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a b s t r a c t

Influenza is a major respiratory pathogen and vaccination is the main method of prophylaxis. In 2012, the
trivalent live attenuated influenza vaccine (LAIV3) was licensed in Europe for use in children. Vaccine-
induced antibodies directed against the main viral surface glycoprotein, haemagglutinin (HA), play an
important role in virus neutralization through different mechanism. The objective of this study was to
dissect the HA specific antibody responses induced after LAIV3 immunization to the influenza A viruses
in children and adults.
Plasma was collected from 20 children and 20 adults pre- and post-LAIV3 vaccination (up to a year) and

analysed by the haemagglutination inhibition (HI) and ELISA assays. We found that LAIV3 boosted the HA
specific IgG response against the head and the full-length of H3N2 in children, but not adults. Adults had
higher levels of pre-existing stalk antibodies (towards H3N2 and H1N1), but these were not boosted by
LAIV3. Importantly, we observed a trend in boosting of H1N1 HA stalk specific antibodies in children after
LAIV3. Whereas, heterosubtypic H5 and H7 full-length HA specific antibodies were not boosted in either
children or adults. In conclusion, LAIV3 elicited H3-head and low levels of H1 stalk specific antibody
responses in children, supporting the prophylactic use of LAIV in children.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Influenza viruses cause annual seasonal outbreaks or epidemics,
with occasional pandemics occurring at unpredictable intervals.
Influenza infects all age groups, although the burden of hospital-
ization is highest in very young children and the elderly [1–3].
Vaccination is the main method of influenza prophylaxis with
either inactivated influenza vaccine (IIV) or live attenuated influ-
enza vaccine (LAIV). Although used in Russia for decades, the LAIV
was first licensed in the USA in 2003 for children and adults
(2–49 years old), and in 2012 in Europe for children (2–17 years
old). LAIV is administered as a nasal spray and replicates in the
upper respiratory tract, mimicking natural infection and inducing
both humoral and cellular immune responses [4]. Trivalent LAIV
(LAIV3) has been reported to have a higher efficacy in young
children than intramuscular IIV and thus provide greater protec-
tion against influenza-associated severe complications [5–8].
Importantly, the immune response after seasonal IIV is strain-
specific, whereas LAIV3 provides better protection against mis-
matched strains [8,9].

The haemagglutinin is the major viral surface antigen, consist-
ing of two domains; the globular head and the stalk domains, with
a disulphide bride between C52 and C277 (H3 numbering) being
the demarcation line between the two domains [10]. The
immuno-dominant globular head contains the receptor-binding
site and the antigenic sites, which undergo continuous antigenic
drift. The membrane proximal HA stalk is highly conserved and
contains a conformation-dependent fusion-peptide [11]. Antibod-
ies directed against the stalk are broadly neutralizing, recognizing
divergent and heterosubtypic strains from either group 1 (includ-
ing H1 and H5) or group 2 (including H3 and H7) viruses [12–14]
and provide in vivo protection from viral challenge in animal mod-
els [14,15]. Antibodies can be boosted to the more conserved but
less immunogenic stalk, when a virus has a highly divergent HA
atten-
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head from a previously circulating strain, such as the 2009 pan-
demic or avian H5N1 virus [13,14,16]. Therefore, the conserved
HA stalk is a promising target for development of a future universal
influenza vaccine.

Conventional IIVs predominantly induce strain-specific antibody
to the HA head, but the type of HA response LAIV3 elicits is yet to be
fully defined. In this study, we dissected the HA head and stalk-
specific antibody responses to the homologous vaccine (H1N1 and
H3N2) and heterologous avian (H5N1 andH7N9) viruses after intra-
nasal seasonal LAIV3 vaccination in children and adults.
2. Material and methods

2.1. Participants and study design

Twenty children (3–17 years old) and 20 adults (21–59 years
old) were intranasally vaccinated (0.1 mL per nostril) with seasonal
LAIV3 (Fluenz, Astra Zeneca, Liverpool, UK). Children received one
(�9 years old, n=6) or two doses (<9 years old, n=14) of LAIV3 in
2012 at a four-week interval [4]. Adults received one dose of LAIV3
in 2013. The study had ethical and regulatory approval
(EUDRACT2012-002848-24, www.clinicaltrials.gov;
NCT01866540) and the exclusion criteria are published [4]. Plasma
was collected at 0 (pre-vaccination), 28, 56, 180 and 360 days post-
vaccination, aliquoted and stored at �80 �C.

