VLPs) containing HINTpdm NA were found to correlate with protection
against HINTpdm virus infection (20). Evidence that anti-NA antibodies might exert
protective immunity had been presented in our previous study, which showed that
antisera from mice immunized with recombinant vaccinia virus carrying an NA gene
insert derived from an HINTpdm virus could inhibit HINTpdm NA enzymatic activity as
well as reduce plaque formation and virus replication (21).

On the surface of the influenza virion, the level of HA molecules is 4 to 5 times
higher than that of NA molecules. Binding of anti-HA antibodies to the HA antigen on
the virion surface may cause steric hindrance, which prevents anti-NA antibodies from
getting access to the NA antigen in ELLA for detection of NI antibodies. To avoid this
interference effect, the rg-viruses carrying the HA genomic segment of nonhuman
influenza virus were constructed and used as the test antigen in the NI antibody assay.
This study chose Shan Tou virus from duck as the H4 HA gene donor, while the HA6 HA
gene was chosen to construct the rg-viruses used as the test antigen in the other
studies (22, 23). Nevertheless, our rgH4N1 viruses with the NA genomic segment
derived from KAN-1 (H5N1 clade 1), NK-1 (H5N1 clade 2.3.4), HIN1pdm, or PR8 virus
grew well in MDCK cells.

The present study showed that all sequential serum samples from all 4 influenza A
virus (IAV) H5N1 survivors who were infected with H5N1 clade 1 virus developed MN
and HI antibodies to KAN-1 virus, while 3 (75%) of them were positive for NI antibodies
against all rg-viruses with NA from KAN-1, NK-1, HIN1pdm, or PR8 virus. The result
showed that IAV H5N1 survivors had anti-NI antibodies that reacted with PR8 NA and
pdm NA, even though they had never been exposed to these two viruses, suggesting
that NI antibodies are broadly reactive. However, it cannot be excluded that the
cross-reactivity could be due to previous infections by other seasonal influenza viruses.
Subject 3 had a cross-reactive NI antibody against rgH4N1 PR8 NA in high titers, which
could be a result of recent infection with a seasonal influenza A H1N1 virus. When the
patient got infected with H5N1 virus, the antibody response to viral NA was boosted
and resulted in a high titer of NI antibody. Interestingly, one survivor did not mount an
anti-NA antibody response to any of the rg-viruses investigated. Cross-reactive NI
antibodies to HIN1pdm virus have been detected in individuals who were immu-
nized with a live-attenuated seasonal influenza vaccine (24). Cross-reactivity between
NI antibodies against HIN1pdm and H5N1 viruses has also been reported (21, 25-30).
NI antibodies to seasonal influenza HIN1 virus provided immunity to mice against
H5N1 virus challenge (12). Moreover, immunity mounted in mice immunized with
seasonal influenza virus H1N1 strains from the 2006 and 2007 seasons contributed to
protection against H1N1pdm virus challenge (31). This suggests that at the time of an
influenza outbreak, preexisting NA antibodies might contribute to partial protection in
the absence of homologous HA antibodies (13). NA antibodies might directly exert
protective activity through binding with the catalytic site or framework of NA and then
block the NA enzymatic activity and the progeny viral release. On the other hand, it
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FIG 2 Alignment of NA amino acid sequences of influenza virus subtype N1. Analysis shows that the catalytic site (boxed) and framework (highlighted) of NA
proteins of HINT1pdm, HPAI H5N1, and seasonal HIN1 viruses are 100% identical. The viruses included in the alignment are A/California/07/2009 (H1N1),
A/Thailand/104/2009 (H1N1), A/Viet Nam/1203/2004 (H5N1), A/Thailand/1(KAN-1)/2004 (H5N1), A/Laos/Nong Khai 1/2007 (H5N1), A/Puerto Rico/8/1934 (H1N1),
A/New Caledonia/20/1999 (H1N1), A/Solomon Islands/3/2006 (H1N1), and A/Brisbane/59/2007 (H1N1) viruses (GenBank accession numbers GQ377078,
GQ169381, HM006761, AY555151, EU499378, NC002018, CY033624, EU124136, and CY058489, respectively).

might be possible that NA antibodies bind the antigenic sites on NA and form
antigen-antibody complexes, which cause a steric hindrance effect to block the cata-
lytic site of NA from accessing the sialic acid receptor.

