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Because of their rapid evolution, genetic diversity, broad host range, ongoing circulation in birds, and potential human-to-hu-
man transmission, H5N1 influenza viruses remain a major global health concern. Their high degree of genetic diversity also
poses enormous burdens and uncertainties in developing effective vaccines. To overcome this, we took a new approach, i.e., the
development of immunogens based on a comprehensive serologic study. We constructed DNA plasmids encoding codon-opti-
mized hemagglutinin (HA) from 17 representative strains covering all reported clades and subclades of highly pathogenic avian
influenza H5N1 viruses. Using DNA plasmids, we generated the corresponding H5N1 pseudotypes and immune sera. We per-
formed an across-the-board pseudotype-based neutralization assay and determined antigenic clusters by cartography. We then
designed a triclade DNA vaccine and evaluated its immunogenicity and protection in mice. We report here that (sub)clades 0, 1,
3,4, 5,6, 7.1, and 9 were grouped into antigenic cluster 1, (sub)clades 2.1.3.2, 2.3.4, 2.4, 2.5, and 8 were grouped into another an-
tigenic cluster, with subclade 2.2.1 loosely connected to it, and each of subclades 2.3.2.1 and 7.2 was by itself. Importantly, the
triclade DNA vaccine encoding HAs of (sub)clades 0, 2.3.2.1, and 7.2 elicited broadly neutralizing antibody responses against all

H5 clades and subclades and protected mice against high-lethal-dose heterologous H5N1 challenge. Thus, we conclude that
broadly neutralizing antibodies against all H5 clades and subclades can indeed be elicited with immunogens on the basis of a
comprehensive serologic study. Further evaluation and optimization of such an approach in ferrets and in humans is warranted.

I nfluenza vaccines are a cost-effective way to prevent and control
influenza virus infection. Influenza vaccines elicit potent neu-
tralizing antibody responses to the vaccine strains and closely re-
lated isolates but rarely extend to more divergent strains within a
subtype or to other subtypes. Because of this, current influenza
vaccines are prepared annually on the basis of the World Health
Organization (WHO) forecasts on the most probable influenza
virus strains thought to be circulating in the next seasonal out-
break (1). However, selecting appropriate vaccine strains presents
many challenges and sometimes results in suboptimal protection
(6). Moreover, predicting the next pandemic virus, including
when and where it will arise, is currently impossible. Thus, devel-
oping “universal” vaccines that elicit antibody response capable of
neutralizing diverse influenza A virus strains would eliminate
much of the uncertainty associated with strain selection and im-
pede emerging pandemic viruses.

Since the emergence of highly pathogenic avian influenza
(HPAI) H5N1 viruses in 1996, outbreaks have continued in a va-
riety of domestic and wild birds, as well as sporadic human trans-
mission in southeast Asia, Eurasia, and Africa (17). As of 22 Sep-
tember 2011, the World Organization for Animal Health
highlighted thousands of HPAI H5N1 virus infection outbreaks in
poultry and wild birds in 63 countries (17, 41). As of 12 March
2012, 596 human H5N1 virus infections have been confirmed,
resulting in 350 deaths (40).

On the basis of hemagglutinin (HA) genealogy, H5N1 viruses
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have evolved into 10 clades in various host species (29, 38, 39).
Among them, clade 2 is divided into the five subclades 2.1, 2.2, 2.3,
2.4, and 2.5, and clade 7 is divided into the two subclades 7.1 and
7.2 (22,23, 38, 39). Subclade 2.1 is further divided into subclades
2.1.1,2.1.2,2.1.3, 2.1.3.1, 2.1.3.2, and 2.1.3.3. Subclade 2.2 is fur-
ther divided into subclades 2.2.1 and 2.2.1.1. Finally, subclade 2.3
is further divided into subclades 2.3.1, 2.3.2.1, 2.3.3,2.3.4, 2.3.4.1,
2.3.4.2,and 2.3.4.3 (38, 39). Thus far, the circulating HPAT H5N1
viruses of human isolates fall into clades 0, 1, 2, and 7 (40, 42), and
the other clades that are circulating in avian species may be poten-
tially transmitted to humans either directly from avian species or
indirectly through so-called “mixing-vessel” species, such as pigs.
Therefore, it is important that a vaccine developed against H5N1
virus not only protect from H5 clades and subclades that have
already infected humans but also from potential new emerging H5
clades and subclades to humans.

