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Background. H5 DNA priming was previously shown to
improve the antibody response to influenza A(H5N1) monova-
lent inactivated vaccine (MIV) among individuals for whom
there was a 24-week interval between prime and boost receipt.
This study defines the shortest prime-boost interval associated
with an improved response to MIV.

Methods. We administered H5 DNA followed by MIV at
intervals of 4, 8, 12, 16, or 24 weeks and compared responses to
that of 2 doses of MIV (prime-boost interval, 24 weeks).

Results. H5 DNA priming with an MIV boost ≥12 weeks
later showed an improved response, with a positive hemaggluti-
nation inhibition (HAI) titer in 91% of recipients (geometric
mean titer [GMT], 141–206), compared with 55%–70% of
recipients with an H5 DNA and MIV prime-boost interval of
≤8 weeks (GMT, 51–70) and 44% with an MIV-MIV prime-
boost interval of 24 weeks (GMT, 27).

Conclusion. H5 DNA priming enhances antibody responses
after an MIV boost when the prime-boost interval is 12–24 weeks.

Clinical Trials Registration.NCT01086657.

Keywords. Avian influenza; DNA vaccine; H5N1; boost in-
terval; hemagglutination inhibition.

Influenza is a worldwide public health burden, and despite the
availability of vaccines, improved strategies for inducing durable
and broad immunity remain a high priority. Highly pathogenic
strains, such as influenza A(H5N1), present an additional chal-
lenge in that transmissibility is variable, the H5 antigen is not
highly immunogenic, and the severity of disease and mortality
rate are significant when human infection does occur [1]. The
World Health Organization maintains data on human H5N1
cases [2], and although, to date, there have been <1000 docu-
mented human cases and none of the H5N1 circulating viruses
have been highly transmissible in humans, 2 studies performed
by independent teams suggest there is potential for increased
transmissibility between mammals through genetic alterations
that could also occur in the wild [3, 4].

Although the epidemiologic and clinical characteristics of
H5N1 infection present a difficult challenge for public health
policy makers, the absence of the confounding effect of baseline
immunity to H5N1 in the population allows researchers to
evaluate novel influenza vaccine strategies utilizing the H5
antigen. DNA influenza vaccines have been shown to induce
cross-neutralizing antibodies, with some of those directed
against the conserved region of the hemagglutinin (HA) stem
in clinical trials [5], and are protective against infection from
multiple strains of influenza in animal models [6]. Additionally,
H5 DNA priming enhances the overall humoral immune re-
sponse to inactivated influenza vaccine, specifically when the
boost interval is increased from 4 to 24 weeks [5]. We describe
further evaluation of H5 DNA priming for an H5N1 monova-
lent inactivated vaccine (MIV) boost with prime-boost intervals
of 4, 8, 12, 16, and 24 weeks.

METHODS

Vaccines
H5 DNA vaccine (VRC-AVIDNA036-00-VP) was manufac-
tured at the National Institute of Allergy and Infectious Diseas-
es (NIAID) Vaccine Research Center’s (VRC’s) Vaccine Pilot
Plant, operated by SAIC (Frederick, MD). The vaccine consists
of a closed-circular plasmid DNA macromolecule (VRC-9123)
that expresses an A/Indonesia/5/2005(H5N1) HA sequence
derived from a human isolate (Influenza Sequence Database
no. 125873; Los Alamos National Laboratory database). The
plasmid contained a CMV/R promoter [7]. Vaccine was pre-
pared under good manufacturing practices at 4 mg/mL in
phosphate-buffered saline.
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Subvirion A(H5N1) MIV (A/Indonesia/05/2005), at a con-
centration of 90 µg/0.5 mL, was produced by Sanofi Pasteur
(Swiftwater, PA) in accordance with the methods used to man-
ufacture the licensed influenza virus vaccine Fluzone. Vaccines
lacked preservative or adjuvant.

Study Design
VRC 310 was a single-site, phase 1, open-label, randomized
clinical trial conducted at the National Institutes of Health
(NIH) Clinical Center by the NIAID VRC (Bethesda, MD; clin-
ical trials registration NCT01086657). The study was approved
by the NIAID Intramural Institutional Review Board. US De-
partment of Health and Human Services guidelines for con-
ducting clinical research were followed.

