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I N F LUENZA
Vaccine-Induced Anti-HA2 Antibodies Promote Virus
Fusion and Enhance Influenza Virus Respiratory Disease
Surender Khurana,1 Crystal L. Loving,2 Jody Manischewitz,1 Lisa R. King,1 Phillip C. Gauger,3

Jamie Henningson,4 Amy L. Vincent,2* Hana Golding1*
Vaccine-induced disease enhancement has been described in connection with several viral vaccines in animal
models and in humans. We investigated a swine model to evaluate mismatched influenza vaccine-associated enhanced
respiratory disease (VAERD) after pH1N1 infection. Vaccinating pigs with whole inactivated H1N2 (human-like) virus
vaccine (WIV-H1N2) resulted in enhanced pneumonia and disease after pH1N1 infection. WIV-H1N2 immune sera
contained high titers of cross-reactive anti-pH1N1 hemagglutinin (HA) antibodies that bound exclusively to the HA2
domain but not to the HA1 globular head. No hemagglutination inhibition titers against pH1N1 (challenge virus)
were measured. Epitope mapping using phage display library identified the immunodominant epitope recognized
by WIV-H1N2 immune sera as amino acids 32 to 77 of pH1N1-HA2 domain, close to the fusion peptide. These cross-
reactive anti-HA2 antibodies enhanced pH1N1 infection of Madin-Darby canine kidney cells by promoting virus
membrane fusion activity. The enhanced fusion activity correlated with lung pathology in pigs. This study suggests
a role for fusion-enhancing anti-HA2 antibodies in VAERD, in the absence of receptor-blocking virus-neutralizing
antibodies. These findings should be considered during the evaluation of universal influenza vaccines designed to
elicit HA2 stem-targeting antibodies.
INTRODUCTION

Vaccine-associated enhanced respiratory disease (VAERD) has been
reported in multiple respiratory infections in humans and in animals.
Seronegative children administered formaldehyde-inactivated respira-
tory syncytial virus (RSV) vaccine followed by exposure to wild-type
RSV demonstrated enhanced respiratory disease (1, 2). Similarly, atyp-
ical measles with severe disease was reported in children vaccinated
with formalin-inactivated vaccines (3). The mechanisms underlying
VAERD after respiratory infections are not completely understood
and may vary with the disease and/or vaccine modality.

Because the 2009 pH1N1 influenza virus strain was of swine origin,
a pig model was used to evaluate the potential of commonly used swine
inactivated influenza vaccines to study VAERD when the circulating/
infecting influenza strain does not match the vaccine strain. The
human-like H1 (d-cluster) influenza virus is currently endemic in U.S.
swine population after introduction of human seasonal H1 influenza
virus into swine population (4). We previously reported the failure of
an inactivated classical swine H1N1 vaccine to protect pigs after infec-
tion with an H1N2 swine influenza virus while enhancing the severity
of pneumonia (5). During the 2009 H1N1 pandemic (pH1N1), further
studies demonstrated that pigs vaccinated with whole inactivated
virus vaccine containing a human-like H1N2 (WIV-H1N2) and subse-
quently challenged with pH1N1 had enhanced pneumonia and respira-
tory disease when compared with nonvaccinated pH1N1-challenged
animals, thus providing strong evidence of VAERD after mismatched
influenza infection (6, 7).
1Division of Viral Products, Center for Biologics Evaluation and Research, U.S. Food and
Drug Administration, Bethesda, MD 20892, USA. 2Virus and Prion Research Unit, National
Animal Disease Center, Agricultural Research Service, U.S. Department of Agriculture,
Ames, IA 50010, USA. 3Department of Veterinary Diagnostic and Production Animal Medi-
cine, Ames, IA 50010, USA. 4Kansas State Veterinary Diagnostic Laboratory, Manhattan,
KS 66506, USA.
*Corresponding author. E-mail: hana.golding@fda.hhs.gov (H.G.); Amy.Vincent@ars.
usda.gov (A.L.V.)
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Here, we used this swine model to investigate the role of vaccination-
induced antibody response to gain insight into the mechanisms of
VAERD after mismatched pH1N1 influenza virus challenge.
RESULTS

Heterologous inactivated influenza vaccination of pigs
results in enhancement of influenza disease after
pH1N1 virus challenge
Intratracheal challenge of pigs with the 2009 pandemic H1N1
(A/California/04/2009) virus (pH1N1) 3 weeks after vaccination with whole
inactivated H1N2 (A/Swine/Minnesota/02011/08) virus (WIV-H1N2)
resulted in VAERD with pronounced macroscopic and microscopic le-
sions in the lungs (Fig. 1, A and C versus B and D). The percentage of
macroscopic and microscopic lesions in the WIV-H1N2–vaccinated ani-
mals was threefold higher than in nonvaccinated pigs after pH1N1 chal-
lenge (Fig. 1E) and reflected the increased severity of bronchointerstitial
pneumonia with necrotizing lymphocytic cuffing accompanied by
hemorrhage and interlobular alveolar edema (Fig. 1, B and D).

WIV-H1N2 vaccination generated nonneutralizing binding
antibodies against pH1N1 virus that showed high titers
of anti–pH1N1-HA2, but not anti-HA1, cross-reactive antibodies
The immune response elicited by WIV-H1N2 vaccine against the
pH1N1 challenge virus was investigated in enzyme-linked immuno-
sorbent assay (ELISA) using plates coated with pH1N1 virion particles
expressing native hemagglutinin (HA) spikes. WIV-H1N2 vaccine elicited
cross-reactive anti-pH1N1–binding immunoglobulin G (IgG) antibodies
comparable to the binding observed with WIV-H1N1–immunized
pig sera (Fig. 2E, animals 11 to 20 versus animals 1 to 10).

