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DNA priming improves the response to inactivated influenza
A(H5N1) vaccination. We compared the immunogenicity of
an H5 DNA prime (using strain A/Indonesia/5/2005) fol-
lowed by an H5N1 monovalent inactivated vaccine boost at 4,
8, 12, 16, or 24 weeks to that of 2 doses of H5N1 monovalent
inactivated vaccine in adults. Antibody epitope repertoires
were elucidated by genome-fragment phage-display library
analysis, and antibody avidities for HA1 and HA2 domains
were measured by surface plasmon resonance. H5 DNA
priming expanded the H5-specific antibody epitope repertoire
and enhanced antibody avidity to the HA1 (but not the HA2)
domain in an interval-dependent manner. Enhanced HA1
binding and avidity after an interval of ≥12 weeks between
prime and boost correlated with improved neutralization of
homologous and heterologous H5N1 strains.

Clinical trials registration NCT01086657.
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The most effective way to curtail influenza pandemics is by mass
vaccination. Constructing new vaccines involves reassortment

between the internal genes of a donor virus such as A/PR/8/34
with the hemagglutinin (HA) and neuraminidase of the newly
circulating viruses, which is performed in chicken eggs or in
cell cultures by using reverse genetics techniques. The lengthy
process currently used for manufacturing seasonal influenza
vaccines poses a clear impediment to initiation of a global vac-
cination campaign against pandemic influenza.

Previously, DNA vaccines against seasonal influenza were
shown to be immunogenic in mice and to elicit cross-protective
antibodies against viral challenge [1]. In humans, H5 DNA
priming was shown to improve the antibody response to boost-
ing with inactivated influenza vaccine when the boost interval
was 24 weeks but not 4 weeks [2].

We previously described the use of influenza virus genome–
fragment phage-display library technology to decipher the
epitope repertoires of polyclonal antibodies after influenza
virus infection or vaccination [3–5]. Furthermore, analysis of
polyclonal antibody affinity in human sera was conducted by
calculating antibody off-rate constants in surface plasmon reso-
nance (SPR)–based real-time kinetics assays [4].

Here, we investigated the effects of H5 DNA priming on the
magnitude, breadth, and affinity of antibody responses to an in-
fluenza A(H5N1) monovalent inactivated vaccine (MIV) boost,
with prime-boost intervals of 4, 8, 12, 16, or 24 weeks, using
genome-fragment phage-display library (GFPDL) and SPR
technologies. We observed significant changes in the quality of
the polyclonal antibody responses (ie, epitope repertoire expan-
sion and affinity maturation) to H5 HA after intervals of ≥12
weeks between H5 DNA priming and MIV boosting, which
correlated strongly with increased homologous and heterolo-
gous H5N1 neutralization. Hemagglutination inhibition titers
are presented in an article by Ledgerwood et al in this issue of
the Journal [6].

METHODS

Vaccine Research Center (VRC) 310 Study Design
VRC 310 was a single-site, open-label, randomized clinical trial
conducted at the National Institute of Health Clinical Center
by the National Institute of Allergy and Infectious Diseases
(NIAID) VRC (Bethesda, MD; clinical trials registration
NCT01086657) [2]. VRC 310 was designed to further evaluate
the safety, tolerability, and immunogenicity of an investigation-
al influenza H5 DNA vaccine boosted with A(H5N1) MIV at
intervals of 4, 8, 12, 16, or 24 weeks , compared with that of 2
doses of MIV, in healthy adults aged 18–60 years. Sixty-four
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subjects were randomly assigned to 1 of 6 groups (Supplemen-
tary Table 1), of whom 62 completed 24 weeks of follow-up.
Complete details and results of the clinical trial are described
by Ledgerwood et al [6] elsewhere in this issue.

H5N1 Vaccines
The H5 DNA vaccine (VRC-AVIDNA036-00-VP) was manu-
factured at the VRC/NIAID/Vaccine Pilot Plant operated by
SAIC (Frederick, MD) and consists of a single closed-circular
plasmid DNA macromolecule (VRC-9123) expressing the HA
sequence derived from a human isolate of A/Indonesia/5/2005.
Subvirion H5N1 MIV (A/Indonesia/5/2005; 90 µg/0.5 mL) was
produced by Sanofi Pasteur (Swiftwater, PA).

Construction of H5N1 GFPDLs and Panning of H5 GFPDLs With
Polyclonal Human Sera Obtained After H5N1 Vaccine Receipt
Complementary DNA corresponding to the HA gene segment
of the A/Indonesia/5/2005 strain was generated from RNA iso-
lated from egg-grown virus. GFPDLs with the HA gene seg-
ment of the A/Indonesia/5/2005 were constructed as previously
described [3, 5]. GFPDL selection was performed in solution
(with protein A/G beads). Inserts of bound phages were ampli-
fied by polymerase chain reaction and sequenced.

