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Abstract
Transmission of highly pathogenic avian influenza (HPAI) between birds and humans is an
ongoing threat that holds potential for the emergence of a pandemic influenza strain. A major
barrier to an effective vaccine against avian influenza has been the generally poor immunopotency
of many of the HPAI strains coupled with the manufacturing constraints employing conventional
methodologies. Fusion of flagellin, a toll-like receptor-5 ligand, to vaccine antigens has been
shown to enhance the immune response to the fused antigen in preclinical studies. Here, we have
evaluated the immunogenicity and efficacy of a panel of flagellin-based hemagglutinin (HA)
globular head fusion vaccines in inbred mice. The HA globular head of these vaccines is derived
from the A/Vietnam/1203/04 (VN04; H5N1) HA molecule. We find that replacement of domain
D3 of flagellin with the VN04 HA globular head creates a highly effective vaccine that elicits
protective HAI titers which protect mice against disease and death in a lethal challenge model.
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1. Introduction
Influenza A viruses are responsible for recurrent seasonal epidemics as well as periodic
global pandemics associated with acute respiratory disease and death [1]. The
epidemiological success of these viruses is due in large part to a segmented genome which
allows them to evolve by exchange, or reassortment, of gene segments between different
influenza A strains. When reassortment involves an exchange of one of the major surface
proteins, it is known as antigenic shift and the virus that emerges usually presents the human
immune system with such a novel antigenic experience that it results in high morbidity and/
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or mortality [2]. The most clinically profound antigenic shifts involve the key protective
antigen, hemagglutinin (HA). Thus, novel influenza A subtypes arising from antigenic shift,
particularly those involving HA, can lead to severe pandemics due to the absence of pre-
existing protective immunity in individuals and the population as a whole [1,3].

Highly virulent influenza A variants often emerge in birds or swine and then cross species
barriers to infect humans [3–9]. Currently, the highly pathogenic avian influenza (HPAI)
viruses circulating in Asia are regarded as having the potential for crossing the species
barrier and causing a pandemic [10–12]. In 1997, the first human case involving HPAI of
the H5N1 subtype was reported in Southeast Asia. Subsequently, over 360 human cases of
HPAI of the H5 subtype, with a case-fatality rate over 60%, have been reported [13–15].
Although poultry-to-human transmission remains the pre-dominant means of transmission,
public health risk may increase significantly if the human-to-human barrier is overcome by a
reassortant virus.

Vaccines are central to pandemic preparedness. However, two barriers to the development
and production of vaccines that address global pandemic influenza needs have emerged.
First, the immunological potency of the HA associated with pandemic strains is significantly
less than that observed for the seasonal human influenza strains [16,17]. Second, existing
influenza manufacturing processes that use either eggs or eukaryotic cell culture are
inefficient and require large centralized, committed manufacturing facilities that are not
amenable to the rapid production of stockpiles sufficient for national or global requirements
[18–20]. We have developed an approach that addresses these barriers by linking the Toll-
like receptor (TLR) 5 agonist, flagellin, to a self-sufficient protective subunit of HA.

Toll-like receptors (TLRs) are expressed on various cell types, including professional
antigen presenting cells, where they act as primary sensors of microbial infection and then
activate signaling cascades that lead to the induction of immune responses [21,22]. It is well
established that physical linkage of TLR ligands and vaccine antigens enhances the
immunopotency of the linked antigen [23]. In previous studies, we have demonstrated that
physical linkage of vaccine antigens to flagellin generates a significantly more potent
vaccine than simple mixing of antigen and flagellin [24–26].

More recently, we have used this approach to generate novel influenza vaccines that fuse the
globular head of HA with flagellin [27]. The globular head domain spans the majority of the
neutralizing epitopes in HA and, in the context of the flagellin fusion protein, stably refolds
to faithfully form these conformationally sensitive epitopes. These fusion proteins are
immunologically potent vaccines that can be efficiently manufactured at scales to meet
global needs using standard E. coli fermentation systems. We have now extended this
approach to the development and evaluation of several prototypic pandemic vaccines based
on the A/Vietnam/1203/2004 H5 strain (VN04). We find that replacement of domain D3 of
flagellin with the globular head domain of the Vietnam HA leads to the generation of a
highly effective vaccine in the mouse lethal challenge model.