The study in HINTpdm patients demonstrated that seroconversion of NI antibodies
could be observed at day 7. Levels of NI antibodies to rgH4N1 viruses with various NAs
rose to peaks at days 7 to 28 and had declined by day 90. The NI titer against rg-virus
with pdm NA (homologous strain) was significantly higher than those against KAN-1 NA
and PR8 NA (heterologous strains). Nevertheless, only 60 to 65% of the patients
developed NI antibody. In contrast, the levels of HI antibody titers gradually increased
over time and resulted in seroconversion rates of 50, 65, 75, and 100% at days 7, 14, 30,
and 90, respectively. This result suggests that the kinetics of NA antibody development
is different from the HA antibody response by showing faster peaking time and shorter
duration in HINTpdm-infected patients. Our study results were in line with previous
reports that showed lower seroconversion rates for NI antibodies than for HI antibodies
in the vaccinees who received trivalent inactivated influenza vaccines (23, 32). This
could result from antigenic competition between the HA and NA proteins when both
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antigens are presented together, as the HA protein is more abundant than the NA
protein on the viral surface (33, 34). It is possible that the anti-NA antibody response
might be increased if the HA and NA proteins were administered separately (35). Our
previous reports showed that BALB/c mice immunized with recombinant vaccinia virus
harboring an NA genomic segment derived from A/Thailand/1(KAN-1)/04 (H5NT1),
pandemic A/Thailand/104/2009 (H1N1), or A/Anhui/1/2013 (H7N9) virus contained NI
antibodies and also neutralizing antibody activities against wild-type virus or reverse-
genetics-derived viruses carrying the same NA subtype (21, 36).

Immunity mediated by anti-NA antibodies is a promising area for development, but
the problem is to develop a procedure for eliciting a strong NI antibody response. The
amount of NA protein content in vaccines varies by production lot, and thus the degree
of NA antibody response may be affected (34, 37, 38). The data on the kinetics and
longevity of the NI antibody response from this study provide useful information for
future vaccine design, in which a standard level of NA protein content is an integral
component.

MATERIALS AND METHODS

Ethical issues. This study was approved by the Institutional Review Board at the Faculty of Medicine
Siriraj Hospital, Mahidol University, and also at the Ministry of Public Health, Thailand. Subjects or parents
gave consent to participate in the follow-up blood collection.

Viruses. The viruses used in this study included highly pathogenic avian influenza virus A/Thailand/
1(KAN-1)/04 (H5N1) clade 1 (KAN-1 virus), A/Laos/Nong Khai 1/2007 (H5N1) clade 2.3.4 (NK-1 virus),
pandemic A/Thailand/104/2009 (H1N1) (H1N1pdm virus), and A/duck/Shan Tou/461/2000 (H4N9) (Shan
Tou virus), kindly provided by Robert G. Webster, St. Jude Children Research Hospital, Memphis, TN. Shan
Tou virus was grown in embryonic chicken eggs, while the other viruses were propagated in Madin-
Darby canine kidney (MDCK) cell monolayers maintained in viral growth medium (VGM) containing
minimal essential medium (MEM) (Gibco, Thermo Fisher Scientific, Waltham, MA) without fetal bovine
serum supplement. The VGM for propagation of human virus also contained tosyl phenylalanyl chlo-
romethyl ketone (TPCK)-trypsin (Sigma-Aldrich, St. Louis, MO), while the VGM for HPAI viruses did not.
Experiments related to HPAI viruses were conducted in a biosafety level 3 facility.