Affinity Measurements by SPR
Steady-state equilibrium binding of human sera obtained after
H5N1 vaccine receipt was monitored at 25°C, using a ProteOn
SPR biosensor (BioRad). The HA1-His6 for the respective in-
fluenza virus strains was coupled to a GLC sensor chip with
amine coupling with 500 resonance units (RU) in the test flow
cells [4]. Sixty-microliter serum samples at 10-fold and 100-
fold dilutions were injected at a flow rate of 30 µL/minute (120
seconds of contact time) for association, and dissociation was
performed over a 600-second interval (at a flow rate of 30 µL/
minute). Responses from the protein surface were corrected for
the response from a mock surface and for responses from a sep-
arate, buffer-only injection. Calculation of binding kinetics for
the human vaccine sera and analysis of data were performed
with BioRad ProteOn manager software (version 2.0.1). Anti-
body off-rate constants, which describe the fraction of complex-
es that decay per second, were determined directly from the
serum/plasma sample interaction with rHA1 or rHA2 protein,
using SPR in the dissociation phase (as described above), and
were calculated using the BioRad ProteOn manager software
for the heterogeneous sample model. Off-rate constants were
determined from 2 independent SPR runs.

Neutralization Assay
Virus-neutralizing activity was analyzed by a microneutraliza-
tion assay based on the methods of the pandemic influenza ref-
erence laboratories of the Centers for Disease Control and
Prevention (CDC). Low-pathogenicity H5N1 viruses generated
by reverse genetics were obtained from the CDC.

Statistical Analyses
Differences between groups were examined for statistical signif-
icance, using the Student t test. An unadjusted P value of < .05
was considered to be significant.

RESULTS

GFPDL Analysis Identified a Broader Antibody Epitope
Repertoire Against H5 After an Interval of 24 Weeks, Compared
With an Interval of 4 Weeks, Between H5 DNA Prime and H5N1
MIV Boost
VRC 310 is described in the companion article by Ledgerwood
et al [6] and in Supplementary Table 1. The microneutraliza-
tion titers against the homologous A/Indonesia/5/2005(H5N1)
clade 2.1 strain and the heterologous A/Vietnam/1203/2004
(H5N1) clade 1 strain were measured 2 weeks after the H5N1
MIV boost (Supplementary Table 2). Patients in group 1 (an
MIV prime followed by an MIV boost at 24 weeks) elicited very
modest neutralizing antibody titers and achieved a seroconver-
sion rate of 66.7%. H5 DNA priming followed by an H5N1
MIV boost ≥12 weeks later (groups 4–6) generated more-
robust homologous H5N1 neutralization titers. In group 6 (H5
DNA priming followed by an MIV boost after 24 weeks), 100%
seroconversion was achieved, along with significant neutraliza-
tion of heterologous H5N1 clades, including A/Vietnam/1203/
2004 (Supplementary Table 2; data not shown).

To better understand the role of H5 DNA priming on the an-
tibody epitope repertoire following vaccination, GFPDL anal-
ysis was used to identify the HA epitopes recognized by
postprime and postboost polyclonal antibodies from subjects in
group 1, compared with subjects in group 6. For this analysis,
sera were pooled from 5 responders per group who had similar
microneutralization titers (Figure 1). The total number and dis-
tribution of phage inserts captured after the primary vaccina-
tion (with MIV or H5 DNA) were low and were predominated
by HA2 inserts, and none of these sera had neutralizing titers
against the homologous A/Indonesia/5/2005 strain. Following
MIV boosting, the number of bound phages expressing HA
peptides in both group 1 and group 6 increased. GFPDL analy-
sis revealed a significantly greater number of total inserts cap-
tured by sera from group 6, compared with sera from group 1
(Figure 1B). More importantly, the number and diversity of
antibody-selected phages with epitope sequences spanning the
HA1 domain (including the receptor-binding domain) were
greater in group 6, compared with group 1 (Figure 1A and 1B).
Also, much larger HA inserts representative of conformation-
dependent epitopes were selected in group 6, compared with
group 1. These data suggested that heterologous (ie, H5 DNA
and MIV) prime-boost H5N1 vaccination with a 24-week in-
terval was beneficial for B-cell recruitment and diversification
of the polyclonal antibody epitope repertoire.
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Intervals of ≥12 Weeks Between H5 DNA Priming and H5N1
MIV Boosting Elicited Higher-Affinity Antibodies (With Slower
Antigen-Antibody Complex Dissociation Rates) Specific to the
H5N1 HA1 Globular Head
We previously described the expression of properly folded HA1
and HA2 domains from pandemic influenza virus strains (ie,
2009 pandemic influenza A[H1N1] and A[H5N1]) in a bacteri-
al system and their use in SPR for measurements of domain-
specific binding and kinetics analysis [4, 7–9]. In the current
study, individual samples from all subjects were used for mea-
surements of total polyclonal serum antibody binding to chips
coated with the A/Indonesia/5/2005 HA1 and HA2 domains,
using an SPR-based real-time kinetics assay (Supplementary
Figure 1). The total antibody-binding titers (maximum RU

values) were higher in sera from groups 2–6, compared with
sera from group 1, reaching statistical significance for group 5
and group 6 (16- and 24-week intervals, respectively, between
prime and boost; Supplementary Figure 1A).