2. Materials and methods
2.1. Tissue and egg culture

The Madin-Darby canine kidney (MDCK) and African green monkey kidney (Vero) cell
lines (American Type Culture Collection, Manassas, VA) were maintained in minimal
essential medium (MEM) supplemented with 10% fetal bovine serum and antibiotics.
SPAFAS Specific Pathogen Free premium eggs were supplied by Charles River
Laboratories (Wilmington, MA).
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2.2. Viruses
Animal infections and viral assays were performed with influenza A/Vietnam/1203/04
(Influenza Laboratory, U.S. Centers for Disease Control and Prevention, Atlanta, GA) using
virus stock obtained by cultivation for 20–36 h at 37 °C in embryonated chicken eggs
(Charles River Laboratories, Wilmington, MA). Aliquots of harvested virus were stored at
−80 °C until use. Viral stock and inoculum dose was determined by TCID50 (tissue culture
infectious dose) assay. All work with this virus isolate was approved by institutional and
federal agencies (CDC/USDA) and was performed in the Robert E. Shope Laboratory at
BSL-4 at the University of Texas Medical Branch (Galveston, TX).

2.3. TCID50 assay
Serial 10-fold dilutions of the virus stock or of a 10% tissue homogenate was prepared in
MEM without serum. MDCK cells were grown to confluence in 96-well tissue culture
plates, washed twice with 100 μl of DPBS, followed by inoculation of 100 μl of each virus
dilution of virus into four replicate wells, or, as negative control, DPBS. Plates were
incubated for 90 min at 37 °C, 5% CO2, after which an additional 100 μl of MEM was
added to each well. Plates were incubated for 4 days at 37 °C, 5% CO2. HA assay [28] was
performed by removing 50 μl of supernatant from each well and transferring it to a 96-well
plate, followed by addition of 50 μl per well of a 0.5% solution of horse erythrocytes
suspended in DPBS with Ca2+ and Mg2+. Erythrocytes were allowed to settle and
hemagglutination was documented for each replicate. Virus concentration of stocks for
infection was determined as TCID50 per ml. For organ titrations, infectious virus titers were
expressed as TCID50 per gram (g) of tissue [28].

2.4. Vaccine design and formulation
2.4.1. Cloning of recombinant HA genes
E. coli: the codon-optimized synthetic genes of the HA globular head domain of influenza
A/Vietnam/1203/04 were fused directly to the C-terminus of the full-length sequence of
Salmonella typhimuriumfljB (flagellin phase 2), STF2 (DNA2.0 Inc., Menlo Park, CA) or
fused to replace either the domain D3 of STF2 (aa191–aa292) or domain D0 of STF2 (aa1–
aa46 and aa465–aa506, HA1-2 fused to aa464). In C-terminal fusion, the last amino acid of
flagellin, R506, was mutated to A506 to reduce proteolytic breakdown. The resulting
constructs were cloned into the pET24a vectors to generate the constructs STF2.HA1-2
(VN), STF2R3.HA1-2 (VN) and STF2R0.HA1-2 (VN). The plasmids were used to
transform BLR (DE3) cells (Novagen, San Diego, CA; Cat #69053) to generate working cell
banks.

Baculovirus: the synthetic genes encoding HA0 or HA1-1 (VN) were codon-optimized for
Baculovirus expression (DNA2.0 Inc., Menlo Park, CA) and cloned into pAcGP67A™ and
pAcGP67B™ (BD Biosciences) vectors, respectively. A C-terminal thrombin cleavage site,
a foldon sequence and 6xHis tag were fused to the HA0 carboxyl terminus to facilitate
trimer formation and purification [29]. The recombinant baculoviruses were generated by
co-transfecting Sf9 cells with the recombinant plasmids and BD BaculoGold™ DNA
following standard Baculovirus Expression protocol (Invitrogen, Carlsbard, CA).