To deal with this genetic diversification, the WHO is creating
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additional vaccine seed strains when new viruses emerge. As a
result, the current tally of such seed strains in stock is 20, with 3
more in development. These strains cover (sub)clades 1, 2.1, 2.2,
2.3.2,2.3.4,4,and 7.2 (38, 39, 47). Not only does this create tre-
mendous economic burdens to produce vaccines from these seed
strains, but it is also becoming less clear which seed strains are the
most relevant to a given geographic region. To overcome the bur-
den and uncertainties, several new approaches have been evalu-
ated (1, 3,7, 10, 13, 14, 18, 20, 26, 27, 32). For example, Chen et al.
(7) demonstrated that a consensus H5 HA-based DNA vaccine
protects mice against divergent H5SN1 from (sub)clades 1, 2.1, 2.2,
2.3.2, and 2.3.4. Ducatez et al. (13) demonstrated that recon-
structed ancestral H5N1 influenza vaccine based on a resolved
phylogenetic topology elicited cross-clade protective immunity
against (sub)clades 1, 2.1, 2.2, 2.3.4, and 4 in ferrets. Forrest et al.
(18) compared single- versus multiple-clade H5N1 vaccines to
induce cross-protection in ferrets and found that the multiple-
clade vaccine was broadly immunogenic against clade 1 and 2
viruses. Rao et al. (27) demonstrated that a DNA vaccine encoding
multiple H5 HA elicited antibody responses in mice and chickens
that could neutralize multiple strains of HPAI H5N1 when given
in combination. Prabakaran et al. (26) showed that the expression
of HA proteins of selected vaccine strains on the baculovirus sur-
face could elicit neutralizing antibody responses against viruses
from clades 1, 2.1, 2.2, 4, 7, and 8 of H5N1 viruses and conferred
protection against challenge with (sub)clades 1, 2.1, and 7 of
H5NT1 strains. Thus, although these approaches have been shown
to elicit more cross-reactive antibody responses than an antigen
derived from a single strain, most of these studies were based on
phylogenetic data or limited antigenic data and only evaluated a
limited number of H5 clades and subclades.

We hypothesized that by systematically analyzing the cross-
reactivity of neutralizing antibody responses among all H5 clades
and subclades, one may determine antigenic clusters among H5
clades and subclades. One can then design immunogens based on
antigenic clusters that may elicit broadly neutralizing antibody
responses and immune protection against strains of all H5 clades
and subclades.

To test this hypothesis, we constructed DNA plasmids encod-
ing codon-optimized HA from 17 representative strains covering
all reported H5 clades and subclades. Using the DNA plasmids, we
generated corresponding H5N1 pseudotypes and elicited corre-
sponding immune sera. We then performed an across-the-board
pseudotype-based neutralization assay and determined antigenic
clusters by cartography. Based on the cross-neutralization data
and antigenic clusters determined by cartography, a triclade DNA
vaccine was designed, and its immunogenicity and immune pro-
tection were evaluated in mice.

MATERIALS AND METHODS

Cell lines. The packaging cell line 293T was maintained in complete Dul-
becco modified Eagle medium (complete DMEM; high-glucose DMEM
supplemented with 10% fetal bovine serum [FBS], 2 mM L-glutamine, 1
mM sodium pyruvate, penicillin [100 U/ml], and streptomycin [100 g/
ml]; Invitrogen Life Technologies). The Madin-Darby canine kidney
(MDCK) cell line was maintained in complete DMEM.

Animals. All animal experiments were carried out at biosafety level 3
(BSL3) containment facilities complying with the Ethics Committee reg-
ulations of the Institut Pasteur, Paris, France, in accordance with EC di-
rective 86/609/CEE and were approved by the Animal Ethics Committee
of the Institut Pasteur in Cambodia (permit VD100820). Female BALB/c
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TABLE 1 Panel of codon-optimized H5 HAs used for eliciting mouse
immune sera and for generating H5N1 pseudotypes”

Strain Abbreviation  (Sub)clade  Accession no.
A/Hong Kong/156/97 pHK156 0 AAC40508
A/Viet Nam/1203/2004 pVN 1 ABP51977
A/Cambodia/p0322095/05 pCA 1 P0322095"
A/Indonesia/5/2005 pID 2.1.3.2 ABP51969
A/Turkey/65596/2006 pTK 2.2.1 ABQ58925
A/Common Magpie/Hong pHK5052 2.3.2.1 ACJ26242
Kong/5052/2007
A/Shenzhen/406H/2006 pSZ 2.3.4 ABO36644
A/Chicken/Guangxi/12/2004  pGX12 2.4 ABD14809
A/Chicken/Korea/es/2003 pKR 2.5 ABP51986
A/Silky Chicken/Hong Kong/  pHKSF 3 AAO52864
SF189/01

A/Goose/Guiyang/337/2006 pGY 4 ABJ96698
A/Duck/Guangxi/1378/2004  pGX1378 5 ABC66526
A/Duck/Hubei/wg/2002 pHB 6 ABI94747
A/Beijing/01/2003 pBJ 7.1 ABQ58979
A/Chicken/Shanxi/2/2006 pSX 7.2 ABK34764
A/Chicken/Henan/16/2004 pHN 8 AAX53508
A/Goose/Shantou/1621/05 pST 9 ABE68931

“ AIl H5N1 pseudotypes expressing the same N1 NA were derived from the A/Thailand/
1(KAN-1)/04 virus.
b The sequence is available from the database of the Los Alamos National Laboratory.

mice (Mus musculus) at the ages of 6 to 8 weeks were purchased from
Charles River Laboratories (L’Arbresle, France) and housed in microiso-
lator cages ventilated under negative pressure with HEPA-filtered air. Vi-
rus challenge studies were conducted in a BSL3 facility at the Institut
Pasteur in Cambodia. Before each inoculation or euthanasia procedure,
the mice were anesthetized by intraperitoneal (i.p.) injection of pentobar-
bital sodium (65 mg/kg; Sigma).