The functional activity of the immune sera was evaluated in hemag-
glutination inhibition (HI) assay against the vaccine strain (H1N2)
and the challenge strain (pH1N1). Before pH1N1 virus challenge, the
eTranslationalMedicine.org 28 August 2013 Vol 5 Issue 200 200ra114 1
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WIV-H1N2–vaccinated animals had HI titers against the H1N2 vaccine
strain but not against the heterologous pH1N1 virus (Table 1; animals 11
to 20). A positive control group, vaccinated with pH1N1 whole inacti-
vated virus (WIV-H1N1) (Table 1; animals 1 to 10), generated HI titers
against pH1N1 but not against the mismatched H1N2 strain. Similar ob-
servations of only homologous neutralization were observed in the
virus neutralization assay. As expected, all WIV-H1N1–vaccinated pigs
were fully protected from pH1N1 challenge (Table 1).

Sequence alignment and phylogenetic relatedness of the H1N2
vaccine and pH1N1 challenge virus HA protein are shown in figs. S1
and S2. The overall amino acid identity in HA between the H1N2 vac-
www.ScienceTranslationalMedicine.org 28
cine strain (A/Swine/Minnesota/02011/08)
and thepH1N1challenge strain (A/California/
04/2009) was 78%. However, the similarity
was disproportionate across the HA, with
sequence identityofonly71%intheHA1do-
main but a higher sequence homology of
89% in the HA2 domain (8).

To understand the disparity between
pH1N1 virion–binding antibodies and lack
of cross-reactive HI-neutralizing antibodies,
we sought to determine whether postvacci-
nation sera from the two vaccine groups
contained antibodies that bind differentially
to HA1 and HA2 domains of pH1N1. Re-
combinant HA1 and HA2 proteins of the
pH1N1 strain previously demonstrated to
be properly folded and to display conforma-
tional epitopes were used to coat SPR chips
(9–11). Postvaccination sera from all ani-
mals vaccinated with the WIV-H1N1 vac-
cine (animals 1 to 10 in Table 1) bound
strongly to both pH1N1-HA1 and pH1N1-
HA2 domains, with higher antibody bind-
ing (max RU values) to HA1 than to HA2
(Fig. 2, A versus C). In contrast, the WIV-
H1N2 immune sera (from pigs 11 to 20
in Table 1) had no measurable antibody
reactivity against the pH1N1-HA1 domain
(Fig. 2B). However, the same sera dis-
played cross-reactive binding antibodies
to pH1N1-HA2 with higher titers (max-
imal RU values) compared with the bind-
ing of WIV-H1N1 immune sera to HA2
domain (Fig. 2, C versus D).

Sera from WIV-H1N2–vaccinated
pigs enhanced pH1N1 infection
of Madin-Darby canine
kidney cells
Because WIV-H1N2 elicited antibodies
that did not bind to pH1N1-HA1 do-
main, it was not surprising that they did
not neutralize pH1N1 virus in the HI as-
say (Table 1). To evaluate the influenza
infection–modifying potential of these
cross-reactive binding antibodies, we per-
formed a Madin-Darby canine kidney
(MDCK)–based pH1N1 virus infection assay. Unexpectedly, we ob-
served that all WIV-H1N2 postvaccination sera enhanced pH1N1
infection of MDCK cells in a concentration-dependent manner (Fig. 3A).
At the lowest serum dilution (1:20), pH1N1 virus infectivity ranged from
165 to 180% for virus incubated with post-H1N2 vaccination sera com-
pared with virus-only control. No enhancement was observed with any
of the prevaccination sera (Fig. 3A, black line). On the other hand, as
expected, immune sera from WIV-pH1N1–vaccinated pigs complete-
ly inhibited pH1N1 virus infectivity in the MDCK-based assay (Fig. 3,
D and E, black curves), in agreement with the HI data (Table 1, ani-
mals 1 to 10).
Fig. 1. Heterologous vaccination with WIV-H1N2 led to VAERD in vaccinated pigs after challenge
with pH1N1. (A to D) Representative macroscopic and microscopic lesions in nonvaccinated (n = 10) (A and C)

and WIV-H1N2–vaccinated pigs (n = 10) (B and D) 5 days after pH1N1 challenge. Pigs in the WIV-H1N2–
vaccinated/pH1N1-challenged group had a greater percentage of lung involvement including macro-
scopic changes, as well as more severe microscopic lesions (B and D, respectively) compared to the
nonvaccinated challenge group (A and C). (C and D) Hematoxylin and eosin–stained histopathological
sections, ×200. (E) Average percentage macroscopic lung lesions and microscopic lung score for all the
animals in each group (10 animals per group). LRT, lower respiratory tract; IM, intramuscular.
August 2013 Vol 5 Issue 200 200ra114 2
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To further explore the specificity of the pH1N1 infection–enhancing
antibodies, we adsorbedWIV-H1N2 immune sera with pH1N1-HA2 pro-
tein. As can be seen in Fig. 3B, the unbound flow-through serum fractions
were devoid of pH1N1 infection–enhancing activity, whereas the HA2-
eluted fractions demonstrated enhanced pH1N1 infectivity ranging from
170 to 190% of prevaccination/pH1N1 control cultures at the lowest sera
dilution (Fig. 3C). The bound fraction eluted from the HA2 column
contained only IgG, and the enhancement could be titered out by serial
dilution of the eluted antibodies (Fig. 3C). This suggests that the WIV-
H1N2 immune sera contained cross-reactive pH1N1-HA2–targeting
antibodies that could increase the infectivity of pH1N1 in MDCK cells.