2.4.2. Expression and purification of HA globular head-flagellin fusion
proteins
E. coli expressed proteins: flagellin fusion proteins were manufactured utilizing a fed-
batch fermentation process in E. coli. After complete exhaustion of the available glucose
during the batch phase, 4 l of enriched synthetic feed media was pumped at a controlled rate
over an additional 10.5 h (for a total process time was 30.3 h). Expressions of the target
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protein were induced with 2.1 mM IPTG (final concentration). Cells were pelleted by
centrifugation and cell paste was stored at −20 °C. Cell paste was thawed and diluted to 15%
solids in 50 mM Tris 25 mM NaCl (pH 8). The suspension was homogenized three times
under 12k PSI. STF2.HA1-2 and STF2R0.HA1-2 were located in both supernatant and
pellet. Only supernatant was processed. The majority of STF2R3.HA1-2 was found in the
pellet. Only the inclusion body was processed. For the supernatant process, protein fractions
containing the fusion protein were precipitated by either 10% polyethylene glycol (PEG)
3350 or by 4 M (NH4)2SO4. The pellets were dissolved in 8 M urea at pH 4 to solubilize the
target protein. Soluble proteins were extracted in the supernatant phase by centrifugation.
Supernatants were bound to a CEX column (Tosoh SP650 M) in 6 M urea and low salt. The
target proteins were eluted by NaCl step elution. The collected proteins were refolded by
rapid dilution using 20 mM Tris, 0.5 M urea, 0.1 M trehalose, 2 mM CaCl2, 3 mM cysteine,
0.3 mM cystine, 1 mM EDTA, 0.1% PS-80, pH 8.0 with constant stirring overnight. The
refolded proteins were concentrated to 1 l and the buffer exchanged using 50 mM Tris,
0.05% PS80, 0.1 M trehalose (pH 8). Q anion exchange chromatography was performed to
remove remaining impurities. High protein containing, Q eluate peak fractions were selected
for further processing. Size exclusion chromatography was performed as a final purification
step to isolate the purified monomeric form of the target proteins. For the pellet process, the
inclusion body was washed with 1% Triton X-100 and solubilized with 8 M urea. The
protein was refolded by the rapid dilution using the same condition. Further purification
follows the same steps as the supernatant process. Final bulk protein was stored at −70 °C as
1 ml aliquots. Residual endotoxin was assayed by standard Chromogenic Limulus
Amebocyte Lysate assay (Lonza, Walkersville, MD) as directed by the manufacturer.

Baculovirus expressed proteins: for the 6xHis tagged proteins, the nickel chelating column
was employed. Protein was loaded to a Ni-NTA column equilibrated in 20 mM Tris, pH 8,
0.2 M NaCl and eluted in a gradient of 0–0.5 M imidazole. The target protein was further
purified by size exclusion column (10/24 GL, GE) using F147 buffer (10 mM histidine, 10
mM Tris, 150 mM NaCl, 5% trehalose, 0.02% PS80, 0.1 mM EDTA, 0.5% ethanol, pH 7.0).
Aliquoted protein solution was stored at −80 °C. The foldon motif and the 6xHis tag of HA0
(VN) were further removed by treating with thrombin (1:20 (w/w)) overnight at room
temperature. The digestion mixture was then passed sequentially through Ni column and
benzamidine column (GE Healthcare) to remove His-tagged fragments, uncleaved proteins
and thrombin. The flow through was concentrated and applied to Superdex 200 column
(10/24 GL, GE Healthcare) using F147 buffer. Aliquoted protein solution was stored at −80
°C.

2.5. Characterization of flagellin–HA globular head fusion proteins
2.5.1. Western blot—E. coli expressed, purified STF2.HA1-2 (VN), STF2R0.HA1-2
(VN) and STF2R3.HA1-2 (VN) fusion proteins were resolved via SDS-PAGE and Western
blot was performed using rabbit polyclonal antibody specific for flagellin (Covance
Research Products, Denver, PA) or sheep hyperimmune serum raised against influenza A/
Vietnam/1203/2004 (VN04) virus (provided by the National Institute for Biological
Standard and Control (NIBSC, UK)).

2.5.2. TLR5 bioassay—TLR5-specific activity of fusion proteins was evaluated by
measuring induction of IL-8 production by HEK 293 cells (ATCC). Cells were cultured in
96-well microtiter plates (Costar) at a seeding density of 3–5 × 104 cells in 100 μl/well in
DMEM medium supplemented with 10% FCS and antibiotics. The next day, cells were
treated for 5 h with serial dilutions of test proteins starting at 5 μg/ml. At the completion of
the assay, supernatants were harvested and IL-8 expression was evaluated by ELISA
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(Invitrogen, Carlsbad, CA). OD450 was measured on a microplate spectrophotometer
(Molecular Devices-MDS, Sunnyvale, CA).

2.6. Immunization protocol
2.6.1. Animals—All animal studies were approved by the Institutional Animal Care and
Use Committee at the University of Texas Medical Branch or Princeton University and were
carried out according to NIH guidelines. BALB/c mice were purchased from Harlan
(Indianapolis, IN). Vaccination and implantation of transponders for telemetric temperature
recording was carried out in the animal biosafety level (ABSL)-2 facility, as previously
reported [30,31]. H5N1 virus infection was performed in the ABSL-4 facility.

