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ABSTRACT

Influenza virus infections are a major public health concern and cause significant morbidity and mortality worldwide. Current
vaccines are effective but strain specific due to their focus on the immunodominant globular head domain of the hemagglutinin
(HA). It has been hypothesized that sequential exposure of humans to hemagglutinins with divergent globular head domains but
conserved stalk domains could refocus the immune response to broadly neutralizing epitopes in the stalk. Humans have preex-
isting immunity against H1 (group 1 hemagglutinin), and vaccination with H5 HA (also group 1)—which has a divergent globu-
lar head domain but a similar stalk domain—represents one such sequential-exposure scenario. To test this hypothesis, we used
novel reagents based on chimeric hemagglutinins to screen sera from an H5N1 clinical trial for induction of stalk-specific anti-
bodies by quantitative enzyme-linked immunosorbent assay (ELISA) and neutralization assays. Importantly, we also investi-
gated the biological activity of these antibodies in a passive transfer in a mouse challenge model. We found that the H5N1 vac-
cine induced high titers of stalk-reactive antibodies which were biologically active and protective in the passive-transfer
experiment. The induced response showed exceptional breadth toward divergent group 1 hemagglutinins but did not extend to
group 2 hemagglutinins. These data provide evidence for the hypothesis that sequential exposure to hemagglutinins with diver-
gent globular head domains but conserved stalk domains can refocus the immune response toward the conserved stalk domain.
Furthermore, the results support the concept of a chimeric hemagglutinin universal influenza virus vaccine strategy that is based
on the same principle.

IMPORTANCE

Influenza virus vaccines have to be reformulated and readministered on an annual basis. The development of a universal influ-
enza virus vaccine could abolish the need for this cuambersome and costly process and would also enhance our pandemic pre-
paredness. This study addressed the following questions, which are essential for the development of a hemagglutinin stalk-based
universal influenza virus vaccine. (i) Can stalk-reactive antibodies be boosted by vaccination with divergent HAs that share con-
served epitopes? (ii) How long-lived are these vaccine-induced stalk-reactive antibody responses? (iii) What is the breadth of this
reactivity? (iv) Are these antibodies functional and protective? Our results further strengthen the concept of induction of stalk-
reactive antibodies by sequential exposure to hemagglutinin immunogens with conserved stalk and divergent head domains. A
universal influenza virus vaccine based on the same principles seems possible and might have a significant impact on global hu-
man health.

C urrent influenza virus vaccines provide excellent protection
against matched virus strains, but they are limited in efficacy
against mismatched viruses. Immune responses induced by li-
censed inactivated influenza virus vaccines are focused toward the
membrane-distal immunodominant globular head domain of the
major surface glycoprotein of the virus, the hemagglutinin (HA)
(1-3). This domain exhibits high structural plasticity and is
strongly affected by antigenic drift. In contrast, the membrane-
proximal HA stalk domain shows a high degree of conservation,
but due to its immunosubdominant nature, conventional vac-
cines do not usually induce effective immune responses against
this domain (1-3). However, antibodies directed against the stalk
domain are known to be broadly neutralizing in vitro and broadly
protective in passive-transfer challenge in vivo (mouse and ferret
models) (4-10). Influenza virus HAs are phylogenetically divided
into group 1 HAs (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16,
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H17, and H18) and group 2 HAs (H3, H4, H7, H10, H14, and
H15). The stalk domain shows conservation within these groups,
and the binding pattern of broadly neutralizing antibodies—with
some exceptions (11, 12)— usually resembles this phylogeny (47,
13-15). It has been hypothesized that exposure to HAs with diver-
gent head domains and conserved stalk domains could refocus the
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immune response to the immunosubdominant conserved stalk
domain of the HA by boosting antibodies to shared epitopes (16—
22). A universal influenza virus vaccine based on this hypothesis
using chimeric HAs (cHAs) is currently in late-stage preclinical
development (10, 19, 20, 23). Since humans have low but detect-
able preexisting immunity to the conserved group 1 stalk domain
(mainly from exposure to H1- and H2-expressing viruses), vacci-
nation with H5N1 vaccines theoretically should boost stalk-reac-
tive antibodies in individuals preexposed to influenza viruses. In
the present study, we examined sera from an H5N1 clinical trial to
test this hypothesis. We used assays based on chimeric HAs (24,
25) to quantitatively assess the induction of stalk-reactive anti-
bodies upon H5NI1 vaccination in humans. Furthermore, we
characterized the breadth of these responses and assessed their
longevity up to 12 months postvaccination. The humoral re-
sponses were then characterized for their functionality in in vitro
neutralization assays and in passive-transfer challenge experi-
ments with mice.