Correlation analysis of SPR-derived total anti-HA1–binding
antibodies (maximum RU values) and H5N1 microneutraliza-
tion titers of all study participants showed a very strong correla-
tion not only for the homologous vaccine strain, A/Indonesia/
5/2005 (R2 = 0.715), but also for several heterologous H5N1
strains: A/Vietnam/1203/2004 (clade 1, R2 = 0.735), A/Egypt/
3072/2010 (clade 2.2.1, R2 = 0.578), A/Anhui/1/2005 (clade
2.3.4, R2 = 0.619), and A/Turkey/1/2005 (clade 2.2, R2 = 0.587)
(Supplementary Figure 1B–F).

Individual sera from H5N1-vaccinated subjects were ana-
lyzed by SPR, and antibody off-rate constants that characterize
the stability of the antigen-antibody complex (ie, the fraction of
antigen-antibody complexes that decay per second) were calcu-
lated using BioRad ProteOn manager software for the heteroge-
neous sample model. The polyclonal antibody–binding off
rates of individual postboost sera (10–11 individuals per group)
were calculated separately for the H5N1 HA1 and HA2
domains (Figure 2A and 2B). Significantly slower dissociation
rates (≥1 log change) were observed for the polyclonal antibody
binding to HA1-coated chips with sera from groups 4, 5, and 6
(12-, 16-, and 24-week intervals, respectively), indicating in-
creasing antibody affinity to the HA1 domain in the groups
with longer intervals between H5 DNA prime and MIV boost
(Figure 2A). This was further confirmed when data were ana-
lyzed separately for responders (microneutralization titer, ≥40)
and nonresponders (microneutralization titer, <40). The
average serum anti-HA1 antibody off rates were significantly
lower in the responders (Figure 2C). Additionally, the cluster of
sera with faster anti-HA1 antibody dissociation rates (weaker
antibody affinity) in the responder groups were all from groups
1–3. In contrast, no clear difference in serum antibody–binding
dissociation rates to the HA2 domain was observed among any
of the 6 vaccinated groups or between responders and nonre-
sponders (Figure 2B and 2D). The HA2-binding off rates
(10−3–10−5 per second) tended to be slower than the HA1-
binding off rates (10−2–10−4 per second), suggesting the pres-
ence of affinity-matured cross-reactive anti-HA2 antibodies in
adults, probably due to the high conservation between the
H5N1 HA2 domain and the seasonal A(H1N1) HA2 domain,
as previously described [5].

The contribution of the antibody affinity of sera obtained after
H5N1 vaccination to virus neutralization was evaluated by corre-
lation plots of the antibody off rates for A/Indonesia/5/2005 HA1
and HA2 domains versus microneutralization titers. A negative
correlation was observed between the anti-HA1 antibody dissoci-
ation rates and serum microneutralization titers (r = −0.698;
Figure 2E) but not between the anti-HA2 serum antibody off
rates and virus neutralization (Figure 2F).