2.6.2. Vaccination—Six-week-old female BALB/c mice (Harlan) were vaccinated sub-
cutaneously (s.c.) with two or three doses of vaccine (day −28, −14) or (−42, −28, −14) in
100 μl of vehicle (F147). The animals were bled 7 or 12 days following the last vaccination.
Seroconversion was then evaluated via HAI assay (see Section 2.8). For efficacy studies,
H5N1 infection was subsequently performed (see Section 2.6.3). Clinical observations of
disease development and mortality were monitored daily during the pre-vaccination period,
as follows: day −28 to −1 (two vaccine dose trials) or day −42 to −1 (three vaccine dose
trials). The weights were recorded periodically, as indicated in figure legends.

2.6.3. Challenge—Prior to virus infection, anesthesia was performed using 5%
isofluorane. The mice were then infected intranasally (i.n.) with influenza A/Vietnam/
1203/04 at a dose determined in units of TCID50 per animal of H5N1 in 40 μl of PBS (day
0). Back-titration of the inoculum was performed to determine the delivered dose (see
Section 2.3). Clinical observations of disease development and mortality were monitored
daily during the pre-vaccination (see Section 2.6.2) or post-challenge period (day 0 to day
+20–21) and weights were recorded. All animals that developed paralysis and were not able
to reach feeders or water bottles were euthanized. Statistical analysis of survival for all
groups over the indicated period was performed using logrank test at a significant level of α
< 0.05 in GraphPad® Prism (San Diego, CA). For pairwise comparison of the survival of
treated and untreated (or mock-treated) groups Fisher’s Exact Test was performed at a
significant level of α < 0.05 in GraphPad® Prism. The p-values (logrank and Fisher’s Exact
Test) are provided in figure legend. The level of infectious virus in organs was evaluated
following preparation of a 10% homogenate (see Section 2.3).

2.6.4. Clinical disease definitions—Standardized data reporting by uniformly trained
veterinary technicians was performed daily with data linked to BSDS animal identification
(ID) numbers and parallel weight telemetric measurements. Outcomes monitored were
death, and the development of encephalitis or paralysis using the following definitions:
encephalitis, development of discoordination, ataxia or transient seizures with retention of
the ability to drink and feed; paralysis, hind limb (hemiplegic) or quadriplegic paralysis with
the inability to reach the feeder or water bottle.

2.7. H5-ELISA
ELISA plates were coated with each of the HA proteins at the indicated concentrations in
PBS overnight at 4 °C, blocked with 200–300 μl/well of Assay Diluent Buffer (ADB; BD
Pharmingen) for 2–3 h at 23–27 °C. After incubation with the indicated detection antibodies,
HRP-labeled goat anti-mouse antibody (Jackson Immunochemical) diluted in ADB was
added and the plates were incubated at 23–27 °C for 1–2 h. All washes between reagent
addition steps were performed 3 times with 1× PBS/0.05% Tween-20. After adding TMB
Ultra substrate (Pierce) and monitoring color development, the reaction was stopped with 1
M H2SO4 and OD450 was measured on a microplate spectrophotometer.
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2.8. Hemagglutination inhibition (HAI) test
HI antibody titer against influenza A/Vietnam/1203/2004 (VN04) was measured by a
standard method at BSL3 facility (Southern Research Institute) [28], as follows. Antigen
was prepared and the total HA units of the stock were determined as described for
hemagglutination assay [32]. Sera were treated with receptor destroying enzyme, diluted,
and incubated with 4 HA units (HAU) of influenza A/Vietnam/1203/2004 virus in 25 μl for
45 min at room temperature. Horse red blood cells (1%) were added (50 μl/well), mixed
briefly, and incubated for 1 h at room temperature. The HAI titers of serum samples were
reported as the reciprocal of the highest dilution at which hemagglutination was completely
inhibited.

3. Results
3.1. Rationale for vaccine designs

The HA globular head domain contains the cell surface receptor binding site and the
majority of the neutralizing antibody epitopes[23,33]. We have recently demonstrated that
when the H1 HA globular head is fused to the C-terminus of flagellin, the recombinant
influenza vaccines elicited HA specific antibody responses and protected mice from the
lethal challenge [27]. Here, we have developed a similar approach to pandemic vaccines by
generating a similar subunit vaccine which encompasses the neutralizing epitopes of the A/
Vietnam/1203/2004 HA globular head. The domain boundary was placed between residues
G62 and E284 to generate the HA subunit designated as HA1-2. The HA1-2 subunit was
further fused to the C-terminus of Salmonella typhimurium flagellin type 2 (STF2) to form
STF2.HA1-2 (VN) (Fig. 1A, ribbon diagram of C-terminal fusion).