Subjects. The subjects in this study comprised 4 H5N1 survivors and 20 H1IN1pdm influenza patients.
The 4 survivors, aged 2, 29, 32, and 7 years, were infected with the H5N1 HPAI virus in 2004 and 2005.
A total of 26 sequential serum or plasma samples were collected from these subjects at approximately
6-month intervals. Serum/plasma samples were aliquoted and kept frozen at —20°C until tested. These
samples were previously investigated by HI and microNT assays using KAN-1 virus as the test antigen,
and the results were reported (8). Archival serum samples were obtained from 20 H1N1pdm-infected
patients with a median age of 20 years (range, 18 to 42 years). These samples were collected at 0, 7, 14,
28, and 90 days after onset of disease from patients who were diagnosed with HINTpdm infection
in 2011.

Reverse-genetics-derived influenza viruses. In this study, 4 rgH4N1 viruses, including a reassorted
PR8 virus (control), were constructed. The rg-viruses harbored an H4 HA genomic segment from Shan
Tou virus and an N1 NA segment from KAN-1, NK-1, or HINTpdm virus in the backbone of the PR8 virus.
The pHW-2000 recombinant plasmids with inserts derived from each of the eight genomic segments of
PR8 virus were kindly provided by Robert G. Webster, and the reverse genetics was undertaken as
described by Hoffmann and colleagues (39). Briefly, complete HA and NA segments were amplified by
PCR using universal primers (40). Thereafter, the amplified DNA products were cloned into the pGEM-T
easy vector (Promega Corporation, Fitchburg, WI) and subcloned into the pHW-2000 plasmids. Subse-
quently, the recombinant plasmids with the HA and NA segments together with the other 6 internal
segments from the PR8 virus in TransLT solution (MirusBio, Madison, WI) were used to transfect MDCK
and HEK-293T cocultures (39) maintained in Opti-MEM (Gibco). The inoculated cell monolayers were
incubated at 37°C in a CO, incubator and observed daily for cytopathic effects. The recovered rg-viruses
were propagated in MDCK cell monolayers maintained in VGM containing TPCK-trypsin.

Microneutralization assay. An enzyme-linked immunosorbent microneutralization assay was con-
ducted for detection of neutralizing antibodies to H5N1 virus in H5N1 survivors, using a test protocol
previously described (8, 41). The assay was performed in duplicate in MDCK cell monolayers using the
test virus at a concentration of 100 50% tissue culture infective doses (TCID,,) per reaction mixture.
Influenza virus infection in MDCK cells was detected by indirect enzyme-linked immunosorbent assay
(ELISA) using a mouse monoclonal antibody specific to influenza A viral nucleoprotein (Merck Millipore,
Billerica, MA) and a goat anti-mouse immunoglobulin conjugated with horseradish peroxidase (Southern
Biotech Associates, Birmingham, AL) as the secondary antibody. The antibody titer was defined as the
reciprocal of the highest serum dilution that gave =50% neutralization of the test virus.

Hemagglutination inhibition assay. A hemagglutination inhibition (HI) assay was performed using a
previously described protocol (8). Briefly, the test serum was treated with receptor-destroying enzyme (Denka
Seiken, Japan) for removal of nonspecific serum inhibitors and adsorbed with packed goose red blood cells
(RBC) for removal of nonspecific agglutinators. A/Thailand/104/2009 (H1N1) at a concentration of 4 HA units
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was used as the test virus. The assay was performed in duplicate. The HI antibody titer was defined as the
reciprocal of the highest serum dilution that gave complete inhibition of hemagglutination.