2.2. Vaccine

LAIV3 (Fluenz) contained 107 fluorescent focus units (FFU) of
A/California/7/2009(H1N1)pdm09-like and A/Victoria/361/2011
(H3N2)-like strains in both seasons, with either B/
Wisconsin/1/2010-like or B/Massachusetts/2/2012-like in the
2012 or 2013 seasons, respectively.

2.3. Recombinant haemagglutinin proteins

The influenza A full-length and chimeric haemagglutinin pro-
teins were prepared by using the baculovirus expression system
(Table 1) [16]. The cH6/1 contained the globular head domain from
A/mallard/Sweden/81/02 (H6N1) and the stalk domain from
A/PuertoRico/8/34 (H1N1). The cH4/3 contained the H4 globular
head domain from A/duck/Czech/1956 (H4N6) in combination
with the H3 stalk domain from A/Perth/16/09 (H3N2). The HA1
proteins were purchased from eEnzyme, USA and were used as
proxy for the head domain.
Table 1
Source of virus antigens.

Strain Haemagglutinin
(HA)

Group
1

A/California/04/09 (H1N1) Full-length H1

H1 HA1 (head
proxy)

Chimeric protein: stalk of A/PuertoRico/8/34
(H1N1), globular head from
A/mallard/Sweden/81/02 (H6N1) Stalk (cH6/1)
A/Vietnam/1203/04 (H5N1) Full-length H5

Group
2

A/Victoria/361/11 (H3N2) Full-length H3

A/Texas/50/2012 (H3N2) H3 HA1 (head
proxy)

Chimeric protein: stalk of A/Perth/16/09
(H3N2),
globular head from A/duck/Czech/1956
(H4N6)

Stalk (cH4/3)

A/Shanghai/1/13 (H7N9) Full-length H7
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2.4. Haemagglutination inhibition (HI) assay

The HI assay was conducted using serial 2-fold dilutions of
receptor destroying enzyme (RDE, Seiken, Japan) treated plasma
(starting dilution 1:10) and 0.7% turkey blood cells, as previously
described [4].

2.5. Enzyme-linked immunosorbent assay (ELISA)

The ELISA was conducted using the full-length, head or chimeric
HAs as previously described [17]. The end-point titres were calcu-
lated using the mean of the blank plus three standard deviations
as a cut off [13].

3. Statistics

Statistical differences after vaccination were analysed using the
linear mixed model in STATA/IC 14.1 for Mac (StataCorp, USA). The
Wilcoxon test was used for the head/stalk distribution after vacci-
nation and the nonparametric Mann-Whitney test for comparing
children and adult responses in HI (GraphPad Prism� V6f for
Mac, GraphPad Software, USA). The children and adult sampling
points were also compared using paired student’s t-test and
t-test with Welch correction. P < 0.05 was considered significant.

4. Results

Twenty children (median 4.5 years old) and twenty adults
(median 33.5 years old) were immunized with seasonal LAIV3
and sequential blood samples were collected up to one year
post-vaccination (Fig. 1). Fourteen children (70%) (median age
3.8 years old) received two doses of vaccine, whilst the remaining
6 children (30%) (median age 15.5 years old) and adults received
only one dose (Table 2). Ten adults (50%) and nine children (45%)
were vaccinated in 2009 with the AS03-adjuvant pandemic H1N1
vaccine (Table 2). One child’s (5%) mother was also vaccinated
while pregnant in 2009, and only one child (5%) had previously
been vaccinated with trivalent IIV.

4.1. LAIV3 boosts H3N2 haemagglutination inhibition antibody
responses in children

We examined the plasma HI antibody response against the
influenza A H1N1 and H3N2 vaccine strains after LAIV3. An HI titre
of �40 is considered to protect 50% of individuals from disease.
Pre-vaccination, fifteen children (75%) had protective antibody
titres against H1N1 (Fig.2A), which were not boosted after vaccina-
tion. Five children (25%) remained below the protective HI thresh-
old after the first vaccination, of whom one responded after the
second dose (HI titre 69) and the remaining 4 children (20%) did
not respond (HI < 10) vaccination. Children had significantly higher
HI titres than adults pre- to 180 days post-vaccination. Pre-
vaccination, ten adults had HI titres below the protective threshold
of whom nine were seronegative (HI < 10). Vaccination did not
generally boost antibody titres in adults, except two adults who
responded with protective HI titres. No change in fold change in
HI titres was observed to H1N1 after LAIV3 (Fig. 2C).