In an alternative series of constructs, the globular head of HA was placed in the
hypervariable “hinge region” of flagellin by replacing domain D3 (amino acid 191–291, R3
configuration). Instead of tethering at one end to the flagellin as the C-terminal fusion,
replacement (R3) tethers both ends of globular head to the flagellin. The potential advantage
of the R3 configuration is that it limits the mobility of the HA globular head so that the
antigen may be better presented in a more native fashion to the antigen recognition site of
antibodies. Furthermore, crystallographic and high resolution electron cryomicroscopic
models show that the N- and C-terminal peptides of flagellin come together to form a two-
stranded coiled-coil that is referred to as the D0 domain [34]. When forming flagella, the D0
domain is highly structured and constitutes the central tube of the flagella while the adjacent
D1 domain lines up to form the outer tube. The coiled-coil structure of the D0 domain is
well maintained through the extensive intermolecular interactions among adjacent D0
domains and D0 and D1 domains. The model suggests that, without these inter-molecular
restrictions, the D0 domain structure is not stable. Vonderviszt et al. further demonstrated
that in solution, the D0 domain of the monomeric flagellin is unstructured, leaving roughly
46 residues of N-terminus and 41 residues at the C-terminus as extended flexible peptide
[35]. As a result, in the C-terminal fusion configuration, the flexibility of the peptide
preceding the fused HA head may allow intra- or inter-molecular interactions that hinder the
optimal antigenic presentation of HA globular head. The extent of these inter- or intra-
molecular interactions could differ among HA molecules depending on the surface
chemistry of the globular head. By contrast, the R3 configuration avoids this potential
hindrance. We designated this construct as STF2R3.HA1-2 VN (Fig. 1B). Finally, in a third
design also aimed at reducing the potential for intra-molecular interactions, we replaced the
flexible D0 domain with the HA globular head to generate STF2R0.HA1-2 (VN) (Fig. 1C).
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3.2. Expression and characterization of the STF2.HA1-2 (VN), STF2R3.HA1-2 (VN) and
STF2R0.HA1-2 (VN) vaccines

The STF2.HA1-2 (VN), STF2R3.HA1-2 (VN) and STF2R0.HA1-2 (VN) fusion proteins
were expressed using standard E. coli cell culture. All three proteins expressed well
following induction. The proteins were denatured and refolded by rapid dilution. Purified
proteins were recognized in Western blot both by A/Vietnam/1203/2004 (VN04) sheep
hyperimmune sera and the rabbit polyclonal anti-flagellin antibody (Fig. 1D SDS-PAGE, 1E
Western-Anti-flagellin and 1F Western-Anti-HA), indicative of fusion integrity.

3.3. Comparative antigenicity of VN vaccine constructs
The relative antigenicity of the VN vaccine constructs was evaluated by ELISA. ELISA
plates were coated with increasing concentrations of the different Vietnam protein
preparations. Molar equivalents of the different proteins were used. Two proteins, produced
using the baculovirus expression system, were included as positive controls. The first of
these, HA0, corresponds to the full ecto-domain of the HA protein and the second control,
HA1-1, corresponds to the majority of the HA1 peptide. The coated ELISA plates were then
probed with convalescent ferret sera obtained from the Centers for Disease Control (CDC).
The results are shown in Fig. 2. The strongest reactivity was observed for the two positive
control constructs, HA1-1 and HA0. The R3 construct was the next most reactive within the
groups. The STF2.HA1-2 (VN) protein reacted relatively poorly with the convalescent sera
as did the R0 construct.

In a second series of experiments the different Vietnam constructs were probed with a panel
of neutralizing monoclonal antibodies specific for the Vietnam HA (Fig. 3, Rockland
Immunochemicals, Inc., Gilbertsville, PA). When probed with VN specific monoclonal
antibodies, the reactivity of the R3 construct, was comparable to baculovirus produced
HA1-1 which reacted similarly to the full-length ecto-domain of HA0 in the direct ELISA
(Fig. 2). By contrast, R0 and conventional STF2.HA1-2 reacted poorly with all of
monoclonal antibodies that were tested (Fig. 3). These results further suggested that the HA
globular head may be better presented in the context of the R3 construct. None of the tested
constructs interacted with mAb977, which might be due to the absence of the specific
epitope in these globular head subunit constructs.