Enzyme-linked lectin assay. An enzyme-linked lectin assay (ELLA) was undertaken to determine the
presence of neuraminidase-inhibiting (NI) antibodies that block the enzymatic activity of influenza virus
NA using a previously described protocol (21, 22, 25). Briefly, the optimal concentration of the test virus
(rgH4N1 virus) was determined by NA assay prior to performing ELLA. For the NA assay, the rgH4N1
virus was serially 2-fold diluted with the sample diluent containing 1% bovine serum albumin and 0.5%
Tween 20 in phosphate-buffered saline, and then 50 ul of each virus dilution was added into a well of
a 96-well microtiter plate precoated with fetuin (Sigma-Aldrich) in duplicate. The reaction plate was
incubated for 16 to 18 h at 37°C to allow the viral NA to cleave the sialic acid side chains of fetuin and
yield the carbohydrate moieties, which were subsequently detected by horseradish peroxidase
conjugated-peanut lectin (PNA) using o-phenylenediamine dihydrochloride (OPD) as the chromogenic
substrate. The reaction plate was read under a spectrophotometer at a wavelength of 492 nm. Each virus
dilution was plotted against its optical density (OD) value to establish a titration curve. An OD value of
about 2.0 was extrapolated against the titration curve to determine the working virus dilution for further
use in ELLA. In this study, the working concentrations of H4N1pdm, H4N1 H5 KAN-1, H4N1 H5 NK-1, and
H4N1 PR8 NA in NI assay were equivalent to approximately 0.5, 2.3, 1.6, and 0.6 HA units, respectively.
To determine the NI antibody titer, the test serum/plasma was pretreated with receptor-destroying
enzyme (Denka Seiken) at 37°C for 18 h, followed by heat inactivation at 56°C for 45 min. The treated
serum/plasma sample at a dilution of 1:10 was 2-fold serially diluted with sample diluent, and then a
50-ul volume was added into a fetuin-coated plate in duplicate, together with 50 ul of the test virus at
the working concentration. After overnight incubation, the amount of carbohydrate moieties remaining
after viral NA digestion of sialic acid was determined as described above for the NA assay. Each
experiment included at least 4 wells of the virus control and 4 wells of the sample diluent as the
background control. The mean OD value of the test wells was subtracted from the mean OD value of the
background control wells in order to obtain the corrected OD value of the test serum/plasma.
The corrected OD value of the virus control was similarly obtained. The NI antibody titer was defined as
the highest serum/plasma dilution that yielded a 50% reduction of the corrected OD value compared
with the virus controls.

ACKNOWLEDGMENTS

The study was financially supported by the Office of the Higher Education Commis-
sion, Mahidol University, under the National Research Universities Initiative. The funders
had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

We thank the Consortium for the Standardization of Influenza Seroepidemiology
(CONSISE) for technology transfer on ELLA. The proofreading of the manuscript was
supported by the Editorial Office, Faculty of Graduate Studies, Mahidol University.

We declare that we have no conflict of interest.

D. Changsom and P. Puthavathana conceived and designed the experiments. D.
Changsom, L. Jiang, H. Lerdsamran, and P. Pooruk performed the experiments. D.
Changsom and P. Puthavathana analyzed the data. S. lamsirithaworn, R. Kitphati, and P.
Puthavathana contributed reagents and materials. D. Changsom and P. Puthavathana
wrote the manuscript.

REFERENCES

Clinical and Vaccine Immunology

1. Tscherne DM, Garcia-Sastre A. 2011. Virulence determinants of pan- 5. Alexander DJ. 2007. An overview of the epidemiology of avian influenza.

demic influenza viruses. J Clin Invest 121:6-13. https://doi.org/10.1172/
JCl44947.

. Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, Smith D,
Rimmelzwaan GF, Olsen B, Osterhaus AD. 2005. Characterization of a
novel influenza A virus hemagglutinin subtype (H16) obtained from
black-headed gulls. J Virol 79:2814-2822. https://doi.org/10.1128/JV1.79
.5.2814-2822.2005.

. Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM, Recuenco S,
Ellison JA, Davis CT, York IA, Turmelle AS, Moran D, Rogers S, Shi M, Tao
Y, Weil MR, Tang K, Rowe LA, Sammons S, Xu X, Frace M, Lindblade KA,
Cox NJ, Anderson LJ, Rupprecht CE, Donis RO. 2012. A distinct lineage of
influenza A virus from bats. Proc Natl Acad Sci U S A 109:4269-4274.
https://doi.org/10.1073/pnas.1116200109.

. Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, Yang H, Chen X,
Recuenco S, Gomez J, Chen LM, Johnson A, Tao Y, Dreyfus C, Yu W,
McBride R, Carney PJ, Gilbert AT, Chang J, Guo Z, Davis CT, Paulson JC,
Stevens J, Rupprecht CE, Holmes EC, Wilson IA, Donis RO. 2013. New
world bats harbor diverse influenza A viruses. PLoS Pathog 9:e1003657.
https://doi.org/10.1371/journal.ppat.1003657.