H5N1 viruses. HPAI H5N1 viruses A/Shenzhen/406H/06 and
A/Cambodia/P0322095/05 were originally isolated from human patients
at the Donghu Hospital in Shenzhen, China, and at the Institut Pasteur in
Cambodia, respectively (4, 47). Viruses were propagated in MDCK cells,
and virus-containing supernatants were pooled, clarified by centrifuga-
tion, and stored in aliquots at —80°C. The 50% tissue culture infection
doses (TCIDs5,) and the 50% mouse lethal doses (MLDy) of the viruses
were determined in MDCK cells and in BALB/c mice, respectively, and
were calculated by the method of Reed and Muench (28) as described
previously (12).

Generation of a panel of DNA plasmids encoding codon-optimized
H5 HA genes. To generate a panel of DNA plasmids encoding codon-
optimized H5 HA genes, a total of 17 codon-optimized H5 HA using
human-preferred codons (45) were synthesized by recursive PCR and
overlap PCR, inserted into a mammalian expression vector pCMV/R as
described previously (34). The resulting DNA plasmids were designated as
pHK156 (clade 0), pVN and pCA (clade 1), pID (subclade 2.1.3.2), pTK
(subclade 2.2.1), pHK5052 (subclade 2.3.2.1), pSZ (subclade 2.3.4),
pGX12 (subclade 2.4), pKR (subclade 2.5), pHKSF (clade 3), pGY (clade
4), pGX1378 (clade 5), pHB (clade 6), pBJ (subclade 7.1), pSX (subclade
7.2), pHN (clade 8), and pST (clade 9), respectively (Table 1). The ratio-
nale for selecting these strains was as follows. For a given clade or subclade,
if the World Health Organization (WHO) recommended candidate vac-
cine strains, we selected them; for other clades and subclades, we com-
pared amino acid sequences of several strains for a given clade or subclade
and then selected relatively conservative strains.

Generation of a panel of corresponding H5N1 pseudotypes. To
generate a panel of H5N1 pseudotypes, 293 T packaging cells were
cotransfected with transfer vector pHR'CMV-Luc, packaging vector
pCMVRAS.2, and pCMVR vector encoding one of the above described
codon-optimized H5 HA and N1 neuraminidase (NA) [A/Thailand/
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1(KAN-1)/04] as described previously (34). Briefly, 4.5 X 10° 293T pack-
aging cells were cotransfected with 14 g of pHR'CMV-Luc, 14 pg of
pCMVARS.2, 2 pg of CMV/R-HA, and 0.5 pg of CMV/R-NA using a
calcium phosphate precipitation method. Asa control 293T cells were also
cotransfected with 14 g of pHR'CMV-Luc, 14 ug of pPCMVARS.2, and 5
g of DNA plasmid encoding vesicular stomatitis virus protein (VSV-G).
After overnight incubation, the cells were washed once with phosphate-
buffered saline (PBS) and cultured in 10 ml of complete DMEM supple-
mented with 100 wM sodium butyrate (Sigma, St. Louis, MO) for 8 h. The
cells were then cultured in 10 ml of complete DMEM. The pseudotype-
containing supernatants were harvested after 16 to 20 h and stored at
—80°C in a freezer in aliquots until used. The relative luciferase activity
(RLA) of HA and NA pseudotype stocks were determined in MDCK cells
as described previously (34).

To normalize the amount of HA/p24 among all pseudotypes, the p24
level was measured from different viral stocks using an HIV-1 p24 antigen
assay kit (Beckman Coulter, Fullerton, CA), and the HA value was mea-
sured using an HA assay with chicken red blood cells. The HA/p24 ratio
varied by no more than 1- to 2-fold.

Generation of a panel of corresponding immune sera against H5
clades and subclades. To generate immune sera against a panel of H5 HA,
BALB/c mice (six mice per group) were immunized intramuscularly
(i.m.) three times with 100 g of the DNA plasmids listed in Table 1. The
immunizations were carried out on days 0, 28, and 56. At 14 days after the
immunization, serum samples collected from the same group of mice
were combined, heat inactivated at 56°C, and stored in aliquots at 4°C
until use for the pseudotype-based neutralization assay (see below). To
ensure the levels of the expression among these HAs, DNA plasmids were
also transiently transfected into NIH 3T3 cells, a murine cell line. At 24 h
posttransfection, the cells were stained with human monoclonal antibody
F10, followed by fluorescence-activated cell sorting (FACS) analysis. Sim-
ilar levels of HA expression were observed (P. Zhou et al., data not
shown).