WIV-H1N2–induced infection-enhancing antibodies
compete with pH1N1-neutralizing antibodies in
MDCK-based infection assay
In the likely scenario of preexisting anti-HA2 antibodies (from previous
seasonal influenza infections or vaccinations) during pH1N1 infection, it
was important to determine whether the infection-enhancing anti-HA2
www.ScienceTranslationalMedicine.org 28
antibodies could diminish the effective-
ness of pH1N1-HA1–targeting neutralizing
antibodies. We mimicked this scenario by
serially diluting immune serum from WIV-
H1N1–vaccinated pig in the presence of
HA2-eluted antibodies from WIV-H1N2
immune serum (at 1:500 dilution of initial
sera concentration) (Fig. 3, D and E, and
fig. S3). The pH1N1-specific immune serum
demonstrated a typical neutralization
curve that was not changed in the presence
of prevaccination serum from the WIV-
H1N2–vaccinated pigs (Fig. 3, D and E,
black versus broken red curves). However,
in the presence of WIV-H1N2 HA2-eluted
antibodies (1:500), pH1N1 virus neutral-
ization was reduced even at the lowest
WIV-H1N1 serum dilution (that is, only
20% neutralization at a 1:100 WIV-
H1N1 serum dilution). At higher dilutions
of WIV-H1N1 immune serum (>1:400), a
modest enhancement of virus infection was
observed in the presence of WIV-H1N2
HA2-eluted antibodies (Fig. 3, D and E,
and fig. S3). Thus, although the WIV-
H1N2–inducedpH1N1infection–enhancing
antibodies are only cross-reactive to the
pH1N1-HA2 domain, they can compete
and/or compromise the neutralizing ac-
tivity of pH1N1-neutralizing antibodies
that targetprimarily theHA1globularhead,
especially when HA1-specific, neutraliz-
ing antibodies were present at low titers.

Elucidation of post-H1N2 vaccination
serum antibody epitope repertoire
using pH1N1 genome-fragment
phage display library identified an
immunodominant epitope close to
HA2 fusion peptide
We previously used genome-fragment phage display library (GFPDL)
displaying peptide sequences of pH1N1 HA to probe the epitope
diversity of polyclonal postvaccination and post-infection human sera
(10–12). Here, we compared the epitope profiles of polyclonal serum
antibodies generated by vaccination with WIV-H1N1 or WIV-H1N2
in pigs. No phages bound to the prevaccination pig sera in either of
the vaccine groups (Fig. 4A). The WIV-H1N1 immune sera contained
antibodies that selected phage-displayed peptides mapping primarily to
pH1N1-HA1, including the receptor-binding domain (RBD) (Fig. 4A,
red and yellow bars), and to a lesser extent to HA2 (blue bars), in agree-
ment with the data in SPR (Fig. 2, A and C). In contrast, WIV-H1N2
immune sera bound to a predominant minimal epitope in pH1N1-
HA2 (amino acids 32 to 77 in the pH1N1-HA2 sequence; shown in
bold red letters), downstream of the fusion peptide (amino acids 1 to
25; shown in bold black letters) (Fig. 4, A and B). WIV-H1N2 anti-
bodies also bound a short peptide mapping to the N terminus of HA1
(amino acids 1 to 48), but all binding antibodies were of IgM isotype, as
determined by SPR (fig. S4), which are expected to be of low avidity.
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IgG ELISA with pH1N1 virion

WIV-H1N1 pigs WIV-H1N2 pigs

E Fig. 2. Preferential binding to pH1N1-HA2 by
sera from WIV-H1N2–vaccinated pigs. Steady-
state equilibrium analysis of postvaccinated pig
sera to recombinant pH1N1-HA1 (1 to 330) and
HA2 (331 to 514) protein domains was measured
with surface plasmon resonance (SPR). (A to D)
Tenfold diluted individual pre– and post–second
vaccine dose sera from the WIV-H1N1–immunized
(n = 8) (A and C) andWIV-H1N2–immunized (n = 8)
(B and D) pigs were injected simultaneously
onto (A and B) pH1N1-HA1 or (C and D) pH1N1-
HA2, immobilized on a sensor chip. Binding was
recorded with ProteOn system SPR biosensor in-
strument (Bio-Rad Labs). Prevaccination sera
were used as controls in each assay (all 16 prevaccination sera did not bind to either HA1 or HA2). Binding
of the antibodies to immobilized proteins is shown as resonance unit (RU) values. (E) Binding of postvac-
cination pig sera (at 1:8000 dilution) to pH1N1 virions with IgG-based ELISA.
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The location of the predominant HA2 epitope bound by the WIV-
H1N2 sera is shown on the structure of the pH1N1HA trimer in relation
to the fusion peptide (Fig. 4C, red and black segments, respectively).
The identified immunodominant HA2 epitope (shown in red) is surface-
exposed and should be available for binding to antibodies on the trimeric
HA spikes on the intact influenza virions.

Anti-HA2 antibodies in WIV-H1N2–immunized pig sera
enhanced pH1N1-mediated virus membrane fusion
Influenza virus entry into cells proceeds through multiple stages. The
influenza HA binds to sialic acid receptors on the surface of host cells,
leading to rapid internalization into endosomes. Upon internalization,
the virus is exposed to lower pH values that trigger conformational
changes in HA, resulting in virus–cell membrane fusion (13). New
antiviral drugs designed to prevent acid-dependent virus membrane
fusion are under evaluation (14).

Therefore, the enhanced pH1N1 virus infection in the MDCK as-
say in the presence of anti–WIV-H1N2 antibodies could be mediated
by either increased virus receptor binding or enhanced fusion of virus
after acidic pH–induced HA conformational changes in the endosomes.
To investigate the impact of anti-HA2 antibodies on pH1N1 virus–sialic
acid receptor binding, we quantified direct binding of pH1N1 virions to
sialic acid glycoprotein (fetuin) in SPR, and in the red blood cell (RBC)
hemagglutination assay in the absence and presence of pre- and post-
vaccination pig sera. WIV-H1N2 postvaccination sera did not signifi-
www.Scienc
cantly influence pH1N1 virus receptor-binding activity in either assay
(figs. S5 and S6). Moreover, because MDCK cells do not express Fc re-
ceptors (15), it was unlikely that Fc-mediated endocytosis played a role
in the observed enhanced pH1N1 virus infection.

