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Levels of preexisting antibodies to the hemagglutinin of pan-
demic influenza A(H1N1) 2009 (hereafter pandemic H1N1)
virus positively correlate with age. The impact of contem-
porary seasonal influenza vaccines on establishing immunity
to other pandemic H1N1 proteins is unknown. We measured
serum antibodies to the neuraminidase (NA) of pandemic
H1N1 in adults prior to and after vaccination with seasonal
trivalent inactivated influenza vaccines. Serum antibodies to
pandemic H1N1 NA were observed in all age groups; how-
ever, vaccination elevated levels of pandemic H1N1 NA an-
tibodies predominately in elderly individuals (age, �60
years). Therefore, contemporary seasonal vaccines likely con-
tribute to reduction of pandemic H1N1–associated disease
in older individuals.

The degree of immunity to pandemic influenza A(H1N1) 2009

(hereafter pandemic H1N1) in humans positively correlates
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with age [1, 2]. Although previous vaccination with a 1976

swine influenza A(H1N1) vaccine elevated serum neutralizing

antibodies to the hemagglutinin (HA) of pandemic H1N1 virus,

recent seasonal influenza vaccines did not, suggesting that the

latter are unable to elicit immunity against pandemic H1N1

[1, 3]. Nevertheless, contemporary seasonal vaccines can induce

immunity against influenza A(H5N1) viruses in mice [4], which

suggests that their role in protection from pandemic H1N1

warrants further evaluation. Furthermore, the capacity of con-

temporary seasonal influenza vaccines to generate immunity to

non-HA proteins of pandemic H1N1 virus has not yet been

elucidated. Studies have revealed that the neuraminidase (NA)

of various influenza subtypes elicits immunity to heterologous

influenza strains [5, 6]. For example, anti-N2 serum antibodies

confer protection against genetically and antigenically distinct

H1N1 viruses [5]. In addition, antibodies to the NA of con-

temporary H1N1 viruses in humans afford partial immunity

against antigenically distinct influenza viruses in mice [6], fur-

ther demonstrating that antibodies raised against NA can pro-

vide protection from pandemic H1N1.

Despite the knowledge that a proportion of humans aged

�60 years have preexisting antibodies to pandemic H1N1 HA

[1], the extent of preexisting antibodies to pandemic H1N1

NA circulating in the human population has not been ad-

dressed. Moreover, the age distribution and effect of contem-

porary seasonal influenza vaccines on immunity to pandemic

H1N1 NA is unknown. To better define the breadth of pre-

existing antibodies to pandemic H1N1 virus, we analyzed hu-

man serum samples from young and old adults prior to and

after vaccination with influenza vaccines from the 2007–2008

or 2008–2009 seasons and determined the level of serum an-

tibodies to pandemic H1N1 NA.

Methods. Wild-type seasonal influenza A/Solomon Islands/

3/06(H1N1) (hereafter Solomon), wild-type seasonal influenza

A/Brisbane/59/2002(H1N1) (hereafter Brisbane), and wild-type

pandemic influenza A/Tennessee/1-560/2009(H1N1) (hereafter

Tennessee) were obtained from World Health Organization in-

fluenza collaboration laboratories. The rg-A/Tennessee/1-560/

2009 7+1 virus, with 7 internal genes from influenza A/Puer-

to Rico/8/1934 and the NA gene segment from the Tennessee

virus, was generated using the 8-plasmid reverse genetic meth-

od [7]. The Tennessee, Solomon, and Brisbane viruses were ei-

ther grown in Madin-Darby canine kidney cells (American Type

Culture Collection) or propagated in the allantoic cavities of 10-

day-old embryonic chicken eggs.

We received serum samples from a prospective study of 605
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adults aged 20–40 years (median age, 29 years) or 60–93 years

(median age, 74 years) who were recruited in the Greater Van-

couver area of British Columbia, Canada, or in the vicinity of

the Greater Hartford area of Connecticut during the 2007–2008

and 2008–2009 influenza seasons. Written informed consent was

obtained from all participants, and all study protocols were ap-

proved by the University of British Columbia and the institu-

tional review board of the University of Connecticut. All partic-

ipants received the standard dose of the licensed trivalent split-

inactivated virus (TIV) seasonal influenza vaccine, which con-

tained A/Solomon Islands/3/2006(H1N1)-like, A/Wisconsin/67/

2005(H3N2)-like, and B/Malaysia/2506/2004-like viruses in the

2007–2008 season and A/Brisbane/59/2007(H1N1)-like, A/Bris-

bane/10/2007(H3N2)-like, and B/Florida/4/2006-like viruses in

the 2008–2009 season. Serum samples were collected from each

participant before and 4 weeks after vaccination.