HA and NA pseudotype-based neutralization assay. An HA and NA
pseudotype-based neutralization assay used here was described previously
(34). Briefly, MDCK cells (3 X 103 cells per well) were seeded onto 96-well
culture plate in complete DMEM overnight. Serially 2-fold-diluted serum
samples (starting at 1:40 dilution) were incubated with HA and NA pseu-
dotypes equivalent to 6.25 ng of HIV-1 gag p24/ml corresponding to
200,000 to 2,000,000 RLA at the final volume of 100 pl at 37°C for 1 h as
described previously (46). Importantly, the different amounts of HA
among the input H5N1 pseudotype panel (Zhou et al., data not shown)
were within the acceptable range described by Yang et al. (46). The mix-
ture was added onto MDCK cells. RLA was measured after 72 h by a
BrightGlo luciferase assay (Promega) according to the manufacturer’s
instructions. The percentage of inhibition was calculated as follows: (RLA
in pseudotypes and medium control — RLA in pseudotypes and immune
serum in a given dilution)/RLA in pseudotypes and medium control. The
ICs,, ICqq, and IC,, values were determined as the dilutions of a given
immune serum that resulted in 50, 80, and 90% reduction of RLA, respec-
tively.

Antigenic cartography. Using the serological data (i.e., the IC,, val-
ues) from the neutralization assay, antigenic cartography was constructed
by AntigenMap, an integrative matrix completion-multidimensional
scaling method as recently described (5). AntigenMap has been success-
fully used in antigenic cartography construction for influenza A viruses
(13, 35). The IC,, values were normalized as described previously (5), and
an IC,, value was defined as a low reactor if it was <20. An outlier antigen
or antiserum was defined as distant from its counterparts by more than
two units, i.e., by >4 log,.

Active and passive immunization and challenge. For active immuni-
zation and challenge experiments, female BALB/c mice were randomly
divided into two groups (18 mice per group). Mice in group 1 were in-
jected im. three times in both hind legs, with a total 200 pg of empty
vector plasmid. Mice in group 2 were injected i.m. three times in both
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hind legs with a total of 200 g of a mixture of three DNA plasmids
(pHK156, pHK5052, and pSX). The DNA injection was done on days 0,
28, and 56. At 2 weeks after the last injection, 12 mice in each group were
divided into two subgroups (6 mice per subgroup). One subgroup was
challenged intranasally (i.n.) with 100 MLDx, (5,623 TCIDs,) of heterol-
ogous H5N1 virus (A/Shenzhen/406H/06, subclade 2.3.4), and the second
subgroup was challenged i.n. with 100 MLD;,, (50 TCID5) of heterolo-
gous H5N1 virus (A/Cambodia/P0322095/05, clade 1) in a volume of 50
pl. The mice were monitored and recorded daily for signs of illness, such
as lethargy, ruffled fur, and weight loss. When mice lost 30% or more of
their original weight, they were euthanized and counted as dead. The
remaining six mice per group were sacrificed at 10 days after the final
injection for intracellular cytokine staining.

For passive the immunization and challenge experiment, 24 BALB/c
mice were immunized i.m. three times in both hind legs with a total of 200
g of the same mixture of three DNA plasmids as described above. At 2
weeks after the last injection, postimmune sera were collected and com-
bined. For the controls, the sera from 24 naive BALB/c mice were also
collected and combined. Twelve naive female BALB/c mice were i.p. in-
jected with 700 pl of immune sera, and another 12 naive female BALB/c
mice were i.p. injected with the same amount of sera collected from naive
mice. After 24 h, six mice per group were challenged i.n. with 100 MLD,,
(50 TCID,,) of A/Cambodia/P0322095/05 strain and remaining 6 mice
per group were challenged i.n. with 100 MLDy, (5,623 TCIDs,) of
A/Shenzhen/406H/06 strain in a volume of 50 wl. The mice were moni-
tored and recorded daily for signs of illness, such as lethargy, ruffled fur,
and weight loss. When the mice lost 30% or more of their original weight,
they were euthanized and counted as dead.

All active and passive immunization and challenge experiments were
performed in accordance with the Department of Agriculture guidelines
for the Care and Use of Laboratory Animals, the Animal Welfare Act, and
Department of Agriculture Biosafety Guidelines in the Microbiological
and Biomedical Laboratory.