3.4. Comparative TLR5 activity of VN vaccine constructs
The ability of flagellin to activate TLR5 was assessed using the in vitro assay described in
Section 2. In this assay, the STF2R3.HA1-2 (VN) construct induced strong IL-8 secretion
comparable to the STF2 control, which is indicative of potent TLR5 activity (Fig. 4).
However, the C-terminal fusion STF2.HA1-2 (VN) only induced about 65% of IL-8
secretion compared to the level of the R3 construct. The reduced TLR5 activity together
with the lessened antigenicity seen previously suggest that linear fusion of flagellin and
HA1-2 (VN) antigen may have intramolecular interactions that interfere the functionality of
both fusion partners. By comparison, STF2R3.HA1-2 (VN) appeared to have a better
construction to present both flagellin and HA1-2 (VN) antigen. STF2R0.HA1-2 (VN)
behaved even more poorly in this assay and was consistent with previous reports [36,37]
indicates that at least a portion or the full-length D0 of flagellin contributes to the TLR5
interaction. To exclude the possibility of contaminating endotoxin in the IL-8 assay, the
Limulus Amebocyte Lysate (LAL) assay was performed and the endotoxin level was
determined to be less than 0.02 EU/μg.
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3.5. Efficacy of the STF2.HA1-2 (VN) vaccine
In the first efficacy study carried out, groups of 15 BALB/c mice were immunized twice at a
2-week interval with 1, 3, or 10 μg of the STF2.HA1-2 (VN) vaccine delivered s.c. Two
weeks post the booster dose mice were challenged with the VN04 virus. A statistically
significant (logrank test, p < 0.0001), dose-dependent decrease in severe disease and death
relative to the placebo control group was observed. The survival rates for the 1, 3 and 10 μg
dose groups were 18%, 40% and 73%, respectively. As expected, all of the control animals
(placebo) developed severe disease and subsequently succumbed to the challenge (Table 1,
Study 1).

The clear relationship between dose level and efficacy from this first study suggested that
efficacy could be further enhanced with doses of STF2.HA1-2 (VN) greater than 10 μg. The
potential for augmenting the protection by further increasing the vaccine dose level was
therefore evaluated. However, dosages of up to 30 μg of STF2.HA1-2 (VN) did not seem to
improve the overall survival (data not shown).

The potential for augmenting the protection was further evaluated using three immunizations
of the vaccine (Table 1, Study 2). In this study, doses of 1, 3, and 10 μg of STF2.HA1-2
(VN) were delivered at 42, 28 and 14 days pre-challenge. Higher survival rates for all dose
groups were observed with 87%, 93%, and 100% of the mice surviving the challenge. None
of the animals in the placebo (mock vaccinated) control group survived the challenge and
the median survival was 7 days.

Study 2 was repeated with the additional evaluation of viral titers in the organs of five
randomly pre-selected animals per group. Again, high survival rates of 80%, 87%, and 93%
were observed. The control group succumbed to the disease in average 6 days. (Table 2,
Study 3).

In mice, the broader tissue tropism for HPAI viruses has been shown to be associated with a
polybasic cleavage site which allows the virus to be easily cleaved by proteases at extra-
pulmonary sites and to specific amino acid substitutions in the PB2 protein [38,39].
Although the tissue tropism and pathogenesis of these viruses is not as well defined in
humans, there are reports of systemic infection in humans [13]. It was therefore relevant to
study the virus loads in vaccinated animals in both lung and brain tissue. In Study 3, organs
were collected from randomly pre-selected animals (N = 5) on day +6 and evaluated for
levels of infectious virus. Individual values were recorded and the group averages plus the
standard deviation are presented in Table 2. A difference of at least five log10 in the average
brain titer was measured between the vaccinated and placebo groups, irrespective of the
vaccine dose (1, 3 or 10 μg). Virus was below the limit of detection (<1 × 104 TCID50/g of
tissue) in the brains of all vaccinated animals, whereas for the placebo group, the average
titer was 4.9 (±4.8) log10 TCID50/g. In the lungs, a titer difference of 2.2–3.2 log10 was
detected; for vaccinated animals the average titer was between 4.3 and 5.3 (±4.7–5.6) log10
TCID50/g, whereas the placebo average was 7.6 (±7.8) log10 TCID50/g. Virus was
undetectable in 60% of the lungs of those vaccinated with 1 μg and 80% of those vaccinated
with 3 or 10 μg of STF2.HA1-2 (VN). In contrast, virus could be detected in 100% of the
lungs and brains of the placebo animals. Based on the 3 μg dose group results the level of
protection was comparable between the first and second 3-dose trials.