Hemolysis assay is widely used as a functional biological assay to
study influenza virus–mediated fusion activity (16, 17). Because the
HA2-targeting antibodies in the postvaccination sera mapped to a site
very close to the fusion peptide (Fig. 4), we examined their effect on
pH1N1 virus fusion using the RBC hemolysis assay. To that end, pH1N1
virus was incubated with sera at room temperature, then mixed with
fresh human erythrocytes (2% suspension), and incubated at 4°C. To
trigger fusion of viral and cellular membrane, we added sodium citrate
(pH 5.2) and continued incubation at 37°C for 90 min, resulting in HA
acidification. This leads to conformational changes that trigger fusion, re-
sulting in RBC hemolysis. The amount of heme released from RBC in the
supernatant is directly proportional to virus–cell membrane fusion.

All WIV-H1N2 postvaccination sera from individual animals en-
hanced pH1N1-mediated virus–cell membrane fusion by 250 to 300%
compared with virus only (no antibody) or pH1N1 virus mixed with
prevaccination sera (Fig. 5A, red versus black and blue bars). In contrast,
WIV-H1N1 immune sera containing neutralizing antibodies prevented
the acid-induced RBC hemolysis by blocking virus binding/entry (Fig. 5A,
three right columns). To confirm the specificity of the fusion-enhancing
antibodies, we subjected individual WIV-H1N2 postvaccination sera
over a pH1N1-HA2 column and compared the activity of unbound flow-
Table 1. WIV-H1N2 does not generate pH1N1-neutralizing antibodies.
Vaccine
 Pig no.

HI titer to H1N2*
 HI titer to pH1N1*
eTranslationalMedicine.org 28 August 201
pH1N1 challenge outcome

Prevaccination
 Postvaccination
 Prevaccination
 Postvaccination
WIV-H1N1 (2×)
 1
 <10
 <10
 <10
 160
 Protection
2
 <10
 <10
 <10
 320
 Protection
3
 <10
 <10
 <10
 80
 Protection
4
 <10
 <10
 <10
 320
 Protection
5
 <10
 <10
 <10
 160
 Protection
6
 <10
 <10
 <10
 160
 Protection
7
 <10
 <10
 <10
 80
 Protection
8
 <10
 <10
 <10
 80
 Protection
9
 <10
 <10
 <10
 160
 Protection
10
 <10
 <10
 <10
 160
 Protection
WIV-H1N2 (2×)
 11
 <10
 80
 <10
 <10
 VAERD
12
 <10
 80
 <10
 <10
 VAERD
13
 <10
 80
 <10
 <10
 VAERD
14
 <10
 160
 <10
 <10
 VAERD
15
 <10
 80
 <10
 <10
 VAERD
16
 <10
 40
 <10
 <10
 VAERD
17
 <10
 80
 <10
 <10
 VAERD
18
 <10
 160
 <10
 <10
 VAERD
19
 <10
 80
 <10
 <10
 VAERD
20
 <10
 80
 <10
 <10
 VAERD
*Endpoint titers (mean of three replicates) with polyclonal swine sera in an HI assay.
3 Vol 5 Issue 200 200ra114 4
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through (HA2-depleted) versus bound-eluted (HA2-enriched) antibodies
(Fig. 5B, blue versus red bars). These data strongly suggest that the anti–
pH1N1-HA2 cross-reactive antibodies in the WIV-H1N2 immune sera
increased pH1N1 virus infection of MDCK cells by enhancing pH1N1
virus fusion.

To further investigate the correlation between the observed pH1N1
virus fusion–enhancing activity in the sera of WIV-H1N2–vaccinated
pigs and VAERD observed in individual pigs, we plotted the per-
centage of macroscopic lung lesions of WIV-H1N2–vaccinated and
pH1N1-challenged animals (11 to 19) with the levels of fusion-enhancing
antibody activity in the corresponding pig sera. As can be seen in Fig. 5C,
a significant positive correlationwas observed between the percentage of
RBC hemolysis and the percentage of macroscopic lung lesions of
individual WIV-H1N2–immunized pigs (R2 = 0.68; P = 0.0000044).
www.ScienceTranslationalMedicine.org 28
These findings suggest a possible direct
role for virus fusion–promoting activity
of cross-reactive HA2-targeting antibodies
induced by heterologous vaccination in
the observed enhanced lung pathology
in animals associated with VAERD after
mismatched influenza virus challenge.
DISCUSSION

Our study was set up to explore the VAERD
observed in pH1N1-challenged pigs after
heterologous (mismatched) vaccination
with human-like WIV-H1N2 vaccine
(6, 7).