Intracellular cytokine staining. CD8™ T-cell responses were evalu-
ated by using intracellular cytokine staining for gamma interferon (IFN-
v), interleukin-2 (IL-2), and tumor necrosis factor alpha (TNF-a) as
previously described (21). Briefly, spleens were harvested from triclade
DNA- and empty vector-vaccinated mice and gently homogenized into a
single-cell suspension. After erythrocyte lysis, the splenocytes (10° cells/
well) were stimulated with two HA peptides (IYSTVASSL and LYEKV
RLQL [11, 19, 25], 2.5 pg/ml for each peptide) and anti-CD28 and anti-
CD49d antibodies (BD Pharmingen, 1 wg/ml) in 24-well tissue culture
plates (Costar; Corning) at 37°C. Two hours later, brefeldin A (BD Bio-
sciences, 10 pg/ml) was added. After 6 h of incubation, the cells were
refrigerated overnight. The following morning, the cells were washed and
incubated with Fc blocker (Becton Dickinson) and then surface stained
with anti-CD4 and anti-CD8 antibodies (BD Pharmingen) at 4°C for 1 h.
The cells were then washed, fixed, and permeabilized for 20 min with
Cytofix/Cytoperm solution (BD Cytofix/Cytoperm fixation/permeabili-
zation kit; BD Biosciences). The cells were washed and stained with the
indicated fluorescence-labeled anti-IFN-v, anti-IL-2, and anti-TNF-« an-
tibodies (BD Pharmingen). After 1 h at 4 °C in the dark, the cells were
washed and resuspended in PBS with 1% FBS and 0.1% saponin. All of the
samples were run on an 18-color LSR-II cytometer with BD FACS DIVA
software and analyzed using FlowJo data analysis software (Tree Star,
Inc.).

Statistical analysis. In animal studies, the response of each mouse was
counted as an individual data point. The data obtained from animal stud-
ies and pseudotype-based neutralization assay were examined by using
one-way analysis of variance from GraphPad; differences were considered
significant at P < 0.05.

RESULTS

Cross-reactivity of neutralizing antibody responses and anti-
genic clusters among all H5 clades and subclades. To determine
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Triclade Vaccine Elicits Broad Antibody Responses
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FIG 1 Antigenic cartography of a panel of immune sera against corresponding
influenza virus H5N1 pseudotypes. The antigenic cartography is a geometric
representation of IC5, data shown in Table 2 and was constructed using
AntigenMap (http://sysbio.cvm.msstate.edu/AntigenMap) (5). The relative
distance among each serum sample in the map represents the similarity of
antigenicity among various HAs. In the graph, one grid represents a 2-fold
change in the pseudotype-based neutralization assay. The virus is represented
by strain-(sub)clade, and the abbreviations for the H5N1 strains are listed in
Table 1.

cross-reactivity of neutralizing antibody responses and antigenic
clusters among all H5 clades and subclades, we first constructed
DNA plasmids expressing codon-optimized HA from 17 repre-
sentative strains covering all reported clades and subclades of
HPAI H5NT1 viruses (Table 1) and then used DNA plasmids to
elicit corresponding immune sera in mice and generated corre-
sponding H5N1 pseudotypes (see Materials and Methods for the
details). We then performed an across-the-board pseudotype-
based neutralization assay and determined the ICs, (Table 2),
ICq, and IC,, (Zhou et al., data not shown). We further analyzed
the antigenic cartography based on ICs, values (Fig. 1). We ob-
served that, first, all DNA plasmids elicited anti-autologous H5
neutralizing antibody responses with various degrees of potency
ranging from 132 in ICs, 68 in ICy,, and 48 in IC,, against pBJ,
subclade 7.1, to 27,228 in 1Cs, 4,677 in ICgq,, and 1,820 in ICy,
against pTK, subclade 2.2.1. Second, except for subclades 2.3.2.1
and 7.2, immune sera elicited with clade 0 neutralized H5N1 pseu-
dotypes of all other H5 clades and subclades to different extents,
and H5N1 pseudotype derived from clade 0 was neutralized with
immune sera elicited with all other H5 clades and subclades.
Third, there was reciprocal cross-reactivity of neutralizing anti-
body responses among clades 0, 1, 3, 4, 5, 6, and 9 and among
(sub)clades 0, 2.1.3.2, 2.2.1, 2.4, 2.5, and 8, suggesting that the
antigenicity and immunogenicity among H5 clades and subclades
within each of these two reciprocal groups correlate well with each
other. Fourth, although immune sera elicited with subclades 2.3.4
and 7.1 only neutralized a few H5N1 pseudotypes, pseudotype
derived from subclade 2.3.4 was neutralized by most of immune
sera except for sera from subclades 2.3.2.1 and 7.2, whereas pseu-
dotype derived from subclade 7.1 was neutralized by most of the
immune sera except for sera from (sub)clades 1,2.2.1,2.3.2.1, 2.4,
and 7.2, suggesting that the antigenicity and immunogenicity of
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FIG 2 Titration of neutralizing antibody responses of immune sera elicited with the triclades DNA vaccine against a panel of H5N1 pseudotypes listed in Table
1. The IC,, and IC,, were defined as the reciprocal dilutions of the immune sera that resulted in 50% (dash line) and 90% inhibition, respectively. The data were
collected from triplicate experiments and are presented as means =+ the standard errors of the mean (SEM). N, not detected. VSV (vesicular stomatitis virus) was
used here as a negative control. The virus is represented by strain and (sub)clade in parenthesis and the abbreviation of the H5N1 strain (listed in Table 1).

subclade 2.3.4 or 7.1 do not correlate with each other. Finally,
subclades 2.3.2.1 and 7.2 each stands on its own, because their
immune sera only neutralized very few pseudotypes and their
pseudotypes were neutralized by very few immune sera.