For the H3N2 strain, 10 (50%) of the 20 children had a pre-
vaccination HI titre of <40, of whom 8 (40%) were seronegative
(HI titre < 10) (Fig. 2B). After the first LAIV3 dose, there was a sig-
nificant increase (P < 0.0001) in HI titres, which remained signifi-
cantly elevated above pre-vaccination levels after the second
dose (day 56) (P < 0.0001) and until day 360 (P < 0.01). Thirteen
(65%) adults had pre-vaccination antibodies below the protective
titre (HI<40) to H3N2. LAIV3 elicited protective HI titres in two
ific IgG responses in children and adults after seasonal trivalent live atten-
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Fig. 1. The study design. Children were vaccinated with 1 (n = 20) or 2 (n = 14 children, age < 9 years old) doses of LAIV, whilst adults received one dose of LAIV. Plasma
samples were collected pre (0) and at 28, 56, 180 and 360 days post vaccination. The number (n) of children and adults providing samples at each time point is shown.

Table 2
Baseline demographics of the patient cohort.

Children Adults

Number of participants (n) 20 20
Median age by year (Range) 4.5 (3–17) 33.5 (21–59)
Male/Female (% Female) 9/11 (55%) 6/14 (70%)
Single dose (%) 6 (30%) 19 (95%)
Two doses (%) 14 (70%) 1 (5%)
Pandemic vaccination in 2009 (n (%)) 9 (45%) 10 (50%)
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adults (10%) post-vaccination, only one of which was maintained
above the protective titre up to 1 year. Children had significantly
higher fold changes after LAIV3 than adults, and these were main-
tained in children up to day 360 whereas low increases were
observed up to day 56 in adults (Fig. 2D). In summary, LAIV3 signif-
icantly boosted the HI response to H3N2 in children. Generally, no
H1N1-specific HI response was boosted in either children or adults.

4.2. IgG responses to full-length H3N2 were boosted in children after
LAIV3

The IgG response was measured by ELISA to the homologous
(H1 and H3) and heterologous (H5 and H7) full-length influenza
A HAs (Table 1). High pre-vaccination IgG titres to the full-length
H1 HA were detected in both the children and adults, and LAIV3
vaccination did not boost these antibodies (Fig.3A). No correlation
was observed between pre-vaccination IgG and fold-increase
28 days post-vaccination in children against H1N1 (data not
shown).

H3-specific antibodies were detectable pre-vaccination in all
adults and in the majority of children to the full-length HA,
although 5 children had low levels of antibodies (Fig. 3B). In the
children, antibody titres increased significantly (p < 0.0005) at
day 28 after LAIV3 immunization and were generally maintained
up to day 360. Children’s IgG titres were significantly higher than
adults after one dose and up to one year post-vaccination. No
changes in H3-specific antibody responses were observed in the
adults after vaccination. Pre-existing IgG antibodies specific for
H3 full-length HA significantly but inversely correlated with fold
induction in children both at day 28 (r = �0.8412, p < 0.0001) and
day 56 (r = �0.8618, p < 0.0001).

We further evaluated the heterosubtypic antibody response. H1
and H5 are both group 1 HAs and the H3 and H7 are group 2 HAs,
with a similar conserved stalk domain. We observed a trend of
higher pre- and up to 180 days post-vaccination antibody titres
against the full-length H5 HA (Fig. 3C) in adults compared to chil-
Please cite this article in press as: Islam S et al. Influenza A haemagglutinin spec
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dren. The H5 antibody titres at day 360 were significantly different
(P < 0.05) from earlier time points in both adults and children. No
change in H3 stalk antibodies was observed after LAIV3 (Fig. 3D).
However, adults had significantly higher H7 HA-specific antibody
titres pre- and up to 180 days post-vaccination compared to
children.
4.3. LAIV3 boosts H3 HA head-specific responses in children