The main findings in this study were
as follows. (i) No cross-reactive pH1N1-
specific HI titers or virus neutralization
titers were observed after vaccination
of pigs with heterologous WIV-H1N2
vaccine. Unexpectedly, post–WIV-H1N2
vaccination sera enhanced infection of
MDCK cells with pH1N1. (ii) WIV-H1N2
vaccination elicited pH1N1-HA cross-
reactive antibodies that bound exclusive-
ly to the pH1N1-HA2 stalk and mapped
to an epitope immediately downstream
of the fusion peptide (amino acids 32 to
77) of HA2. (iii) The WIV-H1N2–induced
pH1N1 cross-reactive antibodies that were
eluted from HA2 column mediated the
MDCK-enhanced infection. (iv) These
HA2-specific antibodies did not change
pH1N1 virus receptor binding but dem-
onstrated pH1N1 virus–mediated fusion-
enhancing activity in a pH-dependent
influenza virus RBC hemolysis assay.
(v) Strong correlation between lung pa-
thology and the corresponding levels
of fusion-enhancing antibody activity
was observed for individual VAERD-
affected pigs in the WIV-H1N2–primed
pH1N1 virus–challenged group.
Therefore, because of low antigenic conservation of the HA1
globular domain, vaccination with whole inactivated influenza virus
vaccine resulted in the absence of cross-reactive neutralizing anti-
bodies against the mismatched influenza virus challenge strain, similar
to the scenario of antigenic shift of influenza viruses. However, in-
duction of high-titer cross-reactive antibodies against the more
conserved HA2 stalk domain may result in virus fusion enhance-
ment that could contribute to more severe in vivo lung pathology
after infection with the heterologous strain of influenza virus. We
also found that immune sera from WIV-pH1N1–vaccinated pigs,
containing pH1N1-neutralizing antibodies, ameliorated the enhanced
pH1N1-MDCK cell infection mediated by WIV-H1N2–induced anti-
HA2 antibodies, but this effect was diminished by dilution of the
pH1N1-neutralizing antibodies. Therefore, our study revealed a delicate
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Fig. 3. Enhanced infection of MDCK cells with
pH1N1 in the presence of anti-HA2 serum anti-
bodies fromWIV-H1N2–immunized pigs. (A to C)
Serial dilutions of WIV-H1N2 immune sera (A),
HA2 column unbound serum fraction after HA2
adsorption (B), or eluted HA2-bound antibodies
(C) were mixed with pH1N1 virus for 1 hour at
room temperature and incubated with MDCK
cells for 18 hours at 37°C. The amount of influenza
virus infection in the MDCK cells was measured by
nucleoprotein-based ELISA. The concentration of
antibodies in (A) to (C) was normalized on the basis
of volume (see Materials and Methods). (D and E)
Anti-HA2 antibodies can compete with pH1N1-neutralizing antibodies. Serial dilutions of different WIV-
pH1N1–immunized pig sera (D and E) were mixed with prevaccination sera or post–WIV-H1N2 HA2-eluted
antibodies (diluted 1:500), incubated with pH1N1 virus, and used for MDCK infection as in (A) to (C). The
virus titer as determined by nucleoprotein-based ELISA is expressed as “% of control infection” as given by
the following formula: ([A490 (experimental) − A490 (no virus added)]/[A490 (pH1N1 virus control with pre-
vaccination sera) − A490 (no virus added)] × 100%). Similar data generated with HA2-binding antibodies
from additional pigs in WIV-H1N2 vaccine groups are presented in fig. S3.
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balance between neutralizing antibodies targeting primarily the RBD
in HA1 and nonneutralizing fusion-enhancing HA2 cross-reactive
antibodies, which is likely to determine the clinical outcome of mis-
matched influenza virus infection, especially if the neutralizing anti-
bodies have not reached a critical threshold during early time points
after infection.

One of the limitations of the current study is that it was conducted
in pig model with a particular combination of mismatched vaccine
and challenge influenza virus strains, and extrapolation to human in-
fluenza vaccination scenarios may not be obvious. However, the pig
model was shown to be an exceptionally good model for human in-
fluenza and vaccine studies. Pigs are a natural influenza host, express
similar receptor types as humans in a similar distribution (18–21), and
are infected with the same influenza subtypes as humans (21–23).
They are connected with humans in the overall ecology of influenza,
trading viruses back and forth (22), and display similar influenza-
induced clinical illness. Additionally, pigs and humans have similar
genetics, anatomy and physiology, and immune systems, much more
so than laboratory animal models (24–26). Similar to humans, pigs are
routinely vaccinated against the circulating influenza strains with mul-
ticomponent vaccines. The H1 d-cluster of endemic swine influenza
viruses represented by the H1N2 virus is a spillover from human sea-
sonal H1N1 and is now a future risk to humans as it evolves in pigs.
The pH1N1 HA is from the swine classical H1N1 lineage. Further-
more, the VAERD phenomenon observed in pigs can be reproduced
in multiple mismatched vaccination heterologous influenza virus chal-
lenge studies, either by vaccinating with WIV-H1N2 and challenging
with pH1N1 (in the current study) or by vaccinating with pH1N1 vac-
cine followed by challenge with H1N2 (27).

Another possible limitation of the study is the use of young piglets
(<6 months) with limited or no preexisting anti-influenza antibodies.
This model mimics young infants, and the outcome of heterologous
vaccination followed by mismatched challenge influenza strain may differ
in adults, depending on the levels of preexisting HA1- and HA2-specific
B cells and the affinity of their B cell receptors. However, the current study
may also be relevant to the population as a whole (or high-risk subsets)
when a markedly shifted influenza virus emerges and causes a pandemic.
www.Scienc
Recently, broadly neutralizing antibodies have been identified that
bind conserved epitopes in the HA2 stem region. These antibodies are
reported to neutralize the influenza virus by preventing the pH-dependent
HA conformational changes, leading to fusion of viral and cellular
membranes (28–32). We mapped the HA2-targeting fusion-enhancing
antibodies elicited by WIV-H1N2 vaccine to a region of the pH1N1-HA2
close to the fusion peptide and overlapping epitopes of several stem-
targeting broadly neutralizing monoclonal antibodies (mAbs). Our study
suggests that vaccine-induced HA2-targeting antibodies may contain
competing antibodies with fusion-blocking and fusion-enhancing activ-
ities. The titers and affinity of the various antibodies will affect virus fu-
sion in the endosomal compartment (that is, post-binding/internalization)
and determine the outcome of the influenza virus infection.
Fig. 4. Elucidation of antibody repertoires elicited after vaccination
of pigs with inactivated WIV-H1N1 or WIV-H1N2 vaccine. (A) Sche-