To confirm the findings with the HA and NA pseudotype-
based neutralization assay (Table 2), we also tested the hemagglu-
tination inhibition (HI) activity of a panel of immune sera. Similar
trends were observed when a panel of H5N1 viruses were exam-
ined (Chen et al., data not shown).

Figure 1 shows antigenic cartography based on ICs, values.
Accordingly, (sub)clades 0, 1, 3, 4, 5, 6, 7.1, and 9 were grouped
into antigenic cluster 1, (sub)clades 2.1.3.2, 2.3.4, 2.4, 2.5, and 8
were grouped into another, with subclade 2.2.1 loosely connected
to it, and each of subclades 2.3.2.1 and 7.2 was by itself. Interest-
ingly, among (sub)clades in cluster 1, pHK156 clade 0 is closest to
cluster 2. This is why immune sera elicited with pHK156 clade 0
cross-neutralize (sub)clades from both clusters 1 and 2.

Broadly neutralizing antibody responses elicited with a tri-
clade DNA vaccine. Based on the cross-reactivity of neutralizing
antibody responses and antigenic cartography, we selected three
DNA plasmids pHK156 (clade 0), pHK5052 (subclade 2.3.2.1),
and pSX (subclade 7.2) to formulate a triclade DNA vaccine that
would elicit neutralizing antibody responses against all H5 clades
and subclades. To evaluate its immunogenicity, female BALB/c
mice were i.m. immunized three times with either triclade DNA
vaccine or empty vector. Immune sera were analyzed for their
ability to neutralize H5N1 pseudotypes covering all H5 clades and
subclades. Remarkably, immune sera elicited with the triclade
DNA vaccine neutralized all H5N1 pseudotypes with a great de-
gree of potency (Fig. 2). The ICs, ranged from 1,062 against pSZ
(subclade 2.3.4) to 9,311 against pHK156 (clade 0), and the ICy,
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ranged from 105 against pGX (subclade 2.4) and pHN (clade 8) to
933 against pHK156 (clade 0), respectively. In contrast, the empty
vector immunized sera did not exhibit any neutralizing activity
(Zhou et al., data not shown).

HA peptide-specific CD8 T-cell responses elicited with the
triclade DNA vaccine. Previously, Deng et al. (11) reported two
H-2K restricted HA peptides. One peptide (peptide I, IYSTVA
SSL) is conserved among various HA subtypes, and the other pep-
tide (peptide II, LYEKVRLQL) is conserved among various H5
strains. Therefore, to test whether the triclade DNA vaccine might
also elicit an HA peptide-specific T-cell response, splenocytes
from triclade DNA- and empty vector-immunized BALB/c mice
were assayed against the two HA peptides using intracellular cy-
tokine staining for IFN-v, IL-2, and TNF-a. Compared to CD8 T
cells from empty-vector-immunized mice, CD8 T cells from tri-
clade DNA-immunized mice exhibited statistically significant
peptide-specific responses against peptide I, peptide II, or both,
except for peptide II-induced, IL-2-secreted CD8 T cells (Fig. 3).
On average, 2.2, 0.13, and 1.6% of the CD8 T cells from triclade
DNA-immunized mice secreted IFN-vy, IL-2, or TNF-q, respec-
tively, in response to peptide I;0.16, 0.03, and 0.15% of the CD8 T
cells from triclade DNA-immunized mice secreted IFN-y, IL-2, or
TNF-a, respectively, in response to peptide II; and 2.3, 0.12, and
1.8% of the CD8 T cells from triclade DNA-immunized mice se-
creted IFN-v, IL-2, or TNF-a, respectively, in response to both
peptides. Thus, we conclude that the triclade DNA vaccine also
elicits HA peptide-specific CD8 T-cell responses.

Immunity elicited with the triclade DNA vaccine protected
mice from HPAI H5N1 challenge. To evaluate whether the triclade
DNA vaccine would confer protection against HPAI H5N1 chal-
lenge, female BALB/c mice were immunized i.m. three times with
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FIG 3 Cellular immune responses elicited with the triclade DNA vaccine against two HA-specific peptides. Intracellular cytokine staining was performed to
analyze the CD8 T-cell responses against two HA-specific peptides. The percentages of activated CD8™" T cells that produce IFN-y (A), IL-2 (B), and TNF-a (C)
are shown. Splenocytes from mice (n = 6 per group) immunized with empty vector or mice (n = 6 per group) immunized with the triclade DNA were assessed,
and immune responses were measured 10 days after the final boost. “I” stands for peptide I (IYSTVASSL); “II” stands for peptide IT (LYEKVRLQL). The mean
value is shown with the horizon bar. *, P = 0.01 to 0.05; **, P = 0.001 to 0.01; ***, P < 0.001.