Healthy adults aged 18–60 years with no history of H5 influ-
enza vaccination were eligible for the study. Subjects were ran-
domly assigned in equal numbers into 6 groups defined by the
prime-boost vaccination schedule. One schedule was an MIV
prime with an MIV boost 24 weeks later, while 5 schedules in-
volved an H5 DNA prime with an MIV boost. Two of the H5
DNA–MIV groups (4- and 24-week prime-boost intervals)
were designed to further validate the findings in a prior trial,
VRC 306 [5]. Three of the groups receiving H5 DNA and MIV
were designed to evaluate alternate boost intervals of 8, 12, and
16 weeks. Study end points were safety, tolerability, and immu-
nogenicity of the vaccine schedules.

The study statistician and pharmacist maintained the ran-
domization code, and subjects and clinicians were blinded to
group assignment until enrollment was completed, on day
0. Subjects received the prime dose on day 0.

H5 DNA vaccine was administered at 4 mg via a needle-free
Biojector device (Bioject; Tualatin, OR). MIV was administered
at 90 µg by needle and syringe. The doses of the vaccines were
based on findings of previous clinical trials [1, 7]. Injections
were given intramuscularly in the deltoid muscle.

Local and systemic reactogenicity was assessed for 5 days
after prime vaccination and for 7 days following boost vaccina-
tion. Adverse events were recorded for each subject by using
the Medical Dictionary for Regulatory Activities and were as-
sessed for severity by using a scale (0–5) developed by the Divi-
sion of AIDS, NIAID, and adapted for healthy volunteer
studies.

Laboratory Analyses
H5 neutralizing antibodies were evaluated by the ability of sera
to prevent infection of 293A cells by replication-incompetent
HA-pseudotyped virus [8]. Pseudotyped virus expressed the
H5 antigen and luciferase reporter gene. Neutralization activity
was quantified by the relative decrease in luciferase activity as
compared to infection of 293A cells in the absence of sera, as
described elsewhere [6]. The 80% inhibition serum titer (ID80)

was calculated relative to the signal in the absence of sera, using
5-parameter curve fitting.

Binding antibodies, assessed by ELISA, directed against H5
antigen (Immune Technologies, New York, NY) were analyzed
with 96-well Immulon2 (Dynex Technologies) plates coated
with purified recombinant proteins (A/Indonesia/05/2005
[H5N1] H5 or A/Vietnam/1203/2004[H5N1] H5), using meth-
ods adapted from those described elsewhere [7]. The end point
titer was calculated as the most dilute serum concentration that
gave an optical density reading of >0.2 above background.

Hemagglutination inhibition (HAI) assays were performed
in V-bottomed 96-well plates, using 4 hemagglutinating units
of virus and 1% horse red blood cells, as described elsewhere [9].
The virus strain used for the HAI assay was a low-pathogenic
H5N1-PR8 reassortant (clade 2.1; A/Indonesia/5/2005[H5N1]/
PR8-IBCDC-RG2) obtained from Ruben Donis at the Centers
for Disease Control and Prevention Influenza Branch (Atlanta,
GA) [9].

Cell absorption/ELISA assays were performed as described
elsewhere [6]. End point titers of antibodies directed against the
A/Indonesia/5/2005(H5N1) HA stem were determined by an
enzyme-linked immunosorbent assay (ELISA) with recombi-
nant wild-type (WT) or Δstem A/Indonesia/5/2005(H5N1) HA
trimers, using adaptations of previously reported methods [6].
Trimeric HA proteins were purified as described byWei et al [6],
and the stem mutant trimer (Δstem) showed minimal reactivity
with the previously defined CR6261 monoclonal antibody di-
rected to this region, in contrast to the WT A/Indonesia/5/2005
(H5N1) HA trimer [6]. End point titers were calculated as the
most dilute serum concentrations that gave optical density read-
ings of >0.2 above background [5, 6, 10].

CD4+ and CD8+ T-cell responses to H5 were assessed 2
weeks following the MIV boost by intracellular cytokine stain-
ing (ICS) for interleukin 2 (IL-2), tumor necrosis factor α

(TNF-α), or interferon γ (IFN-γ), as described elsewhere [11, 12].

Statistical Methods
We reported positive response rates with exact 95% confidence
intervals (CIs) computed by the Pearson-Clopper method. We
reported the magnitude of antibody response by geometric
mean and 95% CIs. Comparisons between any 2 groups were
based on the Fisher exact test (for the positive response rate)
and the Wilcoxon test (for the response magnitude). Statistical
computations were done by the statistical software SAS and R.