MATERIALS AND METHODS

Participants. Sixty healthy volunteers (aged 20 to 49 years; mean age, 31
years; 37% males) were recruited at the Haukeland University Hospital,
Bergen, Norway, according to good clinical practice guidelines. None of
the participants had received an H5N1 vaccine prior to the study. All study
subjects provided written informed consent before their inclusion in the
trial. The study was approved by the regional ethics committee (Regional
Committee for Medical Research Ethics, Northern Norway [REK Nord])
and the Norwegian Medicines Agency (26).

Vaccine. The vaccine consisted of inactivated influenza virosomes
from the vaccine strain RG14, which is a reassortant between A/Vietnam/
1194/2004 (H5N1) and A/Puerto Rico/8/34 (HIN1) (PR8) produced by
reverse genetics at the National Institute for Biological Standards and
Control (NIBSC), United Kingdom. RG14 was grown in embryonated
chicken eggs and inactivated with beta-propiolactone, and the surface
glycoproteins and phospholipids were solubilized with the detergent oc-
taethylene glycol monododecyl ether. HA and neuraminidase (NA) were
purified, mixed with lecithin, and incorporated into the phospholipid
bilayer by the stepwise removal of the detergent. HA content was mea-
sured and the presence of NA confirmed. The 3rd-generation ISCOM-like
Matrix M adjuvant used in this study was prepared by Crucell/SBL vac-
cines, Sweden, under good manufacturing practices (26).

Study design. Participants were divided into four groups of 15 and
received two intramuscular (i.m.) injections into the deltoid muscle at an
interval of 21 (*1) days with the inactivated virosomal H5N1 vaccine
alone (30 pg of HA) or 1.5, 7.5, or 30 g of HA further adjuvanted with
Matrix M (50 pg). All subjects provided blood samples on the day of
vaccination and 21 days after the first vaccine dose. Fifty-nine serum sam-
ples were available 21 days after the second vaccination (day 42). For the
6-months and 12-months-postvaccination time points, 51 serum samples
were provided for investigation. A more detailed description of patient
cohorts, screening tests, vaccine, and study design was previously pub-
lished (26).

ELISAs. Recombinant proteins as enzyme-linked immunosorbent as-
say (ELISA) substrates cH6/1 (A/mallard/Sweden/81/02 H6 head domain
with an A/Puerto Rico/8/34 H1 stalk domain), H2 (A/mallard/Nether-
lands/5/99), H3 (A/Perth/16/09), H9 head only (A/guinea fowl/Hong
Kong/WF10/99), H18 (A/flat-faced bat/Peru/033/10), and N1 NAs from
A/Vietnam/1203/04 and A/California/04/09) were produced as described
before (27, 28). Flat-bottom Immuno nonsterile 4 HBX 96-well plates
(Thermo Scientific) were coated with 50 pl of protein diluted in ELISA
coating buffer (pH 9.4) at a concentration of 2 g/ml per well and refrig-
erated at 4°C overnight. Coating buffer was discarded and wells were
blocked for 1 h at room temperature with 100 pl of blocking solution
(phosphate-buffered saline [PBS] containing 0.1% Tween 20 [T-PBS],
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3% goat serum [Gibco], and 0.5% milk powder). Another 100 pl was
added to the first column of wells, as was 2 .l of human serum (starting
concentration of 1:100). The samples were 2-fold serially diluted and in-
cubated at room temperature for 2 h. The plates were washed 3 times, and
50 wl of blocking solution containing anti-human IgG (Fab specific)-
peroxidase antibody (Sigma) at a concentration of 1:3,000 added. After 1
h of incubation at room temperature, the plates were washed 3 times and
developed with 100 pl of SigmaFast o-phenylenediamine dihydrochloride
(OPD; Sigma) per well. The developing process was stopped after 10 min
with 3 M hydrochloric acid (HCI), and the reaction was read at an absor-
bance of 490 nm with a Synergy H1 hybrid multimode microplate reader
(BioTek).