December 2017 Volume 24 Issue 12 e00248-17

Vaccine 25:5637-5644. https://doi.org/10.1016/j.vaccine.2006.10.051.

. Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF, Senne

DA, Krauss S, Shortridge KF, Webster RG. 1998. Human influenza A H5N1
virus related to a highly pathogenic avian influenza virus. Lancet 351:
472-477. https://doi.org/10.1016/50140-6736(97)11212-0.

. World Health Organization. 2017. Cumulative number of confirmed human

cases of avian influenza A (H5N1) reported to WHO, 2003-2017. http://
www.who.int/influenza/human_animal_interface/H5N1_cumulative_table
_archives/en. Accessed 25 April 2017.

. Kitphati R, Pooruk P, Lerdsamran H, Poosuwan S, Louisirirotchanakul S,

Auewarakul P, Chokphaibulkit K, Noisumdaeng P, Sawanpanyalert P,
Puthavathana P. 2009. Kinetics and longevity of antibody response to
influenza A H5N1 virus infection in humans. Clin Vaccine Immunol
16:978-981. https://doi.org/10.1128/CV1.00062-09.

. Noisumdaeng P, Pooruk P, Prasertsopon J, Assanasen S, Kitphati R,

Auewarakul P, Puthavathana P. 2014. Homosubtypic and heterosubtypic
antibodies against highly pathogenic avian influenza H5N1 recombinant
proteins in H5N1 survivors and non-H5N1 subjects. Virology 454-455:
254-262. https://doi.org/10.1016/j.virol.2014.02.024.

cviasm.org 8


https://doi.org/10.1172/JCI44947
https://doi.org/10.1172/JCI44947
https://doi.org/10.1128/JVI.79.5.2814-2822.2005
https://doi.org/10.1128/JVI.79.5.2814-2822.2005
https://doi.org/10.1073/pnas.1116200109
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/S0140-6736(97)11212-0
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en
https://doi.org/10.1128/CVI.00062-09
https://doi.org/10.1016/j.virol.2014.02.024
http://cvi.asm.org

NA Antibody Kinetics, Longevity, and Cross-Reactivity

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

December 2017 Volume 24

Schulman JL. 1969. The role of antineuraminidase antibody in immunity
to influenza virus infection. Bull World Health Org 41:647-650.

Monto AS, Kendal AP. 1973. Effect of neuraminidase antibody on Hong
Kong influenza. Lancet i:623-625.

Sandbulte MR, Jimenez GS, Boon AC, Smith LR, Treanor JJ, Webby RJ.
2007. Cross-reactive neuraminidase antibodies afford partial protection
against H5N1 in mice and are present in unexposed humans. PLoS Med
4:e59. https://doi.org/10.1371/journal.pmed.0040059.

Xie H, Li X, Gao J, Lin Z, Jing X, Plant E, Zoueva O, Eichelberger MC, Ye
Z. 2011. Revisiting the 1976 “swine flu” vaccine clinical trials: cross-
reactive hemagglutinin and neuraminidase antibodies and their role in
protection against the 2009 H1N1 pandemic virus in mice. Clin Infect Dis
53:1179-1187. https://doi.org/10.1093/cid/cir693.

Lu X, Liu F, Zeng H, Sheu T, Achenbach JE, Veguilla V, Gubareva LV,
Garten R, Smith C, Yang H, Stevens J, Xu X, Katz JM, Tumpey TM. 2014.
Evaluation of the antigenic relatedness and cross-protective immunity of
the neuraminidase between human influenza A (H1N1) virus and highly
pathogenic avian influenza A (H5N1) virus. Virology 454-455:169-175.
https://doi.org/10.1016/j.virol.2014.02.011.

Wilson JR, Guo Z, Reber A, Kamal RP, Music N, Gansebom S, Bai Y, Levine
M, Carney P, Tzeng WP, Stevens J, York IA. 2016. An influenza A virus
(H7N9) anti-neuraminidase monoclonal antibody with prophylactic and
therapeutic activity in vivo. Antiviral Res 135:48-55. https://doi.org/10
.1016/j.antiviral.2016.10.001.