RESULTS

Demographic Characteristics and Vaccine Safety
A total of 64 healthy adult subjects were enrolled into VRC 310
between 8 March and 13 May 2010. The study included 34 men
and 30 women, with a mean age (±SD) of 34 ± 11 years and a

BRIEF REPORT • JID 2013:208 (1 August) • 419



mean body mass index (±SD) of 26.8 ± 5.4. Supplementary
Table 1 shows study demographic data. Supplementary
Figure 1 shows random assignment of the subjects to the study
groups and the disposition by group through study completion.
One subject randomly assigned to group 1 chose to not receive
any study injections. All other subjects received study injections
according to schedule, and 62 completed follow-up through 24
weeks after boosting. Vaccines were well tolerated, and there
were no vaccine-related serious adverse events. When reactoge-
nicity was present, the severity was mild to moderate and
similar among all groups (Supplementary Tables 2 and 3).

Vaccine-Induced Antibodies
Antibody responses were assessed at the primary immunoge-
nicity time point of 2 weeks after the MIV boost. The magni-
tude (GMT) of H5-binding antibodies as assessed by ELISA

was highest in H5 DNA–primed subjects who received the
MIV boost 12–24 weeks after priming (groups 4–6), with the
highest responses in those with a boost interval of 24 weeks
(Figure 1A). All subjects tested negative for H5 antibodies by
HAI at baseline. The frequency of positive H5 HAI responses
was greatest when the boost interval was at least 12 weeks
(groups 4–6; Table 1). The HAI GMT was highest in subjects
receiving the H5 DNA prime and MIV boost at the longer in-
tervals (12, 16, and 24 weeks; Figure 1B). Neutralizing antibody
responses were highest in subjects who received the MIV boost
at 16 or 24 weeks (groups 5 and 6; Figure 1C). Cross-reactive
antibody responses were also assessed against A/Vietnam/
1203/2004(H5N1) by ELISA and neutralization assays. There
was a trend toward higher-magnitude responses among the H5
DNA groups with the longest prime-boost intervals, compared
with the MIV-MIV group (P < .085) or the H5 DNA–primed

Figure 1. Antibody responses elicited by prime-boost vaccination with influenza H5N1 monovalent inactivated vaccine (MIV) on day 0 and at week 24
(group 1), H5 DNA on day 0 and MIV at week 4 (group 2), H5 DNA on day 0 and MIV at week 8 (group 3), H5 DNA on day 0 and MIV at week 12 (group 4),
H5 DNA on day 0 and MIV at week 16 (group 5), and H5 DNA on day 0 and MIV at week 24 (group 6). A–C, Mean (±standard error of the mean) enzyme-
linked immunosorbent assay (ELISA) end point titer (A), hemagglutination inhibition (HAI) titer (B), and 80% inhibition serum (ID80) neutralizing antibody
(NAb) titer (C) 2 weeks after MIV boosting. P values are shown for statistically significant differences. D, Stem-directed antibody responses after MIV
boosting. Postvaccination sera were preabsorbed with 293A cells expressing the stem mutant (Δstem) of A/Indonesia/5/2005(H5N1) hemagglutinin (HA) to
remove non–stem-reactive HA antibodies. Analysis of binding of preabsorbed sera to wild-type (WT) or (Δstem) A/Indonesia/5/2005(H5N1) HA was per-
formed by ELISA. Detection of human antibodies was performed with an anti-human secondary antibody. Mean titers (±SD) are shown. P values between
WT and Δstem binding for each group are 0.0071, 0.0001, 0.0019, 0.0406, 0.0129, and 0.0448, respectively. Statistical analyses were performed with a 2-
tailed unpaired t test, using the Prism 5 program (GraphPad Software).
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groups with shorter intervals. In an exploratory assessment, we
normalized the HAI and neutralizing antibody responses
against the overall ELISA antibody response. We found a trend
toward greater HAI/ELISA and neutralizing antibody/ELISA
titers in H5 DNA–primed groups 4–6, but only the HAI/ELISA
comparison between group 6 and group 1 was statistically sig-
nificant (P < .029).