Treatment of sera with RDE. To prepare serum samples for micro-
neutralization assays, they were treated with receptor-destroying enzyme
(RDE) of Vibrio cholerae (Sigma). Reconstituted RDE was diluted 1:9 in
calcium saline solution (1 g of calcium chloride, 9 g of sodium chloride,
1.203 g of boric acid, and 0.052 g of sodium tetraborate in 1,000 ml of
distilled water). Serum samples were mixed 1:4 with diluted RDE and
incubated overnight in a 37°C water bath. Three volumes (based on orig-
inal serum volume) of 2.5% sodium citrate solution were added, and
samples were heated at 56°C for 30 min. Two volumes of PBS were added
to raise the dilution to 1:10.

Microneutralization assays. Ninety-six-well cell culture plates con-
taining 100 pl of cell culture media with 1.5 X 107 to 1.8 X 10”/ml of
Madin-Darby canine kidney cells (MDCK cells) were incubated at 37°C
overnight. RDE-treated serum samples were serially diluted in minimum
essential medium, containing tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin at a concentration of 1:1,000 (T-MEM), and in-
cubated with cH9/IN3 virus at a concentration of 1,000 PFU per ml at
room temperature to allow antibody binding (24, 25). After 1 h, 100 .l of
serum-virus mixture was transferred onto the plates containing MDCK
cells and incubated for 1 h at 37°C. Cells were then washed and incubated
with sera serially diluted in T-MEM without virus at 37°C. After 24 h, the
cells were fixed with ice-cold 70% acetone and refrigerated at —20°C for at
least 1 h. Cells were blocked with 100 pl of 3% hydrogen peroxide per well
for 30 min, followed by 100 pl of 1% bovine serum albumin (BSA) in PBS
for 30 min. They were then incubated at room temperature for 1 h with
1% BSA containing anti-influenza A virus nucleoprotein mouse IgG at a
concentration of 1:3,000. Horseradish peroxidase (HRP)-linked anti-
mouse IgG was used as a secondary antibody, diluted to the same concen-
tration, and incubated for 1 h at room temperature. The plates were de-
veloped with 100 pl of SigmaFast OPD (Sigma) per well; the reaction was
stopped after 30 min with 50 pl of 3 M HCI, and plates were read at an
absorbance of 490 nm with a Synergy H1 hybrid multimode microplate
reader (BioTek).

Passive serum transfer into mice. To assess the level of protection by
the stalk-reactive antibodies in vivo, pre- and postvaccination serum sam-
ples of participants with an 8-fold or higher induction (n = 27) of stalk-
reactive antibody titers after the second round of vaccination were tested
in a passive transfer challenge experiment. Two groups of 10 BALB/c mice
each were injected intraperitoneally (i.p.) with 250 pl of pooled pre- or
postvaccination sera and challenged intranasally with a sublethal dose of
cH9/1N3 virus 2 h later. Weight loss was observed, and lungs of 5 mice for
each group were harvested 3 days and 6 days postchallenge. Mouse lungs
were stored on ice in 600 pl of PBS, homogenized with a BeadBlaster 24
microtube homogenizer (Benchmark Scientific), and then centrifuged at
10,000 rpm at 4°C for 5 min. The supernatant was collected, aliquoted,
and frozen to —80°C. All mouse experiments were approved by the Icahn
School of Medicine at Mount Sinai Institutional Animal Care and Use
Committee.