matic alignment of the peptides from phage clones after affinity selection
with GFPDL-expressing HA peptides of pH1N1 influenza A/California/04/2009
on sera obtained from prevaccination sera and WIV-H1N1– or WIV-H1N2–
vaccinated pigs. To determine the diversity of the epitopes, we sequenced
all of the eluted phage clones after panning, and we aligned peptide se-
quences displayed on the selected phage clones to the pH1N1 influenza
HA. Color code of bars representing phage-displaying peptides: red, HA1;
yellow, RBD; blue, HA2. The horizontal position and the length of the bars
indicate the peptide sequence displayed on the selected phage clone
aligned with the influenza HA. The thickness of each bar represents
the frequencies of repetitively isolated phage inserts. The numbers on
the x axis depict the amino acid residues for the corresponding pH1N1-HA
used for alignment. (B) The immunodominant minimal HA2 epitope in the
pH1N1 HA recognized by WIV-H1N2 pig sera is depicted in bold red within
the pH1N1-HA2 sequence, whereas the fusion peptide sequence is shown
in the bold black. (C) Immunodominant cross-reactive HA2 epitope recog-
nized by WIV-H1N2 immune sera is shown as surface-exposed colored
patches (red) on one HA monomer within the HA trimer structure [Protein
Data Bank (PDB) identifier 3LZG]. The fusion peptide is depicted in black.
These regions are shown in the side view.
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We previously demonstrated that most humans without H5 expo-
sure have cross-reacting nonneutralizing anti-H5N1 antibodies that
target HA2, reflecting the high degree of conservation of the HA2
sequence between highly pathogenic H5N1 and seasonal H1N1 virus
strains (33, 34). Therefore, introduction of new influenza strains into
naïve populations (similar to the 2009 pH1N1 virus) could recall
memory B cells to predominantly HA2 cross-reactive epitopes in-
duced by previous vaccination and/or exposure to seasonal influenza
strains. Most of such antibodies are expected to be nonneutralizing
and potentially capable of enhancing virus fusion. In the presence of
below-threshold titers of anti-HA1 antibodies, it is possible that non-
neutralized HA2 antibody–bound virions can enter the endosomal
compartment and undergo the conformational changes that pro-
mote virus fusion and enhance virus infection.

During the 2009 H1N1 influenza pandemic (pH1N1), severe dis-
ease in pH1N1-infected individuals was associated with low-avidity
antibodies forming immune complexes (complement binding) in sev-
eral patient’s lungs (35). More recently, To et al. found that patients
with severe disease (requiring ventilation) had significantly higher ra-
tios of ELISA-binding titers/virus-neutralizing titers compared with
less severe cases. This study concluded that high titers of nonneutral-
www.ScienceTranslationalMedicine.org 28
izing antibodies with higher avidity at
the early stage of influenza virus infec-
tion may be associated with worse clini-
cal severity and poorer outcome (36).
However, in both the Monsalvo and To
studies, the specificity of the antibodies
was not established.

Our data do not exclude other mech-
anisms of VAERD, including T helper
1 (TH1)/TH2/T regulatory (Treg) im-
balance, high proinflammatory cytokines,
and infiltration of neutrophils (7, 37–40).
However, the lack of high-avidity neutral-
izing antibodies that prevent virus attach-
ment to its cellular receptors seems to be
an important component of most reported
VAERD (2, 41–44). Our findings suggest
that the specificity and activity of nonneu-
tralizing antibodies should be further eval-
uated in cases of VAERD.

In conclusion, we have identified cross-
reacting pH1N1-HA2–binding antibodies
induced by heterologous inactivated influ-
enza A vaccination that targets an immu-
nodominant epitope close to the fusion
peptide, leading to enhanced pH1N1 virus
fusion. Such antibodies were correlated
with VAERD after heterologous pH1N1
influenza virus challenge. These findings
propose a new mechanism of influenza
VAERD that should be monitored during
human vaccinations in the face of emerg-
ing influenza strains with low antigenic
cross-reactivity with seasonal influenza
strains. Such antibodies should also be eval-
uated in the immune response during de-
velopment of universal influenza vaccines
designed to primarily target the influenza virus HA2 stem region with
the exclusion of the HA1 globular head.
MATERIALS AND METHODS

Pig vaccination, challenge, and pathologic
examination of lungs
Three-week-old cross-bred pigs were obtained from a herd free of in-
fluenza A virus and porcine reproductive and respiratory syndrome
virus and treated with ceftiofur crystalline free acid (Pfizer Animal
Health) and enrofloxacin injectable solution (Bayer Animal Health)
according to label directions to reduce bacterial contaminants before
the start of the study. Pigs were randomly assigned to treatment groups
and housed in biosafety level 2 and cared for in compliance with the
Institutional Animal Care and Use Committee of the National Animal
Disease Center.