Rajendran M, Nachbagauer R, Ermler ME, Bunduc P, Amanat F, Izikson R,
Cox M, Palese P, Eichelberger M, Krammer F. 2017. Analysis of anti-
influenza virus neuraminidase antibodies in children, adults, and the
elderly by ELISA and enzyme inhibition: evidence for original antigenic
sin. mBio 8:02281-16. https://doi.org/10.1128/mBio0.02281-16.
Johansson BE, Bucher DJ, Kilbourne ED. 1989. Purified influenza virus
hemagglutinin and neuraminidase are equivalent in stimulation of an-
tibody response but induce contrasting types of immunity to infection.
J Virol 63:1239-1246.

Sandbulte MR, Westgeest KB, Gao J, Xu X, Klimov Al, Russell CA, Burke
DF, Smith DJ, Fouchier RA, Eichelberger MC. 2011. Discordant antigenic
drift of neuraminidase and hemagglutinin in HIN1 and H3N2 influenza
viruses. Proc Natl Acad Sci U S A 108:20748-20753. https://doi.org/10
.1073/pnas.1113801108.

Li Q, Sun X, Li Z, Liu Y, Vavricka CJ, Qi J, Gao GF. 2012. Structural and
functional characterization of neuraminidase-like molecule N10 derived
from bat influenza A virus. Proc Natl Acad Sci U S A 109:18897-18902.
https://doi.org/10.1073/pnas.1211037109.

Couch RB, Atmar RL, Franco LM, Quarles JM, Wells J, Arden N, Nifio D,
Belmont JW. 2013. Antibody correlates and predictors of immunity to
naturally occurring influenza in humans and the importance of antibody
to the neuraminidase. J Infect Dis 207:974-981. https://doi.org/10.1093/
infdis/jis935.

Changsom D, Lerdsamran H, Wiriyarat W, Chakritbudsabong W, Siridecha-
dilok B, Prasertsopon J, Noisumdaeng P, Masamae W, Puthavathana P. 2016.
Influenza neuraminidase subtype N1: immunobiological properties and
functional assays for specific antibody response. PLoS One 11:20153183.
https://doi.org/10.1371/journal.pone.0153183.

Couzens L, Gao J, Westgeest K, Sandbulte M, Lugovtsev V, Fouchier R,
Eichelberger M. 2014. An optimized enzyme-linked lectin assay to mea-
sure influenza A virus neuraminidase inhibition antibody titers in human
sera. J Virol Methods 210:7-14. https://doi.org/10.1016/j.jviromet.2014
.09.003.

Monto AS, Petrie JG, Cross RT, Johnson E, Liu M, Zhong W, Levine M, Katz
JM, Ohmit SE. 2015. Antibody to influenza virus neuraminidase: an
independent correlate of protection. J Infect Dis 212:1191-1199. https://
doi.org/10.1093/infdis/jiv195.

Marcelin G, Bland HM, Negovetich NJ, Sandbulte MR, Ellebedy AH, Webb
AD, Griffin YS, DeBeauchamp JL, McElhaney JE, Webby RJ. 2010. Inacti-
vated seasonal influenza vaccines increase serum antibodies to the
neuraminidase of pandemic influenza A(H1N1) 2009 virus in an age-
dependent manner. J Infect Dis 202:1634-1638. https://doi.org/10.1086/
657084.

Jiang L, Changsom D, Lerdsamran H, Masamae W, Jongkaewwattana A,
lamsirithaworn S, Oota S, Louisirirotchanakul S, Auewarakul P, Puthavathana
P. 2017. Cross-reactive antibodies against H7N9 and H5N1 avian influenza
viruses in Thai population. Asian Pac J Allergy Immunol 35:20-26. https://
doi.org/10.12932/AP0788.