For each serological assay, serum samples were used at a

starting dilution of 1:10. A subset of prevaccination and post-

vaccination serum samples (117 samples) was tested for inhi-

bition of NA activity against the Brisbane, Solomon, and rg-

Tennessee viruses by use of a miniaturized or conventional

format of the NA assay [8]. NA inhibition titers were expressed

as the reciprocal of the highest serum dilution that caused 50%

inhibition of NA activity. Seroconversion was defined as a titer

that went from negative to positive or a 4-fold increase in the

titer (response to the vaccine). Samples that did not exhibit a

detectable titer against pandemic H1N1 NA (!10 samples) were

assigned a number of 0. For HA inhibition assays, serum sam-

ples were treated with receptor-destroying enzyme (Denka Sei-

ken) overnight and then tested for HA inhibition titers against

the Brisbane, Solomon, and whole inactivated Tennessee viruses

with the use of 0.5% turkey red blood cells.

For statistical analysis, the effect of age on antibodies against

the Tennessee, Solomon, or Brisbane virus was assessed by lo-

gistic regression. Individuals were grouped in 4–10-year age

intervals, and geometric mean titers (GMTs) were compared

between groups by use of analysis of variance and the Tukey

multiple comparisons test. All statistical analyses of NA and

HA inhibition titers were performed with R software (version

2.9.0; http://www.R-project.org). An increase in the GMT of

total immunoglobulin G (IgG) to whole Tennessee virus was

analyzed by use of the Student t test.

Results. An NA inhibition assay [8] was used to measure

prevaccination NA inhibition titers in serum samples from par-

ticipants aged 20–29, 30–40, or 60–84 years (in 4-year age

intervals) or �85 years (Figure 1A). We examined the effect of

age on the extent of preexisting antibodies to pandemic H1N1

NA (Tennessee virus) or the NA of seasonal influenza strains

from the 2008–2009 season (Brisbane virus) and 2007–2008

season (Solomon virus). Samples from individuals either 20–

29 or 30–40 years old displayed a low proportion of positive

NA inhibition titers to the Tennessee virus and undetectable

titers to the seasonal viruses. Of note, samples from older in-

dividuals aged 70–84 or �85 years were more likely to exhibit

NA inhibition titers against the Brisbane virus ( ) butP � .012

not the Solomon virus ( ) or the Tennessee virus (P � .12 P �

). The peak GMTs for all 3 strains were in samples from.42

adults �60 years old. Therefore, the amount of serum anti-

bodies to pandemic H1N1 NA in samples from nonvaccinated

adults was minimal in most age intervals.

We next addressed whether vaccination elevated the level of

immunity to pandemic H1N1 NA. The TIV vaccine failed to

elicit a statistically significant increase in the rate of serocon-

version to all 3 strains in participants aged 20–29 or 30–40

years (Figure 1B). The fraction of individuals who serocon-

verted to pandemic H1N1 NA after vaccination with either the

Brisbane virus or the Solomon virus increased with age (P �

). However, the choice of H1N1 component of the TIV.001

vaccine was not a predictor of elevated titers to pandemic H1N1

NA ( ). The increase in the rate of seroconversion toP � .289

pandemic H1N1 NA occurred mainly in adults aged �70 years,

and the peak GMT (4.7) was observed in individuals aged �85

years. As with the prevaccination samples, the highest GMT

for all 3 viruses after vaccination was in samples from adults

�60 years old. Age contributed to increased NA inhibition titers

to the Solomon virus ( ) but not the Brisbane virusP � .025

( ) in samples from participants who were vaccinatedP � .131

with the corresponding strain. To ensure that the age-related

increase in pandemic H1N1 NA titers were not due to HA-

specific antibody interference, a subset of serum samples from

individuals �62 years old were incubated with monospecific

goat anti–A/Puerto Rico/8/34 HA antibody. There was no sta-

tistically significant difference in the mean (� standard devi-

ation) NA inhibition titers in the presence ( ) or48.75 � 27.99

absence ( ) of anti-HA antibody ( ). There-56.2 � 27.2 P p .595

fore, recent recipients of the TIV vaccine are capable of in-

creasing the amount of antibodies to pandemic H1N1 NA in

predominately elderly populations.