Plaque assays. Mouse lung supernatant was serially diluted in PBS,
and 200 pl of each dilution was transferred onto MDCK cells on 12-well
plates and incubated at 37°C for 40 min. Supernatant was removed and an
overlay of MEM containing 2% Oxoid agar, TPCK-treated trypsin, and
DEAE dextran was applied to the cells. After incubation at 37°C for 48 h,
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FIG 1 H5N1 vaccination induces stalk-reactive antibodies in humans. (A) Study design. Participants received the H5N1 vaccine intramuscularly on day 0 and
day 21. Blood was drawn on days 0, 21, and 42 postpriming, as well as after 6 and 12 months. (B) Stalk-reactive antibodies were measured in a cH6/1 ELISA.
Reciprocal geometric mean titers on day 0 were detected at 1:2,722 and showed a high, significant increase for day 21 (1:1,1943; P < 0.0001) and day 42 (1:15,267;
P < 0.0001). The levels of stalk-reactive antibodies declined after 6 months (1:4,143; P = 0.032) and remained at a similar level up to 12 months postvaccination
(1:4,087; P = 0.0051), still significantly higher than baseline titers. (C) Induction of stalk-reactive antibodies over baseline. Stalk-reactive antibody titers showed
a 4.4-fold induction over baseline after the first round of vaccination, with a further boost to 5.6-fold after the second round. After 6 months, the stalk-reactive
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the cells were fixed with 4% formaldehyde and the overlay was removed.
Immunostaining against H9 HA was performed, the resulting plaques
were counted, and lung titers were calculated as PFU/ml.

Statistical analyses. Statistical significance was analyzed using Graph-
Pad (GraphPad Software Inc.), and a P value of <0.05 was considered
statistically significant. For paired samples, a paired ¢ test was performed;
otherwise, an unpaired Student # test was used. For group comparison,
one-way analysis of variance (ANOVA) with a Tukey posttest was per-
formed. Data are presented as geometric means.

RESULTS

H5N1 vaccination induces high titers of stalk-reactive antibod-
ies. During the original trial (26, 29), healthy volunteers received
two doses of a virosomal subunit H5N1 vaccine 21 days apart (Fig.
1A). The participants were divided into four groups: one group
received nonadjuvanted virosomal vaccine containing 30 g of
HA, and the three other groups received 1.5, 7.5, or 30 pug of HA
adjuvanted with 50 pg of Matrix M. Results from the four groups
were initially analyzed separately (Fig. 1D), but since no statisti-
cally significant differences for induction and longevity of stalk-
reactive antibodies were found, data from the groups were pooled
for presentation. Samples were taken at day 0, day 21, day 42, 6
months, and 12 months postpriming and analyzed for the pres-
ence of stalk-reactive antibodies. To detect stalk-reactive antibod-
ies, we used a cH6/1 construct consisting of an H6 head domain
(to which humans are naive) on top of an H1 stalk domain (to
which humans are known to have preexisting immunity). Since
humans are naive to the H6 head domain (24, 30), reactivity mea-
sured with this substrate indicates reactivity to the H1 stalk. This
reagent was used in an endpoint titer ELISA to quantitatively mea-
sure stalk-reactive antibodies. Day 0 geometric mean titers (GMT)
of stalk-reactive antibodies were detected at 1:2,722 (Fig. 1B). This
was not surprising since H1 and H2 infections—and in special
cases also vaccination— can induce some level of antibodies reac-
tive against the group 1 stalk in humans (16-18, 24, 31). Interest-
ingly, titers of stalk-reactive antibody were boosted to 1:11,943
after H5N1 vaccination (Fig. 1B), an induction of more than 4.4-
fold (Fig. 1C). The H5N1 booster vaccination increased the stalk
titers minimally, to 1:15,267, to an induction of 5.6-fold over day
0 levels. This is in sharp contrast to H5-specific hemagglutination
inhibition (HI) responses, which showed a strong increase after
the second vaccination (26). However, levels of stalk-reactive an-
tibodies decreased significantly only 6 months postvaccination, to
1:4,143, and stabilized at that level to 12 months postvaccination,
representing a stable 1.6-fold induction over baseline. This pat-
tern follows H5-specific serum IgG and microneutralization
(MN) titers published previously (29). No statistically significant
difference could be detected between peak induction or longevity
between the four vaccine groups (Fig. 1D).