Thus, the STF2.HA1-2 (VN) vaccine, when used in a 3-dose regimen, provided significant
protection, which was consistent, as demonstrated by survival rates of ≥80% in two
independent studies and reduced the virus titer in the brains and lungs.
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3.6. Immunogenicity and efficacy of R3 and R0 constructs
In a head-to-head efficacy study, doses of 3 or 0.3 μg of STF2.HA1-2 (VN),
STF2R0.HA1-2 (VN) or STF2R3.HA1-2 (VN) were delivered either at days 42, 28 and 14
(2-week interval between doses) pre-challenge or days 42 and 21 (3-week interval between
doses) pre-challenge. Serum samples were collected 12 days post the last boost, and
subjected to a standard HAI test against A/Vietnam/1203/2004 (Fig. 5). The STF2R0.HA1-2
(VN) construct failed to elicit significant levels of serum HAI antibodies following either
two or three immunizations. This is consistent with the low TLR5 activity of
STF2R0.HA1-2 (VN) as shown in Fig. 4. STF2R3.HA1-2 (VN) elicited the highest HAI
titers with GMTs of 63 and 35 following 3 and 2 immunizations of 3 μg, respectively.
Significantly lower levels of HAI antibodies were elicited by 0.3 μg of STF2R3.HA1-2
(VN) (GMT = 8) as compared to 3 μg. With the two immunization regimen,
STF2R3.HA1-2 (VN) was the only immunogen that induced significant levels of HAI
antibodies. HAI titers of pooled STF2R3.HA1-2 (VN) samples were 160, 20, and 80 for 3
immunization of 3 and 0.3 μg, and 2 immunizations of 3 μg, respectively. STF2.HA1-2
(VN) induced intermediate levels of HAI antibodies.

Two (3 immunizations) or 3 weeks (2 immunizations) post the last booster dose, mice were
challenged intranasally with ~10 × LD90 of the highly pathogenic A/Vietnam/1203/2004
strain. Survival and disease development were monitored for 20–21 days post-challenge
(Table 3 and Fig. 6).

As expected, the alternative construct, STF2R0.HA1-2 (VN), was poorly efficacious with
only 0–10% of the mice surviving in each of the different groups. This underscores the
importance of a functional TLR ligand in driving a strong, protective immune response.
None of the animals in the placebo (mock vaccinated) control group survived the challenge
and the median survival was 6 days.

Similar to earlier results, 100% of animals receiving 3 doses of 3 μg of the STF2.HA1-2
(VN) vaccine survived the challenge, while only 30% of animals survived the challenge
after 2 immunizations of 3 μg of the STF2.HA1-2 (VN) vaccine. In comparison, 100% of
animals survived the challenge after receiving either 2 or 3 doses of 3 μg of the
STF2R3.HA1-2 (VN) vaccine. Thus, the STF2R3.HA1-2 (VN) vaccine provides markedly
improved efficacy against the highly pathogenic avian influenza virus challenge. Full
survival and weight loss curves following the challenge are shown in Fig. 6.

In summary, replacement of domain D3 of flagellin with the VN04 HA globular head
substantially improved the immunopotency and effectiveness of the vaccine relative to a C-
terminal fusion of the HA globular head.

4. Discussion
We have evaluated several H5 subtype pandemic vaccines based on the influenza A/
Vietnam/1203/2004 (VN04) virus. The vaccines all comprise the TLR5 ligand, flagellin,
fused to the globular head domain of the VN04 HA and are efficiently manufactured using
standard prokaryotic fermentation systems. We find that the R3 vaccine, in which domain
D3 of flagellin is replaced with the HA globular head, is most effective at eliciting
protective HAI titers and protecting mice from disease and death.

Based on earlier studies, our initial H5 vaccine design followed the same principles as a
prototypic H1 vaccine which was shown to be highly protective in preclinical models [27].
In this original design, the HA globular head was fused to the C-terminus of the TLR5
ligand, flagellin. In the studies reported here, fusion of the VN04 globular head to the C-
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terminus of flagellin led to a vaccine that was protective in the mouse challenge model
following three immunizations. However, in contrast to results with the H1 vaccine, when
two immunizations of the VN04 C-terminal fusion vaccine were administered, some mice
succumbed to the challenge. Although we observed dose effects on efficacy at the lower end
of the dose response curve, increasing the dose above 10 μg did not further protect mice
from disease for the 2-dose regimen. Full protection was only achieved by using three
immunizations. Our interpretation of this result is that only a subset of the vaccine
preparation consists of properly folded molecules and that a protective immune response
could be selected and amplified by repeated exposure to this subset rather than the total mass
of the vaccine. Thus, with the C-terminal fusion only a proportion of the molecules were
effectively presenting the neutralizing epitopes located on the VN04 globular head and this
in turn led to a requirement for multiple immunizations.