In a proof of concept study, we assessed the amount of

pandemic H1N1 HA antibodies in a larger cohort of 605 adults,

including 117 whose samples were tested by means of NA in-

hibition. Using HA inhibition assays, we measured HA inhi-

bition titers in samples from younger participants (age, 20–29

or 30–40 years) and older participants (age, 60–84 years

[grouped in 4-year age intervals] or �85 years) (Figure 2A).

Since older individuals (age, �60 years) had the highest levels

of preexisting pandemic H1N1 HA antibodies [1], we further

stratified this group by measuring the level of serum antibodies

in samples from in individuals aged 60–64, 65–69, 70–74, 75–

79, 80–84, and �85 years. As found in previous studies [1],

we found that samples from older participants were more likely

to exhibit positive titers against pandemic H1N1 HA. The age
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Figure 1. Proportion of study participants showing neuraminidase inhibition (NI) titers. Serum samples from younger (age, 20–40 years) and older
(age, 60–84 or �85 years) adults were collected prior to and 4 weeks after vaccination with trivalent inactivated seasonal influenza vaccines with
H1N1 components from A/Brisbane/59/2007 (Brisbane; 2008–2009 season) or A/Solomon Islands/3/2006 (Sol. Is.; 2007–2008 season) and tested
against pandemic influenza A/Tennessee/1-560/2009 (TN) or corresponding seasonal vaccines. A, Predicted (curves) and actual (points) proportion of
individuals in each age group with measurable neuraminidase inhibition titers prior to vaccination. The geometric mean titer and sample size (in
parentheses) are indicated for each age group. B, Predicted (curves) and actual (points) proportion of individuals in each age group who seroconverted
to either pandemic or seasonal influenza A(H1N1) strains after vaccination with the corresponding vaccine. Error bars show the standard error. N.D.,
not detected (titer below the detectable limit).

groups with the highest proportion of positive pandemic H1N1

HA titers were 80–84 and �85 years ( ). We also dis-P ! .001

covered a statistically significant difference in GMT between

individuals aged �80 years and those aged !40 years (data not

shown) ( ). Conversely, titers against the Brisbane virusP ! .001

or the Solomon virus were not greater in older individuals.

There was no age-related difference in preexisting titers to the

Solomon virus in adults immunized with that strain ( ).P � .18

Our data reveal an age-dependent increase in the proportion

of older individuals with preexisting antibody titers to pan-

demic H1N1 HA, which confirms the findings of others.

To determine whether vaccination with current influenza

strains enhanced preexisting immunity to pandemic H1N1 HA

in the elderly, as others have found [1], we compared rates of

seroconversion among the different age groups. Rates of se-

roconversion to pandemic H1N1 HA increased for 60–84-year-

old adults in all age intervals and for individuals �85 years old

after vaccination with the Solomon virus ( ) but not theP ! .001

Brisbane virus ( ) (Figure 2B). These results contrastP 1 .05

other reported results that neither contemporary vaccine sta-

tistically significantly enhances levels of pandemic H1N1 HA

antibodies in older participants [1]. Unexpectedly, the increase

in titers to the corresponding vaccine strain was statistically

significantly higher in samples from participants in our study

who were vaccinated with the Solomon virus ( ) but notP ! .001

in those who were vaccinated with the Brisbane virus, which

may be attributable to general differences in vaccine formu-

lation or viral antigenicity. Thus, the TIV vaccine with the

Solomon virus enhanced pandemic H1N1 HA responses in

older adults (age, �60 years).

Discussion. The purpose of the present study was to define

the extent of immunity to pandemic H1N1 among adults of

different ages. The TIV vaccine containing either the Brisbane

virus or the Solomon virus provided a benefit to older indi-

viduals by enhancing preexisting pandemic H1N1 NA titers.

Immunization also increased the levels of antibodies to other

pandemic H1N1 proteins. This conclusion is supported by our

enzyme-linked immunosorbent assay results, which show that

the Brisbane virus elevated levels of preexisting IgG antibodies

to inactivated whole pandemic H1N1 virus ( ; data notP � .001
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Figure 2. Proportion of study participants showing hemagglutinin inhibition (HI) titers. Serum samples from younger (age, 20–40 years) and older
(age, 60–84 or �85 years) adults were collected prior to and 4 weeks after vaccination with trivalent inactivated seasonal influenza vaccines with
H1N1 components from A/Brisbane/59/2007 (Brisbane; 2008–2009 season) or A/Solomon Islands/3/2006 (Sol. Is.; 2007–2008 season) and tested
against pandemic influenza A/Tennessee/1-560/2009 (TN) or corresponding seasonal vaccines. A, Predicted (curves) and actual (points) proportion of
individuals in each age group with measurable hemagglutinin inhibition titers prior to vaccination. The geometric mean titer and sample size (in
parentheses) are indicated for each age group. B, Predicted (curves) and actual (points) proportion of individuals in each age group who seroconverted
to either pandemic or seasonal influenza A(H1N1) strains after vaccination with A/Brisbane/59/2007 (solid lines and circles) or A/Solomon Islands/3/
2006 (dashed lines and triangles). Error bars show the standard error.