Issue 12 €00248-17

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Clinical and Vaccine Immunology

Bosch BJ, Bodewes R, de Vries RP, Kreijtz JH, Bartelink W, van Amerongen
G, Rimmelzwaan GF, de Haan CA, Osterhaus AD, Rottier PJ. 2010. Re-
combinant soluble multimeric HA and NA exhibit distinctive types of
protection against pandemic swine-origin 2009 A (H1N1) influenza virus
infection in ferrets. J Virol 84:10366-10374. https://doi.org/10.1128/JVI
.01035-10.

Chen Z, Kim L, Subbarao K, Jin H. 2012. The 2009 pandemic HI1N1 virus
induces anti-neuraminidase (NA) antibodies that cross-react with the
NA of H5N1 viruses in ferrets. Vaccine 30:2516-2522. https://doi.org/10
.1016/j.vaccine.2012.01.090.

Easterbrook JD, Schwartzman LM, Gao J, Kash JC, Morens DM, Couzens
L, Wan H, Eichelberger MC, Taubenberger JK. 2012. Protection against a
lethal H5N1 influenza challenge by intranasal immunization with virus-
like particles containing 2009 pandemic HIN1 neuraminidase in mice.
Virology 432:39-44. https://doi.org/10.1016/j.virol.2012.06.003.

Wu CY, Yeh YC, Chan JT, Yang YC, Yang JR, Liu MT, Wu HS, Hsiao PW.
2012. A VLP vaccine induces broad-spectrum cross-protective antibody
immunity against H5N1 and HIN1 subtypes of influenza A virus. PLoS
One 7:42363. https://doi.org/10.1371/journal.pone.0042363.

Liu WC, Lin CY, Tsou YT, Jan JT, Wu SC. 2015. Cross-reactive neuraminidase-
inhibiting antibodies elicited by immunization with recombinant neuramin-
idase proteins of H5N1 and pandemic HIN1 influenza A viruses. J Virol
89:7224-7234. https://doi.org/10.1128/JVI.00585-15.

Marcelin G, DuBois R, Rubrum A, Russell CJ, McElhaney JE, Webby RJ.
2011. A contributing role for anti-neuraminidase antibodies on immu-
nity to pandemic H1IN1 2009 influenza A virus. PLoS One 6:€26335.
https://doi.org/10.1371/journal.pone.0026335.

Powers DC, Kilbourne ED, Johansson BE. 1996. Neuraminidase-specific
antibody responses to inactivated influenza virus vaccine in young and
elderly adults. Clin Diagn Lab Immunol 3:511-516.

Johansson BE, Moran TM, Kilbourne ED. 1987. Antigen-presenting B cells
and helper T cells cooperatively mediate intravirionic antigenic compe-
tition between influenza A virus surface glycoproteins. Proc Natl Acad
Sci U S A 84:6869-6873. https://doi.org/10.1073/pnas.84.19.6869.
Sultana |, Yang K, Getie-Kebtie M, Couzens L, Markoff L, Alterman M,
Eichelberger MC. 2014. Stability of neuraminidase in inactivated influ-
enza vaccines. Vaccine 32:2225-2230. https://doi.org/10.1016/j.vaccine
.2014.01.078.

Johansson BE, Kilbourne ED. 1993. Dissociation of influenza virus hem-
agglutinin and neuraminidase eliminates their intravirionic antigenic
competition. J Virol 67:5721-5723.

Jiang L, Changsom D, Lerdsamran H, Wiriyarat W, Masamae W, Noisum-
daeng P, Jongkaewwattana A, Puthavathana P. 2016. Immunobiological
properties of influenza A (H7N9) hemagglutinin and neuraminidase
proteins. Arch Virol 161:2693-2704. https://doi.org/10.1007/s00705-016
-2968-7.

Tanimoto T, Nakatsu R, Fuke |, Ishikawa T, Ishibashi M, Yamanishi K,
Takahashi M, Tamura S. 2005. Estimation of the neuraminidase content
of influenza viruses and split-product vaccines by immunochromatog-
raphy. Vaccine 23:4598-4609. https://doi.org/10.1016/j.vaccine.2005.04
.042.