We measured the IgG antibodies to the homologous influenza A
vaccine HA heads and stalks using chimeric HAs. The H1 head-
specific antibody titres were significantly higher in children than
the adults (Fig. 4A) pre-vaccination, although the LAIV3 did not
boost these antibodies. Adults only had a slight increase in head
antibody but this decreased by day 360. Pre-vaccination, H3 head
specific antibodies were comparable between children and adults
(Fig. 4B). In children, H3 head specific antibodies increased signif-
icantly (p < 0.05) after one dose (day 28) and were maintained up
to one year post-vaccination (Fig. 4B). However, no boost in H3
head antibodies was observed after vaccination in adults. Children
had significantly higher head H3 specific antibodies after LAIV3
immunization than adults.

The stalk-specific antibody response was assessed using chi-
meric group 1 (cH6/1) and group 2 (cH4/3)) HAs containing exotic
head domains derived from avian viruses, which do not cause
human infection. For the H1 stalk, adults had significantly higher
stalk antibody titres compared to children pre-vaccination and
up to day 180 (p < 0.05). There was a trend of an increase in the
H1 stalk antibody response in children at days 28 and 56 post-
vaccination, but not in adults (Fig. 4C). Adults had significantly
higher H3 stalk-specific antibodies pre-vaccination than the chil-
dren. LAIV3 immunization did not boost H3 stalk-specific IgG in
children or adults. H3 stalk-specific antibody titres decreased sig-
nificantly (P < 0.05) in adults at days 180 and 360 compared to
pre-vaccination titres (Fig. 4D). In summary, circulating H3N2
head-specific IgG responses were boosted and low levels of H1N1
stalk-specific antibody responses were induced in children, but
not adults.
4.4. Comparative distribution of head- and stalk-specific IgG after
LAIV3

The HA specific IgG distribution was compared by calculating
the ratio of the antibodies to the head domain and the stalk domain
in children and adults. Children, who had previously been infected
or vaccinated with the H1N109pdm virus, but with limited expo-
sure history to other influenza H1s, had more H1 head-specific
ific IgG responses in children and adults after seasonal trivalent live atten-
e.2017.08.044
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Fig. 2. The haemagglutination inhibition (HI) antibody responses in children and adults after live attenuated influenza vaccination. HI titres were measured towards the
homologous influenza A/California/7/09 (H1N1) (A) and A/Victoria//361/11 (H3N2) (B) vaccine strains in both children and adults after live attenuated influenza vaccination.
The dotted line shows an HI titre of 40, considered the protective level. The fold increase in children from pre-vaccination antibody titres to H1N1 (C), and H3N2 (D)
homologous viruses. Ratios above or below 1 indicate higher or lower post-vaccination HI titres compared to pre-vaccination titres, respectively. Blood was collected at 0
(pre), 28 (after 1st dose), 56 (after 2nd dose in children < 10 years old), 180 and 360 days post vaccination. Each circle represents the HI response of one individual with the bar
showing the group geometric mean HI titres ± 95% confidence interval. Open circles are children while filled circles are adults.. The nonparametric Mann-Whitney test was
used to investigate statistical significance between children and adults. The linear mixed model was also used to investigate the change from pre-vaccination antibody titres
up to one year for both children and adults; *p < 0.05.
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antibodies pre-vaccination, which decreased post-vaccination.
However, in adults who had previously experienced several natural
H1N1 infections and/or vaccination, HA stalk-specific antibody
dominance was observed (Fig. 4E). The children had significantly
higher ratio throughout the study than adults. Both children and
adults had a H3 head dominant response (Fig. 4F). An increase in
H3 head specific-antibodies after LAIV3 immunization was
observed in children, leading to a significantly higher ratio in chil-
dren than adults post-vaccination.
Please cite this article in press as: Islam S et al. Influenza A haemagglutinin spec
uated influenza vaccination. Vaccine (2017), http://dx.doi.org/10.1016/j.vaccin
5. Discussion