Figure 1. H5 hemagglutinin (HA) DNA priming significantly expands the
antibody epitope repertoire in HA1 generated following receipt of an A/
Indonesia/5/2005(H5N1) monovalent inactivated vaccine (MIV) boost. A,
Schematic alignment of the peptides recognized by sera obtained after H5
DNA priming and H5N1 MIV boosting, as identified by panning of H5
genome-fragment phage-display libraries with A/Indonesia/5/2005(H5N1).
The amino acid designation is based on the A/Indonesia/5/2005(H5N1)
HA protein sequence (Supplementary Figure 1). Bars indicate identified
inserts in HA1 (red bars) and HA2 (blue bars). Phage displaying peptides
from sequences in the receptor-binding domain are depicted with green
bars within HA1 segment. The thickness of each bar represent the fre-
quencies of repetitively isolated phage inserts (only clones with a frequen-
cy of ≥2 are shown). B, Distribution of phage clones in different
HA domains after affinity selection with sera obtained from adults after
MIV-prime, MIV-MIV boost, DNA-prime, and DNA-MIV boost is shown.
Abbreviation: MN, microneutralization.
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Figure 2. H5 DNA priming enhance antibody affinity (slower off rates) to H5N1 HA1 (but not HA2) with an interval of 12–24 weeks between H5 DNA
prime and monovalent inactivated vaccine (MIV) boost. Surface plasmon resonance (SPR) analysis of human sera obtained after vaccination from 6 prime-
boost groups (10–11 individuals per group) in the vaccine trial was performed with properly folded functional oligomeric H5N1 HA1 (A) and H5N1 HA2 (B)
domains from the A/Indonesia/5/2005 strain. Antibody off-rate constants that describe the fraction of antibody-antigen complexes decaying per second
were determined directly from the serum sample interaction with rHA1 (1–330) and rHA2 (331–480), using SPR in the dissociation phase. Serum antibody
off-rate constants (each symbol represents 1 individual) were determined as described in Materials and Methods. The off-rate constants were determined
from two independent SPR runs. *P < .05 and **P < .005, by the Student t test, for differences between mean off-rate constants for human sera obtained
after vaccination. D-M, H5 DNA prime, MIV boost; M-M, MIV prime, MIV boost. C and D, A/Indonesia/5/2005(H5N1) responders (microneutralization [MN]
titer,≥ 40) have significantly higher antibody affinity to rHA1 (but not rHA2) than nonresponders (MN titer, < 40). Antibody off-rate constants from the
serum sample interaction with rHA1 protein (C) and rHA2 (D), determined using SPR analysis, for all of the individuals in 6 prime-boost groups following
prime-boost vaccination were analyzed for A/Indonesia/5/2005(H5N1) responders (MN titer,≥ 40) and compared to the antibody affinity to rHA1 for nonre-
sponders (MN titer, < 40). The mean off-rate constants of human sera obtained after vaccination were statistically significant between responders and non-
responders only in the HA1 domain, not in the HA2 domain (P < .05, by the Student t test). The off-rate constants were determined from 2 independent
SPR runs. E and F, Serum antibody off rates for H5 A/Indonesia/5/2005(H5N1) rHA1 but not HA2 after prime-boost are strongly correlated with the in vitro
neutralizing capacity against the homologous A/Indonesia/5/2005(H5N1) strain. Antibody off-rate constants were determined directly from the plasma
sample interaction with rHA1 (1–330) or rHA2, using SPR in the dissociation phase. SPR analysis of human sera obtained after boosting from all vaccine
groups included in the vaccine trial was performed with rHA1 (E) or rHA2 (F) of the A/Indonesia/5/2005(H5N1) strain. Each symbol represents 1 individual.
Antibody affinity of human sera obtained after H5N1 vaccination against HA1 of A/Indonesia/5/2005(H5N1) correlated with homologous A/Indonesia/5/
2005(H5N1) MN titers.
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Together, these data suggest that the H5 DNA and MIV
prime-boost regimen with intervals of ≥12 weeks between the
prime and boost generated antibodies with higher diversity
against the HA1 receptor-binding domain and increased affinity
for the globular head, which correlated with better neutralization
of the H5N1 vaccine strain and stronger cross-neutralization of
heterologous H5N1 from diverse clades.

DISCUSSION

DNA priming with H5 HA improves the antibody response elic-
ited by boosting with A/Indonesia/5/2005(H5N1) MIV [2]. The
current study demonstrated that H5 DNA and MIV prime-boost
regimen was superior to the MIV-MIV prime-boost approach in
terms of the diversity of the antibody epitope repertoire and anti-
body affinity maturation against the HA1 (but not HA2)
domain. The most significant changes were observed with a
≥12-week interval between prime and boost. The increase in an-
tibody affinity for the HA1 domain strongly correlated with the
neutralization of the A/Indonesia/5/2005(H5N1) vaccine strain
(clade 2.1), as well as several heterologous H5N1 strains.

The findings in the current study on the superiority of H5
DNA and MIV prime-boost regimen over the homologous
MIV prime-boost protocol were similar to findings with oil-in-
water adjuvanted pandemic influenza vaccines [4, 5]. The sig-
nificant impact on the diversity and quality of the antibody
responses observed in the different vaccination approaches sug-
gests an important role for induction of early robust T-helper
responses [10]. Antigen presentation of DNA vaccines differs
from that of other vaccines, possibly increasing the number
and diversity of CD4 clones recruited [11], which may lead to a
greater expansion of antigen-specific B cells.

The importance of antibody avidity for protection against in-
fection and disease severity has been demonstrated recently for
several viral diseases, including infection with swine-like 2009
pandemic H1N1 [12, 13], and loss of protection against mumps
20 years after measles, mumps, and rubella vaccination [14]. Ad-
ditionally, antibody avidity correlated with heterologous protec-
tion against foot-and-mouth disease nonvaccine serotypes [15].

DNA priming provides an approach that may improve the
magnitude, quality, and breadth of antibody responses to con-
ventional vaccine products and is not dependent on isolation
and construction of vaccine virus.
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