Cate TR, Rayford Y, Nifio D, Winokur P, Brady R, Belshe R, Chen W, Atmar
RL, Couch RB. 2010. A high dosage influenza vaccine induced signifi-
cantly more neuraminidase antibody than standard vaccine among elderly
subjects. Vaccine 28:2076-2079. https://doi.org/10.1016/j.vaccine.2009.12
041.

Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG. 2000. A
DNA transfection system for generation of influenza A virus from eight
plasmids. Proc Natl Acad Sci U S A 97:6108-6113. https://doi.org/10
.1073/pnas.100133697.

Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. 2001. Universal
primer set for the full-length amplification of all influenza A viruses. Arch
Virol 146:2275-2289. https://doi.org/10.1007/s007050170002.
Lerdsamran H, Pittayawonganon C, Pooruk P, Mungaomklang A, lam-
sirithaworn S, Thongcharoen P, Kositanont U, Auewarakul P, Chokephaib-
ulkit K, Oota S, Pongkankham W, Silaporn P, Komolsiri S, Noisumdaeng P,
Chotpitayasunondh T, Sangsajja C, Wiriyarat W, Louisirirotchanakul S,
Puthavathana P. 2011. Serological response to the 2009 pandemic influ-
enza A (H1N1) virus for disease diagnosis and estimating the infection
rate in Thai population. PLoS One 6:¢16164. https://doi.org/10.1371/
journal.pone.0016164.

cviasm.org 9


https://doi.org/10.1371/journal.pmed.0040059
https://doi.org/10.1093/cid/cir693
https://doi.org/10.1016/j.virol.2014.02.011
https://doi.org/10.1016/j.antiviral.2016.10.001
https://doi.org/10.1016/j.antiviral.2016.10.001
https://doi.org/10.1128/mBio.02281-16
https://doi.org/10.1073/pnas.1113801108
https://doi.org/10.1073/pnas.1113801108
https://doi.org/10.1073/pnas.1211037109
https://doi.org/10.1093/infdis/jis935
https://doi.org/10.1093/infdis/jis935
https://doi.org/10.1371/journal.pone.0153183
https://doi.org/10.1016/j.jviromet.2014.09.003
https://doi.org/10.1016/j.jviromet.2014.09.003
https://doi.org/10.1093/infdis/jiv195
https://doi.org/10.1093/infdis/jiv195
https://doi.org/10.1086/657084
https://doi.org/10.1086/657084
https://doi.org/10.12932/AP0788
https://doi.org/10.12932/AP0788
https://doi.org/10.1128/JVI.01035-10
https://doi.org/10.1128/JVI.01035-10
https://doi.org/10.1016/j.vaccine.2012.01.090
https://doi.org/10.1016/j.vaccine.2012.01.090
https://doi.org/10.1016/j.virol.2012.06.003
https://doi.org/10.1371/journal.pone.0042363
https://doi.org/10.1128/JVI.00585-15
https://doi.org/10.1371/journal.pone.0026335
https://doi.org/10.1073/pnas.84.19.6869
https://doi.org/10.1016/j.vaccine.2014.01.078
https://doi.org/10.1016/j.vaccine.2014.01.078
https://doi.org/10.1007/s00705-016-2968-7
https://doi.org/10.1007/s00705-016-2968-7
https://doi.org/10.1016/j.vaccine.2005.04.042
https://doi.org/10.1016/j.vaccine.2005.04.042
https://doi.org/10.1016/j.vaccine.2009.12.041
https://doi.org/10.1016/j.vaccine.2009.12.041
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1073/pnas.100133697
https://doi.org/10.1007/s007050170002
https://doi.org/10.1371/journal.pone.0016164
https://doi.org/10.1371/journal.pone.0016164
http://cvi.asm.org

	RESULTS
	Detection of NI antibody in H5N1 infection survivors. 
	Detection of NI and HI antibodies in H1N1pdm patients. 
	Conservation of amino acid residues involved in the NI antibody assay. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethical issues. 
	Viruses. 
	Subjects. 
	Reverse-genetics-derived influenza viruses. 
	Microneutralization assay. 
	Hemagglutination inhibition assay. 
	Enzyme-linked lectin assay. 

	ACKNOWLEDGMENTS
	REFERENCES