H5N1 vaccine induces stalk-reactive antibodies that cross-
react to other group 1 but not group 2 HAs. The cH6/1 protein
used to measure stalk-reactive antibodies includes an H1 stalk

H5N1 Vaccination Induces Stalk Antibodies in Humans

domain. H1-H5 stalk cross-reactive antibodies have been de-
scribed in the literature (6, 13) and can be expected since humans
have preexisting immunity to the H1 stalk and have now been
exposed to the H5 stalk domain. However, it remained unclear
how broadly the induced stalk-reactive antibodies would react to
other members of the group 1 HAs and if there would be any
cross-reactivity toward group 2 HAs. We therefore assessed the
induction of antibodies against H2, H18, and H3 HAs on day 42.
H2 is closely related to H1 and H5 and falls into the H1 clade of the
group 1 HAs. H18 was recently discovered in Peruvian bats and
forms a distinct clade of the group 1 HAs together with another
HA discovered in bats, H17 (32). H3 is a group 2 HA and was used
in this study to assess induction of cross-group stalk-reactive an-
tibodies. As expected, H5N1 vaccination induced high titers of
H2-reactive antibodies, rising from 1:1,119 on day 0 to 1:4,095 on
day 42, a 3.6-fold induction (Fig. 2A and B). Anti-H2 titers also
showed good correlation with anti-cH6/1 titers, an indication that
the increased H2 reactivity is directed against the stalk domain
(Fig. 2C). Titers of antibody against H18 rose from 1:791 on day 0
to 1:2,024 on day 42, which represents a 2.5-fold induction (Fig.
2A and B). However, titers of antibody against H3 rose only mar-
ginally, from 1:2,186 to 1:2,599, representing a 1.19-fold induc-
tion (Fig. 2A and B). It is questionable whether this increase in
antibody titer is biologically relevant. Our data suggest that H5N1
vaccination is able to significantly induce titers against heterosub-
typic group 1 HAs but is unable to induce titers against members
of group 2 HAs. In addition to studying the induction of anti-HA
stalk antibodies, we also assessed levels of antibody against the
viral neuraminidase (NA). Titers of antibody against the homol-
ogous N1 NA from A/Vietnam/1203/04 were induced 1.5-fold on
day 42 over day 0, and only a 1.1-fold induction against the N1 NA
of A/California/04/09 was detected (Fig. 3).

Stalk-reactive antibodies are functional and protect in a pas-
sive-transfer challenge model. Antibodies detected by ELISA
may or may not have biological functions and relevance in vivo.
We therefore explored whether the detected stalk-reactive anti-
bodies found in the sera of H5N1-vaccinated individuals have
neutralizing activity in vitro and protective efficacy in vivo. To that
end, we used a cH9/1N3 virus that was described previously (24).
This virus can be used to specifically measure stalk-reactive anti-
bodies since humans are naive to the H9 head domain. An N3
NA—to which humans are naive as well—was used to exclude the
contribution of NA-reactive antibodies to neutralization or pro-
tection. As expected, no increase in cross-reactive anti-H9 head
antibodies was detected between day 0 and day 42 (Fig. 4B). Sub-
sequently, MN assays with day 0 and day 42 samples were per-
formed using the cH9/1N3 virus. Microneutralization titers in-
creased significantly upon H5N1 vaccination. Also, we could
detect a clear correlation between cH6/1 reactivity and cH9/1N3
MN titers (Fig. 1E and F). To investigate if this response would
also have biological relevance in vivo (Fig. 4A), we selected a subset