triclade DNA vaccine or empty vector, and challenged with two
heterologous HPAI H5NI1 strains: 100 MLDs, of A/Cambodia/
P0322095/05 (clade 1, Fig. 4A and B) and 100 MLDs, of A/Shenzhen/
406H/06 (clade 2.3.4, Fig. 4Cand D). After the challenge, body weight
(Fig. 4A and C) and survival (Fig. 4B and D) were monitored for 14
days. Beginning at day 4, mice in empty-vector immunization group
became sick, as evidenced by a rough coat, decreased reactivity, pas-
sivity during handling, rolled-up posture, labored breathing, and rap-
idly lost weight. All mice died between days 8 and 11. In contrast, in
the triclade DNA vaccine group after challenge, no mice had any sign
of illness or weight loss and all survived. Thus, we conclude that in-
deed triclade DNA vaccine confers protection against heterologous
HPAI H5N1 viruses in mice.
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Immune sera elicited with the triclade DNA vaccine confer
protection against HPAI H5N1. To determine the contribution
of immune sera to the protection, we immunized female BALB/c
mice with the triclade DNA vaccine. Immune sera were col-
lected at 14 days after the last immunization and combined. For
passive immunization, female BALB/c mice were i.p. injected
with 700 pl of immune sera. Control mice were injected with
the same amount of sera collected from naive mice. After 24 h,
the mice were challenged i.n. with 100 MLD5, of A/Cambodia/
P0322095/05 (clade 1, Fig. 5A and B) and 100 MLDs, of A/
Shenzhen/406H/06 (clade 2.3.4, Fig. 5C and D) strains. After the
challenge, body weight (Fig. 5A and C) and survival (Fig. 5B and
D) were monitored for 14 days. Mice that had been passively im-
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FIG 4 Triclade DNA vaccination confers protection against high lethal challenge by heterologous H5N1 viruses. BALB/c mice were immunized three times with
triclade DNA or with an empty vector. The immunized mice were i.n. challenged with 100 MLD,,, (50 TCIDs,) of A/Cambodia/P0322095/05 (A and B) and 100
MLDy, (5,623 TCID5,) of A/Shenzhen/406H/2006 (C and D). After virus challenge, body weight (A and C) and survival (B and D) were recorded for 14 days.

Body weight is presented as the mean = the SEM.
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FIG 5 Passive immunization of immune sera elicited with the triclade DNA vaccine confers protection against lethal challenge by heterologous H5N1 viruses.
To assess the protective effect of immunized sera, mice first received sera from naive mice or immune sera elicited with the triclade DNA vaccine and, 24 h later,
were 1.n. challenged with 100 MLD,,, (50 TCID5) of A/Cambodia/P0322095/05 (A and B) and 100 MLDy, (5,623 TCIDs5,) of A/Shenzhen/406H/2006 (Cand D).
After virus challenge, body weight (A and C) and survival (B and D) were recorded for 14 days. Body weight is presented as the mean * the SEM.

munized with sera from naive mice became sick on day 3 after the
challenge, developed all of the symptoms mentioned above, lost
weight rapidly, and died between days 7 and 9. In contrast, mice
that had been passively immunized with sera from the triclade
DNA vaccine group did not exhibit any sign of illness nor weight
loss, survived after challenge with A/Cambodia/P0322095/05 (Fig.
5A and B), and slightly lost weight between days 4 and 9, and of the
animals all survived after challenge with A/Shenzhen/406H/06
(Fig. 5C and D). Taken together, these results indicate that al-
though the triclade DNA vaccine elicits both broadly neutralizing
antibody and HA peptide-specific CD8 T-cell responses, broadly
neutralizing antibody responses alone could confer protection
from a lethal-dose challenge of heterologous HPAI H5N1 viruses
in mice.

DISCUSSION

As the major viral protein to elicit neutralizing antibody re-
sponses, HA is also the most variable influenza virus protein both
genetically and antigenically. This variability of HA poses a great
scientific challenge and economic burdens in influenza vaccine
development. For H5N1 viruses, during the past 15 years viruses
have evolved into genetically distinct clades and subclades. To
cover this diversity, the WHO has already created 20 seed recom-
binant vaccine strains (38), and many new approaches that have
applied both reverse and analytic vaccinology have been evaluated
(2,7,13,15,18,26, 27,30, 36, 37). For reverse vaccinology, H5 HA
sequence diversity was analyzed, and phylogenetic trees were con-
structed. Vaccine candidates based on consensus, ancestral, mo-
saic, and multiclades of H5 HA sequences have been designed (7,
13, 27, 30). For analytic vaccinology, several broadly neutralizing
antibodies against HA in influenza vaccinated and/or infected hu-
mans have been isolated, and the structural basis of antibody rec-
ognition and neutralization has been recently elucidated (8, 9, 16,
24, 31, 33, 43). Vaccine candidates based on conserved neutraliz-
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ing epitopes were designed (2, 15, 26, 36). For example, Wang et
al. (36) designed a peptide-based vaccine candidate based on con-
served peptide sequence at amino acid residues between positions
76 and 130 of the HA2 region and demonstrated that this peptide
could elicit antibody responses against both H5 HA and HA from
other subtypes.