shown). Presumably, these antibodies reacted with nonneu-

tralizing conserved epitopes found on whole pandemic virus

[9]. Although we observed an increase in the levels of pandemic

H1N1 NA–specific antibodies after vaccination, we cannot de-

termine the effect that prior exposure to antigenically distinct

N subtypes, as demonstrated with influenza A(H1N2) infection

[10] or natural infection with contemporary seasonal viruses

(Brisbane or Solomon), had on the level of reactive antibodies.

There is likely little antigenic similarity between pandemic

H1N1 NA and the NA of recent seasonal influenza viruses

because of their genetic divergence. Our data show the TIV

vaccine boosts pandemic H1N1 NA antibodies and strongly

suggest that some epitopes are in common [3]. The dependency

of the level of pandemic H1N1 NA antibodies on age is also

suggestive that pandemic H1N1 NA may be more antigenically

related to earlier influenza strains in humans (eg, pandemic

influenza A[H1N1] 1918) than to contemporary viruses in hu-

mans. This is somewhat surprising because unlike the pandemic

H1N1 HA, which is derived from the same lineage as that of

the 1918 pandemic virus, the pandemic H1N1 NA is of the

Eurasian avian lineage [3]. Nevertheless, due to its more recent

introduction into humans, the 1918 NA protein is closer to the

avian consensus than is the NA protein from contemporary

seasonal H1N1 viruses. Alternatively, increasing age results in

more exposure to influenza viruses and thus a more diverse

and cross-reactive response. Analysis of the antigenic profiles

of N1 proteins may elucidate these underlying mechanisms.

Similar to earlier findings [1], we found statistically signifi-

cant levels of preexisting serum pandemic H1N1 HA antibodies

in older adults (age, �60 years) as well as in adults of much

older age (�85 years). We attribute these findings to preexisting

responses to early strains of the pandemic influenza A(H1N1)

1918 virus or related H1N1 strains. This may explain why this

age population is at lower risk of getting infected with the

current pandemic H1N1 strain [3]. In contrast to the earlier

study [1], in this study we show that TIV vaccines are capable

of elevating HA inhibition titers to pandemic H1N1 HA in

older adults. This discrepancy may be attributable to several

factors: (1) geographical population differences—a subset of

samples from the previous study [1] were collected in Europe,

whereas participants in our study were from either the United

States or Canada; (2) as described in the earlier study [1], only
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a modest boost was observed in older adults (age, �60 years)

because this age group already had high preexisting GMTs to

pandemic H1N1 HA [1]; and (3) sample size—our present

study tested a much larger cohort of individuals 164 years old

and was more stratified by age.

Although the antibody response to HA may predominate

[11], sufficient evidence demonstrates the importance of other

viral components in generating immunity against diverse in-

fluenza subtypes [6, 12–14]. NA may be a suitable component

for future vaccine formulations for the elderly but would re-

quire standardization of NA concentrations in each vaccine

preparation, as is currently done for HA. Still, long-term ret-

rospective studies in the elderly are required to detect a cor-

relation between protective immunity to pandemic H1N1 and

NA inhibition titers to pandemic H1N1 NA. It has been shown

that anti-N2 antibodies correlate inversely with disease severity

of influenza A(H3N2) in humans [13].

Several limitations exist with measuring antibody responses

to merely HA. HA inhibition or microneutralization assays may

severely underestimate the degree of immunity by omitting the

detection of antibodies raised against other viral proteins [15].

In our studies, NA inhibition titers did not positively correlate

with HA inhibition titers ( ), nor were they associatedP � .84

with IgG titers to whole virus (data not shown), illustrating

the complexity of the antibody response to influenza. We con-

clude that measuring serum responses to NA, in addition to

measuring those to HA, may be a more reliable marker to as-

sess the scope of immunity to pandemic H1N1 in certain aged

populations.
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