WIVs were prepared with about 128 HA units of virus, inactivated
by ultraviolet irradiation, and adjuvanted with a commercial oil-in-
water emulsion (MVP Technologies), and the experimental design was
conducted as previously described (6). Pigs were vaccinated intramuscularly
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Fig. 5. Anti-HA2 antibodies inWIV-H1N2 immune
sera enhance pH1N1-mediated hemolysis of
human erythrocytes. (A and B) pH1N1 virus
was incubated with pre- and postvaccination im-
mune sera (A) or with pH1N1-HA2 column–adsorbed
antibodies (unbound flow-through or HA2-bound
eluted antibodies) (B). Virus-antibody mixtures
were combined with freshly prepared human eryth-
rocytes, and the suspensions were acidified with
sodium citrate buffer (pH 5.2) at 37°C for 90 min.
After a brief spin, supernatants containing released
hemoglobin were transferred to a second plate for
measuring released heme from the lysed RBC by
absorbance at 405 nm. All samples were tested
in duplicate. Acidified RBCs without addition of
virus were used as pH control (background hemol-
ysis). Virus control (No Ab) for the absorbance observed with pH1N1-RBC mixture in the absence of antibodies
was set at 100%. The hemolysis titer is expressed as “% hemolysis of control” as given by the following
formula: ([A405 (experimental) − A405 (no virus added)]/[A405 (pH1N1 virus only without antibody) − A405
(no virus added)] × 100%). Data are representative of three experiments. (C) Positive correlation between
hemolytic activity of pH1N1 in the presence of eluted anti-HA2 antibodies fromWIV-H1N2 postvaccination
sera and macroscopic lung lesions in the WIV-H1N2–immunized pigs (n = 8) after pH1N1 virus challenge
was calculated with Spearman correlation coefficient that was statistically significantly calculated with
Student’s t test for paired samples.
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at about 4 weeks of age and boosted at 7 weeks of age. Postboost
serum was collected at about 10 weeks of age, just before challenge.

Ten vaccinated pigs per group and 10 nonvaccinated pigs were
challenged at about 10 weeks of age by intratracheal route with 2 ml
of 1 × 105 median tissue culture infectious dose (TCID50)/ml of
pH1N1 (A/California/04/2009) propagated in MDCK cells. At ne-
cropsy, lungs were removed and evaluated for the percentage of the
lung affected with purple-red consolidation typical of influenza A
virus in swine. The percentage of the surface area affected with pneu-
monia was visually estimated for each lung lobe, and the total percent-
age for the entire lung was calculated on the basis of weighted
proportions of each lobe to the total lung volume (7, 45). Tissue
samples from the trachea and right middle or affected lung lobe
were fixed in 10% buffered formalin for histopathologic examina-
tion. Tissues were processed by routine histopathological procedures,
and slides were stained with hematoxylin and eosin. Microscopic le-
sions were evaluated by a veterinary pathologist blinded to treatment
groups. Individual scores were assigned to each of six parameters to
adequately reflect the contribution of each lesion associated with
VAERD: bronchial and bronchiolar epithelial necrosis or proliferation,
suppurative bronchitis or bronchiolitis, peribronchiolar lymphocytic
cuffing, and alveolar septal thickening with inflammatory cells (inter-
stitial pneumonia). The first two scores focused on the intrapulmonary
airways typical of influenza A infection: (i) percentage of bronchi and
bronchioles affected with epithelial lesions (necrotizing or proliferative
bronchitis and bronchiolitis) (0 to 4), and (ii) percentage of bronchi and
bronchioles that contained purulent exudate (suppurative bronchitis
or bronchiolitis) (0 to 4). Four additional lung lesion scores associated
with VAERD were based on the following: (iii) magnitude of peri-
bronchiolar lymphocytic cuffing (0 to 3), (iv) presence and severity
of alveolar septal inflammation (interstitial pneumonia) (0 to 4), (v)
presence and severity of alveolar and interlobular edema (0 to 3),
and (vi) presence and magnitude of epithelial exocytosis (intraepithe-
lial microabscesses) (0 to 3). A composite score was computed with
the sum of the six individual scores (0 to 21).

Hemagglutination inhibition
HI assays were conducted with A/Swine/Minnesota/02011/08 (H1N2)
or A/California/04/2009 (pH1N1) virus as antigen and turkey RBCs as
indicators with standard techniques (World Health Organization manu-
al). Reciprocal titers were divided by 10 and log2-transformed, analyzed,
and reported as the geometric mean.

Sequence analysis
The evolutionary history of HA amino acid sequences was inferred with
the neighbor-joining method in MEGA5 (46). The tree was drawn to
scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. Evolutionary distances were
computed with the Poisson correction method in the units of the number
of amino acid substitutions per site. The analysis involved 66 amino acid
sequences. All ambiguous positions were removed for each sequence
pair. There were a total of 570 positions in the final data set. Pairwise
comparison of the amino acid sequences of A/California/04/2009 and
A/Swine/Minnesota/02011/08 HA sequences was conducted with ClustalW.

Binding of postvaccination sera to pH1N1 virions in ELISA
ELISA to detect total IgG antibodies present in serum against whole-
virus preparations of pH1N1 was performed as previously described
www.Scienc
(5) with modifications. Concentrated virus was resuspended in tris-
EDTA basic buffer (pH 7.8) and diluted to an HA concentration of
100 HA units/50 ml. Immulon 2 HB 96-well plates (Dynex) were coated
with 100 ml of antigen solution and incubated at room temperature
overnight. Sera were diluted 1:8000 in phosphate-buffered saline (PBS),
and the assays were performed on each sample in duplicate. The mean
optical density of duplicate wells was calculated.

MDCK cell–based virus infection assay
pH1N1 virus–neutralizing/enhancing activity in vaccinated pig sera
was analyzed for days 0 and 56 (before primary vaccination and after
second vaccination, respectively) in a virus infection assay on the basis
of the method used in the pandemic influenza reference laboratories of
the Centers forDisease Control and Prevention (9) with low-pathogenicity
reassortant pH1N1 virus generated by reverse genetics (X-179A). The
experiments were conducted with three replicates for each serum
sample and performed at least twice. The virus titer as determined by
nucleoprotein-based ELISA is expressed as % of control infection with
normal sera as givenby the following formula: ([A490 (experimental)−A490

(no virus added)]/[A490 (pH1N1 virus with prevaccination sera) − A490

(no virus added)] × 100%). Prevaccination serawere used as control and
had no effect on virus infection.