In the present study, we took another approach, i.e., designing
vaccine candidates based on a comprehensive serologic study. To
accomplish this, we constructed panels of DNA plasmids, pseu-
dotypes, and corresponding immune sera of 17 representative
strains covering all reported H5 clades and subclades. We then
performed an across-the-board pseudotype-based neutralization
assay and determined the cross-reactivity of neutralizing antibody
responses, as well as antigenic clusters, among all H5 clades and
subclades. Based on the serologic data, we then designed a triclade
DNA vaccine and demonstrated for the first time that immune
sera elicited with this triclade DNA vaccine can neutralize repre-
sentative strains from all H5 clades and subclades and conferred
immune protection against a high-lethal-dose challenge of two
heterologous H5N1 viruses (see Fig. 1, 2, 4, and 5). Here, we
should point out three caveats. First, although strains within a
given clade or subclade are expected to be antigenically related to
some extent, very few studies have thoroughly investigated the
antigenicity among sublineages of H5N1 strains. Therefore, al-
though in the present study we show that immune sera elicited
with the triclade vaccine were able to neutralize representative
strains of all H5 clades and subclades and confer the protection
against a high-lethal-dose challenge of heterologous HPAI H5N1
viruses, additional tests against more H5N1 strains from different
sublineages of various H5 clades and subclades are needed in or-
der to get the full picture of coverage by this triclade vaccine.
Second, although in the present study we demonstrated that a
triclade vaccine that consists of HA from (sub)clades 0, 2.3.2.1,
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and 7.2 elicits neutralizing antibody responses against representa-
tive strains from all H5 clades and subclades, this does not imply
that only this combination can elicit broadly neutralizing anti-
body responses against all H5 clades and subclades. Multiple-
clade immunogens based on other combinations may also be ef-
fective. Third, although DNA vaccines have certain advantages
over conventional inactivated and live attenuated influenza vac-
cines, in the present study we chose an HA-based DNA vaccine
simply because an HA-based DNA vaccine would allow us to look
exclusively into anti-HA immune responses without any compli-
cations caused by immune responses elicited by other viral pro-
teins. In addition, we immunized mice three times with relatively
high DNA doses (200 g per immunization) to maximize the
neutralizing antibody responses. Therefore, other vaccine modal-
ities, particularly those based on currently licensed vaccine plat-
form with the same triclade HA combination and a more practical
immunization schedule, should be examined.

Previously, using mouse monoclonal antibodies and HI assay,
Wou et al. (44) grouped H5N1 viruses into four antigenically dis-
tinct clusters (A to D). Cluster A contained subclade 2.1 and 2.4
viruses, as well as A/Hong Kong/213/03 (clade 1), cluster B con-
tained clades 1, 4, 5, 7, and 9, cluster C contained subclades 2.2,
2.3.2,and 2.3.3, and cluster D contained subclades 2.3.2 and 2.3.4.
Similar findings were described in another study using HI assays
using ferret or chicken polyclonal sera (13, 35). These findings
suggested a link between genetic and antigenic distances, but they
also highlighted the antigenic complexity of clade 2 strains. In the
present study we did compare the cartography of ICs, values gen-
erated from an across-the-board pseudotype-based neutralization
assay. We found that (sub)clades 0, 1, 3, 4, 5, 6, 7.1, and 9 were
grouped into antigenic cluster 1, that (sub)clades 2.1.3.2, 2.3.4,
2.4, 2.5, and 8 were grouped into another with subclade 2.2.1
loosely connected to it, and that each of subclades 2.3.2.1 and 7.2
was by itself. Thus, to a certain extent, the clusters defined by our
present study based on antigenicity and those reported earlier (13,
35, 44) are similar, although here we included six additional
(sub)clades—(sub)clades 0, 2.5, 3, 6, 7.2, and 8 —in the analyses.

To better understand uniqueness of immunogenicity and an-
tigenicity of (sub)clades 2.3.2.1 and 7.2, we used CBS Prediction
Servers (http://www.cbs.dtu.dk/services/) to predict glycosyla-
tions among representative H5 HA from various clades and
subclades. The software program predicts neither C-linked
mannosylation nor O-linked glycosylation among H5 HAs. For
N glycosylation, subclade 2.3.2.1 tends to be more likely to be
N-linked glycosylated at the amino acid position 181 than
other clades and subclades at the same position, and subclade
7.2 is very likely to have two additional N-linked glycosylations
at positions 88 and 178. Therefore, we speculate that the
uniqueness in immunogenicity and antigenicity of subclades
2.3.2.1 and 7.2 may be due to their differences in N-linked
glycosylation pattern.

In summary, in the present study we were able to provide the
proof of concept that broadly neutralizing antibody responses
against all H5 clades and subclades can indeed be elicited with a
triclade DNA vaccine designed on the basis of a comprehensive
serologic study. Therefore, such a triclade vaccine based on cur-
rently licensed vaccine platforms may be developed to effectively
deal with the diversity of H5N1 viruses.
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