The licensure of LAIV in Europe in 2012 expanded available pro-
phylaxis for influenza, offering an attractive easily administered
nasal spray vaccine for children. In Norway, annual seasonal influ-
enza vaccination is only recommended for high-risk populations
and thus most of our volunteers had not previously received
seasonal influenza vaccination. In this study, we dissected the
influenza A HA-specific antibody response after the newly licensed
ific IgG responses in children and adults after seasonal trivalent live atten-
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Fig. 3. The haemagglutinin specific antibody response to seasonal and heterosubtypic influenza A viruses. The IgG response to the haemagglutinin of the homologous vaccine
strains (A/California/4/2009 (H1N1) (A) and A/Victoria/361/11 (H3N2) (B)) and the avian (A/Vietnam/1203/04 (H5N1) (C) and A/Shanghai/1/13 (H7N9) (D)) viruses was
measured by ELISA. Each circle (open = children, filled = adults) represents the endpoint titre of one individual, and the bars show the geometric mean titre ± 95% confidence
interval. The sampling points were at day 0 (pre-vaccination) and days 28, 56, 180 and 360-post vaccination. The children and adult sampling points were compared using
paired student’s t-test and t-test with Welch correction. *p < 0.05.
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intranasal LAIV3 vaccination in children and adults. Our results
show that LAIV3 boosted the H3-specific antibody responses in
children, but not adults, and the antibody response was dominated
by antibodies to the HA head domain. A trend of increase in H1
stalk specific antibodies was found in children after LAIV3. Adults
who have previously experienced repeated influenza infection
had higher pre-existing H1 stalk-specific antibodies, but these
were not boosted after LAIV3 immunization.

The golden standard haemagglutination inhibition (HI) assay
mainly measures neutralising HA head-specific antibodies with a
serum HI titre of 40 considered protective in adults [18]. Although
in children HI titres of 110 have been proposed as providing 50%
Please cite this article in press as: Islam S et al. Influenza A haemagglutinin spec
uated influenza vaccination. Vaccine (2017), http://dx.doi.org/10.1016/j.vaccin
protection to H3N2 after IIV vaccination [19]. We found that
LAIV3 only boosted H3N2 HI antibodies (>110) in the children,
and these titres were maintained up to a year. Generally, no boost
in the HI antibody was observed to the H1N1pdm09 virus in either
adults or children, in agreement with our previous findings in
children [4]. Pre-existing influenza-specific antibodies, particularly
to H1N1pdm09 from previous infection or vaccination, may
limit replication of the H1N1pdm09 LAIV strain and therefore
restrict stimulation of the immune response [20], but should also
provide protection against H1N1pdm09 infection. Interestingly,
studies in the USA have shown reduced vaccine effectiveness
post-pandemic against H1N1pdm09 after LAIV [21,22] although
ific IgG responses in children and adults after seasonal trivalent live atten-
e.2017.08.044
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Fig. 4. The IgG HA specific response to the haemagglutinin head and stalk of influenza A H1N1 and H3N2 viruses. The head and stalk IgG responses to the HA of A/California/
4/2009 (H1N1) (A, C) and A/Victoria/361/11 (H3N2) (B, D) were measured by ELISA. The time points for sampling were day 0 (pre-vaccination) and days 28, 56, 180 and 360
post vaccination, as indicated on the x-axis. Each circle (open = children, filled = adults) represents the endpoint titre of one individual and the bars show the geometric mean
titre ± 95% confidence interval. E (A/California/4/2009 (H1N1)) and F (A/Victoria/361/11 (H3N2)) show the ratio between head and stalk antibody titres on a log2 scale, where
a ratio of 1 shows an equivalent distribution of stalk and head antibody. The bar charts indicate the mean titre ± 95% confidence interval. The children and adult sampling
points were compared using paired student’s t-test and t-test with Welch correction. *p < 0.05.
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in Europe the LAIV has been shown to be effective against labora-
tory confirmed influenza [23]. The H1Npdm09 LAIV strain used in
2009–2014 had a mutation in the HA (E47 amino acid residue) that
potentially led to reduced thermal stability of this strain [21]. As a
consequence of lower effectiveness against H1N1, the LAIV is not
recommended in the USA by the Advisory Committee on Immu-
nization Practices (ACIP) for the 2016–17 season although in Eur-
ope LAIV is still recommended. These findings of no or low
increases in H1N1-specific antibodies observed in our study may
help explain the lower effectiveness of the H1N1 strain.