Epitope mapping of postvaccination polyclonal pig
sera by panning with pH1N1 GFPDLs
The H1N1pdm09 phage display library affinity selection performed in
the current study was done as previously described (10). For GFPDL
panning with postvaccination pig sera, equal volumes of sera collected
after two vaccine doses from three pigs of each vaccine group (WIV-
H1N1 or WIV-H1N2) were pooled.

Binding kinetics of polyclonal serum antibodies pH1N1-HA1
and pH1N1-HA2 protein domains by SPR
Steady-state equilibrium binding of postvaccination individual pig sera
was monitored at 25°C with a ProteOn SPR biosensor (Bio-Rad) as pre-
viously described (10). The pH1N1-rHA proteins were coupled to a
GLC sensor chip with amine coupling with 500 RU in the test flow cells.
Samples of 60 ml of freshly prepared sera at 10-fold dilutions were
injected at a flow rate of 30 ml/min (120-s contact time) for association,
and dissociation was performed over a 600-s interval (at a flow rate of
30 ml/min). Responses from the protein surface were corrected for the
response from a mock surface and for responses from a separate,
buffer-only injection. mAb 2D7 (anti-CCR5) was used as a negative
control in these experiments. Total antibody binding was determined
directly from the serum sample interaction with rHA1 (1 to 330) and
rHA2 (331 to 514) protein domains of the pH1N1 virus by SPR with
the Bio-Rad ProteOn manager software as described before (11). The
antigen-antibody measurements were determined from two indepen-
dent SPR runs.

Receptor-binding assay with SPR
Binding of pH1N1 virus in the absence or presence of serum anti-
bodies to fetuin (natural homolog of sialic acid cell surface receptor
proteins) and its asialyted counterpart (asialofetuin) was analyzed at
25°C with a ProteOn SPR biosensor (Bio-Rad Labs). Fetuin or asialofetuin
(Sigma) was coupled to a GLC sensor chip with amine coupling at
1000 RU in the test flow cells. Samples of 60 ml of freshly prepared
pH1N1 virus in the absence or presence of serum antibodies were
eTranslationalMedicine.org 28 August 2013 Vol 5 Issue 200 200ra114 8
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injected at a flow rate of 30 ml/min (120-s contact time). The flow was
directed over a mock surface to which no protein was bound, followed
by the fetuin- or asialofetuin-coupled surface. Responses from the pro-
tein surface were corrected for the response from the mock surface
and for responses from a separate, buffer-only injection. Binding ki-
netics and data analysis were performed with Bio-Rad ProteOn man-
ager software (version 2.0.1).

Influenza virus–induced hemolysis assay
Hemolysis titrations were performed in 96-well round-bottom poly-
styrene microtiter plates. pH1N1 virus concentrate containing 200 HA
units (25 ml) was incubated with serial twofold dilution of antibodies
(25 ml) for 30 min at room temperature. Fresh human erythrocytes
were washed thrice with 0.15 M NaCl and resuspended to make a
2% (v/v) suspension in 0.15 M NaCl. After incubating virus-antibody
mixture at room temperature for 30 min, 50 ml of 2% human erythro-
cytes was added to the virus-antibody mixture and incubated at 4°C
for another 20 min. To trigger hemolysis, we added 200 ml of sodium
citrate (0.15 M) at pH 5.2 and mixed it well with erythrocyte suspen-
sion. The mixture was incubated at 37°C for 90 min for HA acidifica-
tion and hemolysis. To separate nonlysed erythrocytes, we centrifuged
the plates at the end of incubation at 800g for 5 min. The supernatant
(100 ml) was transferred to another flat-bottom 96-well plate. The heme
of lysed RBCs that was released into the supernatant was quantified by
measuring its absorbance at 405 nm with a BioTek plate reader.

The hemolysis titer is expressed as % hemolysis of control as given
by the following formula: ([A405 (experimental) − A405 (no virus added)]/
[A405 (pH1N1 virus only) − A405 (no virus added)] × 100%).

Adsorption of serum antibodies with HA proteins
Fivefold diluted post-H1N1 vaccination pig sera (100 ml) were added
to 0.5 mg of purified HA2-His6 protein and incubated for 1 hour at
room temperature. Nickel–nitrilotriacetic acid (Ni-NTA) magnetic
beads (100 ml) (Qiagen) were added for 20 min at room temperature
with end-to-end shaking to capture the His-tagged proteins and the
antibodies bound to them, followed by magnetic separation. Superna-
tants containing the unbound antibodies were collected. The magnetic
beads were washed five times with PBS, and HA2-bound antibodies
were eluted by incubating beads with 200 ml of 0.1 N HCl (adjusted to
pH 2.2 with glycine and bovine serum albumin) for 10 min at room
temperature on end-to-end shaker. The eluates (184 ml) were collected
and neutralized by adding 16 ml of 2 M tris solution. The pre- and
post-adsorbed sera were subjected to MDCK-based pH1N1 virus in-
fection assay.

Statistical analyses
Differences between groups were examined for statistical significance
with Student’s t test. An unadjusted P value less than 0.05 was con-
sidered to be significant.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/200/200ra114/DC1
Fig. S1. Pairwise alignment of the HA amino acid sequence of pH1N1 (A/California/04/2009)
and H1N2 (A/Swine/Minnesota/02011/2008).
Fig. S2. Phylogenetic tree of HA proteins from human and swine H1 viruses.
Fig. S3. Anti-HA2 antibodies can compete with pH1N1-neutralizing antibodies.
Fig. S4. WIV-H1N2 postvaccination serum antibody binding to N-terminal HA1 domain is
mediated by IgM isotype antibody.
www.Scienc
Fig. S5. Binding of pH1N1 virus to sialic acid receptor in the absence and presence of WIV-H1N2
sera in SPR assay.
Fig. S6. No enhancement of pH1N1 virus–mediated hemagglutination in the presence of
WIV-H1N2 serum antibodies.
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