antibodies declined to a level of 1.5-fold over baseline and were retained at that level for up to 12 months (1.6-fold). (D) Induction of stalk-reactive antibodies
for individual vaccine groups. There was no statistical significant difference in induction of stalk-reactive antibodies for the various HA contents of the vaccines,
as well as adjuvant, for any time point (21 days, P = 0.3391; 42 days, P = 0.6267; 6 months, P = 0.3068; 12 months, P = 0.9807). (E) Biological activity of
stalk-reactive antibodies was measured in a microneutralization assay with a cH9/1 N3 virus. Using an HA head domain and neuraminidase to which humans are
naive ensured measurement of stalk-reactive antibodies only. Baseline titers were relatively high, at 1:569, but showed a significant increase 42 days postpriming,
to 1:1,092 (P < 0.0001). (F) Correlation of stalk-reactive antibodies measured by ELISA and microneutralization assay. The levels of stalk-reactive antibodies
measured by ELISA significantly correlated with their measured neutralizing ability in vitro (Spearman r = 0.5225; P < 0.0001). n.s., not significant. In Fig. 1 to
4, * indicates a P value of =0.05, ** indicates a P value of =0.01, and *** indicates a P value of =0.001.
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FIG 2 H5N1 vaccination induces cross-reactive group 1 HA antibodies in humans. (A) Titers of antibody against group 1 HAs H2 and H18 and group 2 HA H3
were measured on day 0 and day 42 postpriming. Titers of antibody against H2 increased from 1:1,118 to 1:4,095 (P < 0.0001) and titers of antibody against H18
from 1:791 to 1:2,024 (P < 0.0001). Titers of antibody against H3 remained at similar levels, 1:2,186 and 1:2,599 (P = 0.66). (B) Induction over baseline of
antibodies against group 1 HAs H2 and H18 and group 2 HA H3 was calculated for day 42 postpriming. Antibodies against H2 show a 3.6-fold induction over
baseline and induction of antibodies against H18 was 2.5-fold, confirming group cross-reactivity for group 1 HAs. Cross-group antibodies against H3 showed
only a low induction, at 1.19-fold over baseline. (C) Correlation of stalk-reactive and H2 cross-reactive antibodies. Antibodies against the HA stalk domain and
H2 showed a significant positive correlation (Spearman r = 0.5656; P << 0.0001). This indicates that the cross-reactivity is mostly caused by antibodies against
shared epitopes in the stalk domain. All samples were analyzed, and overlapping results are presented as single points.

of sera, pooled day 0 and day 42 samples, and performed a passive-
transfer challenge experiment with mice (Fig. 4A). We used the
cH9/1N3 virus to measure protection by stalk-reactive antibodies
only. Pooled sera from day 0 or day 42 (MN titers of selected sera
shown in Fig. 4E) were transferred into mice via intraperitoneal
injection, and mice were then challenged 2 h later intranasally
with cH9/1IN3 virus (Fig. 4A). The lungs of these animals were
harvested on day 3 and day 6 postinfection, and weight was re-
corded on days 0, 3, and 6. Day 3 lung titers already showed a
significant reduction in viral load, approximately 1 log, in the mice
that received postvaccination sera compared to the animals that
received prevaccination sera. These differences were even more
pronounced on day 6, when mice that had received prevaccination
sera still had lung titers of approximately 10* PFU/ml, whereas
only 10> PFU/ml was detected in 2 of the mice that received post-
vaccination sera. Virus was undetectable in lungs of the three re-
maining mice (Fig. 4C). Weight loss followed a similar trend; an-
imals that received prevaccination sera lost 3.7% of their initial
weight by day 4, which continued until day 6 (4.6% weight loss)
without signs of recovery (Fig. 4D). Mice that received postvacci-
nation sera showed an average 1.6% weight loss on day 3 and
essentially recovered their initial weight by day 6. These data indi-
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cate that the H5N1-induced antibodies are neutralizing and bio-
logically active.