Stem-Directed Antibodies Induced by H5 DNA and MIV
Prime-Boost
We have previously shown that antibodies to the highly con-
served epitope on the HA stem were elicited by DNA priming
followed by MIV boosting with a 24-week interval [5]. Anti-
stem antibodies in subjects with shorter prime-boost intervals
were examined in this study. Immune sera from all subjects
were preabsorbed with 293A cells expressing a stem mutant
(Δstem) of A/Indonesia/5/2005(H5N1) HA that blocks binding
of stem-specific monoclonal antibodies [6] Preabsorption
removes all non–stem-directed antibodies, and the presence of
anti-stem antibodies can be determined by their ability to bind
WT A/Indonesia/5/2005(H5N1) HA but not Δstem HA.
Similar to the MIV-MIV group, binding of the preabsorbed
postvaccination sera to A/Indonesia/5/2005(H5N1) WT HA
trimer was significantly higher than to Δstem HA in all groups
primed with DNA (Figure 1D), thus demonstrating the ability
of DNA priming to elicit stem-reactive antibodies following
MIV boosting.

Vaccine-Induced T-Cell Responses
H5-specific CD4+ T-cell responses were more commonly de-
tected than CD8+ T-cell responses. There were no H5-specific
CD4+ or CD8+ T-cell responses detected in subjects who re-
ceived 2 doses of MIV. Of patients in groups 2, 3, 4, 5, and 6, all
of whom received the H5 DNA prime, 33%, 27%, 60%, 27%,
and 45%, respectively, developed a detectable CD4+ T-cell re-
sponse to IL-2, IFN-γ, or TNF-α.

DISCUSSION

We previously demonstrated that H5 DNAvaccine priming im-
proves the response elicited by a MIV (H5N1) boost when the
boost interval is 24 weeks [5]. Here, we further describe the
boost-interval–dependent response to H5 DNA priming at
prime-boost intervals of 4, 8, 12, 16, and 24 weeks, compared
with a 2-dose MIV regimen with a 24-week prime-boost inter-
val. All regimens were safe and well tolerated, consistent with
previous DNA vaccine clinical trials [5, 7, 13, 14] and MIV
studies [1].

We found that the length of the interval between priming
and boosting significantly affects the magnitude and functional
quality of the antibody response, and we have shown that DNA
priming increases the potency and influences the specificity of
the antibody responses. Overall, the frequency and magnitude
of the antibody response was improved when the interval
between H5 DNA and MIV receipt was 12, 16, or 24 weeks as
compared to 4 or 8 weeks. However, the neutralizing antibody
responses were greatest when the interval between DNA and
MIV was 16 or 24 weeks.

As shown previously [5], the long boost interval improved
the antibody responses seen in the H5 DNA–primed groups
but did not improve the response seen in the MIV-MIV group,
indicating that the specificity and functional properties induced
by the prime differs between H5 DNA and MIV. DNA vaccines
use different antigen-presentation pathways, facilitate CD4+

T-cell help, and increase the number and diversity of CD4+

T-cell clones [15], and this may lead to a greater expansion of
antigen-specific B cells. Additionally, gene-based delivery and
the expression of HA on transduced host cells may present a
protein configuration and more authentic epitope structure.
Work is needed to define the molecular and structural basis for
the effects of gene-based priming and prime-boost intervals on
immune response patterns.

These findings suggest that, with an optimized prime-boost
interval, DNA priming could significantly improve the responses

Table 1. Hemagglutination Inhibition Response, by Study Group

Response Group 1 (n = 9) Group 2 (n = 9) Group 3 (n = 11) Group 4 (n = 11) Group 5 (n = 11) Group 6 (n = 11)

4-fold increase in titer, subjects, % 44 70 55 91 91 91

Postvaccination titer >1:40, subjects, % 44 70 55 91 91 91
Reciprocal GMT

Before vaccination <1:10 <1:10 <1:10 <1:10 <1:10 <1:10

After vaccination (95% CI) 27 (12–63) 70 (25–197) 51 (19–141) 141 (59–340) 150 (60–376) 206 (77–550)

Group 1 received H5N1 monovalent inactivated vaccine (MIV) on day 0 and at week 24, group 2 received H5 DNA on day 0 and MIV at week 4, group 3 received H5
DNA on day 0 and MIV at week 8, group 4 received H5 DNA on day 0 and MIV at week 12, group 5 received H5 DNA on day 0 and MIV at week 16, and group 6
received H5 DNA on day 0 and MIV at week 24.

Abbreviations: CI, confidence interval; GMT, geometric mean titer.
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seen with traditional influenza vaccines. As gene-based priming
is further assessed in humans, a properly defined boost interval
is essential to allow optimal development of the immune re-
sponse. This may be useful in the search for universal influenza
vaccine strategies and in approaches being sought to improve re-
sponses to influenza vaccines in individuals who are very young
or elderly.
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