We further used the HA proteins from the homologous vaccine
strains to dissect the IgG response to the immunodominant head
and the subdominant stalk domains. Our data demonstrate
increased IgG antibodies after the first dose of LAIV3 in children
to the H3 full-length protein and the H3 head, which persisted
up to one year. These head-specific antibodies, that can also be
detected by the HI assay, have higher neutralizing capacity than
stalk-specific antibodies in vitro [24]. Furthermore, our recent
study reported that the IgG1 subclass is boosted against the H3
head after LAIV3 [25]. Interestingly the full-length H3N2 HA speci-
fic IgG corresponds with the head-specific IgG titres in both groups.
The titres of stalk-specific antibodies were determined by age and/
or previous exposure history. Adults had higher pre-existing H7
specific antibodies with similar titres to the chimeric H3 stalk. In
contrast, the children had low or undetectable levels of pre-
existing H7 stalk specific antibodies illustrating the lack of group
2 influenza virus exposure [12]. Lower stalk specific antibodies to
the group 2 stalk (H3 and H7) than to group 1 stalk were detected
in children, possibly due to exposure to mostly one group 2 virus
(H3N2) during their life span.

Both children and adults had pre-existing IgG antibodies to the
head of H1, which generally did not boost upon vaccination. Higher
head specific titres were observed in children compared to adults,
reflecting recent influenza infection with an antigenically similar
virus. Interestingly, higher pre-existing stalk H1 antibodies were
observed in adults than children probably due to sequential expo-
sure to antigenically distinct HAs from group 1 (seasonal and pan-
demic H1 and H2 viruses) causing selective boosting of antibodies
to the highly-conserved stalk, similarly reviewed by Krammer et al.
[10]. The HAs of H5N1 and H1N1pdm09 viruses belong to group 1
with similar stalk, but divergent head domains. Higher levels of H5
antibody were found in adults compared to children pre- and post-
vaccination, reflecting adults more extensive previous group 1
infection history resulting in higher levels of cross reactive (heter-
subtypic) stalk antibodies. As hypothesized, the presence of a novel
globular head in the H1N1pdm09 virus skewed the antibody
response to the heterologous stalk in adults [10,26,27]. We have
earlier reported that pandemic vaccination with H5N1 vaccine
containing a highly divergent HA head and a group 1 stalk boosted
the neutralizing stalk-specific responses after the first vaccination
in adults [14].

In contrast, children have had limited influenza exposures to
group 1 HAs. In agreement, Nachbagauer et al. found that HA
stalk-reactive antibodies increased with age after repeated expo-
sure to divergent influenza viruses with conserved stalks [28].
Stalk-reactive antibodies are not extensively induced after sea-
sonal IIV [13,29–32], but we found that children with limited pre-
vious influenza infection or earlier pandemic vaccination had pre-
existing H1 stalk specific IgG that was boosted by seasonal LAIV3
vaccine, although not significantly. This may allow LAIV3 to be
used as a priming strategy for a future universal influenza stalk
based vaccine.

The continuous antigenic drift and occasional pandemics with
the associated time delay in production of pandemic vaccine high-
lights the need for development of universal influenza vaccines,
which can provide broader and longer lasting immunity. This study
Please cite this article in press as: Islam S et al. Influenza A haemagglutinin spec
uated influenza vaccination. Vaccine (2017), http://dx.doi.org/10.1016/j.vaccin
shows that LAIV can boost stalk-specific antibodies in children in
the absence of a boost in head specific responses a finding, which
would need to be confirmed in a larger group of children. Nachba-
gauer et al. also showed that a high dose recombinant HA seasonal
vaccine boosted stalk-specific responses in adults 19–49 years old.
Recently, Impagliazzo et al. engineered stable trimeric stems,
which were effective at inducing broad protection in pre-clinical
animal models [33]. Stalk-specific antibodies provide broader cross
reactivity through virus neutralisation and by activation of NK cells
through FccR resulting in lysis of target cells. Further studies could
evaluate the functionality of the stalk specific antibodies in chil-
dren and adults by antibody dependent cellular cytotoxicity
(ADCC) and neutralization assays, although a recent study found
that LAIV did not induce ADCC in children [34].

In conclusions, adults had higher pre-existing H1 HA stalk anti-
bodies, whereas children had H1 head dominant antibodies proba-
bly reflecting recent infection with the same H1 strain. LAIV3
mimics natural infection in children eliciting H3N2 HA head and
low levels of stalk H1N1 antibodies, confirming LAIV as a priming
of young children.
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