DISCUSSION

The isolation of stalk-reactive antibodies from human individuals
in recent years has spurred the development of universal influenza
virus vaccines against this conserved part of the viral HA. Given
the constant drift of seasonal influenza virus strains and the threat
from potential pandemic viruses like H2N2, H5N1, or H7NO9,
such a vaccine could have a significant impact on public health
and pandemic preparedness. However, it has proven difficult to
induce high levels of stalk-reactive antibodies due to the immu-
nosubdominance of the stalk domain. Additionally, neutralizing
epitopes in the stalk domain are almost exclusively conforma-
tional and relatively labile (6, 13, 27).

It has been hypothesized by us and others that sequential ex-
posure to influenza viruses that have divergent HA head domains
but conserved HA stalk domains could boost broadly neutralizing
antistalk antibodies (16—18, 22, 24, 31, 33). This phenomenon was
observed during the 2009 pandemic, when an H1 virus with a
conserved stalk and a head domain that was very different from
those of prepandemic seasonal H1 viruses was introduced into
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FIG 3 H5NI1 vaccination elicits a weak antibody response against NA in humans. (A) Titers of antibody against homologous N1 (A/Vietnam/1203/2004 [VN])
and heterologous N1 (A/California/04/2009 [Cal09]) were measured on day 0 and day 42 postpriming. Titers of antibody against VN N1 increased slightly, from
1:755 to 1:1,131 (P = 0.0031), but the increase for Cal09 N1 from 1:1,817 to 1:2,072 was not significant (P = 0.7231). (B) Induction over baseline of antibodies
against homologous N1 (VN) and heterologous N1 (Cal09) was calculated for day 42 postpriming. The induction for VN N1 was 1.5-fold over baseline, while

induction for Cal09 N1 was only 1.1-fold.

the human population (17, 18, 22, 24, 33). Similar findings
have also been reported for other cases of sequential exposure
to influenza viruses with divergent HAs in humans (16, 31).
Vaccination with H5 vaccines also constitutes a sequential-
exposure scenario, since most adults have preexisting immu-
nity against group 1 HAs from previous H1 or H2 infections or
vaccination. Further evidence for the boosting of stalk-reactive
antibodies comes from studies that report isolation of stalk-
reactive antibodies from a survivor of H5N1 infection and
from H5N1 vaccinees (34, 35). However, all previous reports
were based on qualitative data only or data from studies that
lacked matched pre- and postexposure samples. Our data
clearly demonstrate, in a well-controlled and quantitative
study, that high levels of stalk-reactive antibodies can be in-
duced by H5N1 vaccination (Fig. 5A and B). This suggests that
a sequential-exposure universal vaccine strategy (e.g., based on
cHA inactivated split vaccine) could be successful (Fig. 5A
and C).

We found that titers of stalk-reactive antibodies decline in a
fashion similar to that of head-reactive antibodies. Antibody titers
declined to almost baseline levels after only 6 months postvacci-
nation. Although low levels of antibodies—and immunological
memory—are associated with protection from mortality, it is
questionable whether these low antibody titers have a protective
effect against morbidity. Therefore, a strategy, possibly based on
prime-boost regimens and/or more effective adjuvants (36-38),
to induce long-term immunity may be needed for a successful
stalk-based universal influenza virus vaccine. Another interesting
question is how broadly reactive the antibody response induced by
sequential vaccination would be. Most stalk-reactive antibodies
that have been isolated react with either with group 1 or group 2
HAs, but two monoclonal antibodies that cross-react between
group 1 and group 2 HAs have been reported (11, 12). Our data
indicate that vaccination with H5N1 induces antibodies that react
broadly against group 1 HAs but do not cross-react with group 2
HAs (e.g., H3), confirming qualitative results previously gathered
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using isolated monoclonal antibodies. This suggests that success-
ful stalk-based universal vaccines against influenza A viruses
would need either two components (group 1 and group 2) or an
optimized stalk domain that could induce antibodies against both
HA groups.

A sequential-vaccination regimen that enhances stalk immu-
nity and breaks the immunodominance of the globular head do-
main could also render conserved epitopes in influenza virus NA
more immunogenic (39). We tested this hypothesis by assessing
binding to homologous and heterologous N1 NAs and found a
weak but significant induction against the homologous NA. How-
ever, only the presence of NA in the vaccine was confirmed and
not the concentration and structural integrity of the NA in the
vaccine formulation. The lack of boosting of cross-reactive NA
antibodies could have been caused by the lack of correctly folded
NA in the vaccine, leaving this question open for future studies.

Recently, a phenomenon called vaccine-associated enhanced
respiratory disease (VAERD) has been reported to occur in pigs
vaccinated with M2e-NP antigens or mismatched inactivated vi-
rus upon challenge with H1 viruses (40, 41). One report also de-
scribed a correlation between antibodies that bind to a linear
epitope located near the fusion peptide—which is also located in
the stalk domain—and VAERD, raising potential safety concerns
about enhanced disease caused by high levels of stalk-reactive an-
tibodies (42). We addressed this experimentally by performing a
passive-transfer experiment with mice. However, mice that re-
ceived postvaccination sera were better protected in terms of lung
titers and weight loss than animals that received prevaccination
sera with lower titers of stalk-reactive antibodies, and no exacer-
bated disease was observed.

In conclusion, we show that stalk-reactive antibodies are in-
duced upon H5N1 vaccination. These data suggest that sequential
exposure of humans to HAs with divergent heads and conserved
stalks selectively boosts functional stalk-reactive antibodies. A
universal influenza virus vaccine strategy based on the same prin-
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FIG 4 Protective activity of stalk-reactive antibodies. (A) All participants with an 8-fold or higher induction (n = 27) of stalk-reactive antibody titers 42 days
postpriming were selected. Their day 0 and day 42 sera were pooled and intraperitoneally injected into mice. After 2 h, mice were challenged intranasally with
cH9/1 N3 virus. Lungs of 5 mice for each group were harvested 3 days and 6 days after challenge. (B) An ELISA against the H9 head domain confirmed that there
was no significant increase in antibodies against the H9 head domain 42 days postpriming (1:1,131 on day 0 versus 1:1,275 on day 42; P = 0.4901). (C) Virus titers
in the lung were assessed in a plaque assay 3 days and 6 days postchallenge. Virus titers in the lungs of mice that received postvaccination sera were significantly
lower on day 3 postchallenge (9.6-fold difference; P = 0.0036). On day 6 after virus challenge, 3 of the mice that received postvaccination sera had lung virus titers
below the detection limit of 10 PFU per ml; the other 2 showed titers of 0.5 X 10%, which was significantly lower than the mean titer of 1.3 X 10* for the mice that
received prevaccination sera (P = 0.0243). (D) Mice that received postvaccination sera had significantly lower weight loss 3 days postchallenge (1.6% versus 3.7%
weight loss; P = 0.0144) and even regained weight 6 days postchallenge, while mice that received prevaccination sera continued to lose weight (4.6% weight loss).
(E) The neutralizing activity of stalk-reactive antibodies for the sera used in the passive-transfer experiment was assessed in a cH9/1 N3 microneutralization assay.
The titer 42 days postpriming was significantly higher, at 1:1,225, than that on day 0, 1:582 (P = 0.0022).

13266 jvi.asm.org Journal of Virology


http://jvi.asm.org
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humans are H1
primed

FIG 5 Model for induction of stalk-reactive antibodies by sequential exposure
to HAs with conserved epitopes in the stalk but divergent globular head do-
mains. Most humans had prior contact with H1 (A) and are therefore primed
against the H1 stalk domain (dark green). The H5 (B) stalk domain (light
green) shares conserved epitopes with the H1 stalk domain. This study shows
that vaccination against H5N1 can boost antibodies against those shared
epitopes. A vaccination strategy based on chimeric HAs (C) would combine an
H1 stalk and an H5 head domain and might induce even higher titers of
antibody against the HA stalk domain.

ciple seems feasible and could have an impact on public health and
pandemic preparedness.
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