Structural and functional analyses of flagellin monomers have shown that domain D0, which
comprises both the N- and C-terminal peptides, is unstructured and highly flexible when in
solution. From a structural standpoint therefore, of the different construct designs, fusion of
the HA globular head to the C-terminal peptide of domain D0 allows for the largest degree
of molecular flexibility. This flexibility in structure could allow the VN04 HA globular head
to interact intra-molecularly with flagellin, thereby shielding protective epitopes and
possibly TLR5 binding site of flagellin. Alternatively, there could be an inherent instability
specific to the VN04 head domain such that the flexibility of the C-terminal fusion is
insufficient to stabilize the different antigenic regions. Consistent with both of these
possibilities, we find that replacement of domain D3 of flagellin with the globular head
domain substantially improved the antigenicity of the molecule as judged by reactivity with
polyclonal and monoclonal antibodies. Replacement of domain D0 provided a modest
improvement in antigenicity. The lack of efficacy associated with this vaccine is likely due
to the loss of TLR5 activity. In contrast, domain D3 of flagellin is hypervariable and its
removal does not interfere with TLR5 activity. In addition, domain D3 is structurally
independent. Tethering both the N- and C-termini of HA globular head to this region of
flagellin should at once limit the structural flexibility of the entire molecule as well as
stabilize the VN04 HA globular head. Indeed, two doses of the R3 vaccine elicited
protective HAI titers and provided 100% protection against disease and death.

Since the late-1990s outbreaks of highly pathogenic H5N1 avian influenza in the Asia-
Pacific region have led to mounting concern that a pandemic threat is imminent. This has
fueled an intense effort to develop protective vaccines that can be manufactured and
distributed to meet global needs. Both conventional approaches, as well as unconventional
techniques such as recombinant virus-like particles (VLPs) have been evaluated [32,40]. In
one of the earliest efforts, conventional egg-based manufacturing was used to produce an
inactivated, subvirion H5N1 vaccine based on a recombinant virus containing the HA and
NA genes from influenza A/Vietnam/1203/2004 and the balance of genes from A/PR/8/34.
In the Phase I clinical evaluation of this vaccine, 57% of the subjects were reported to
seroconvert following two doses of 90 μg [41]. These early results highlighted the now
widely recognized poor immunopotency associated with many of the H5 HA proteins and
further intensified the need for more efficient production methodologies.

In subsequent studies, the use of adjuvants such as alum or oil–water emulsions to boost the
potency of conventionally produced vaccines as well as multiple unconventional approaches
to vaccine production have been evaluated. Studies in preclinical mouse models have
demonstrated neutralizing titers generated in response to recombinant H5 HA from either
insect or mammalian cells [42], protection against challenge using a DNA vaccine [43], as
well as protection using VLPs from baculovirus [32,44]. Additionally, generation of
significant HAI titers and protection has also been demonstrated in a ferret model using
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baculovirus rHA and VLPs [45]. The significance of adjuvants such as alum and oil–water
emulsion has been shown in a macaque model [46]. While these results are promising, many
of the barriers associated with potency and production remain unaddressed.

The intense focus on eukaryotic production systems stems from the historical view that
protective forms of HA antigens must be manufactured using eukaryotic cells, like those of
humans and chickens. We have now demonstrated that protective subunits of the H5 HA can
be produced in bacterial expression systems. These HA subunits are recombinantly linked to
flagellin to create an immunologically potent, protective vaccine that can be made quickly,
inexpensively and in quantities sufficient to meet global needs. The efficiency of this
technology translates approximately into a 1000-fold gain in capacity for influenza vaccine
production [27].

In summary, we have developed an approach to the production of an efficacious pandemic
influenza vaccine. The vaccine is comprised of the globular head domain of the protective
hemagglutinin (HA) antigen fused to the potent TLR5 ligand, flagellin. The resulting fusion
protein can be efficiently expressed in standard E. coli fermentation systems and the HA
moiety can be faithfully refolded to take on the native conformation of the globular head. In
mouse models of influenza infection, the vaccine elicits protective HAI titers that mitigate
disease and protect mice from lethal challenge. These immunologically potent vaccines can
be efficiently manufactured to support pandemic response and pre-pandemic vaccines.
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Fig. 1.
VN04 vaccine construct design, protein purification and functional assessment. Schematic
representation of (A) STF2.HA1-2 (VN), (B) STF2R3.HA1-2 (VN) and (C) STF2R0.HA1-2
(VN) constructs are shown in ribbon diagram. The globular head of HA is circled and the
domains of flagellin are labeled as D0, D1, D2 and D3. Each of the VN04 vaccines was
expressed in E. coli, purified, resolved via SDS-PAGE (1 and 2.5 μg per lane, respectively,
(D) and transferred to membranes and probed with: (1) rabbit polyclonal antibodies specific
for flagellin (E) 1:4000 dilution) or (2) sheep hyperimmune serum raised against purified
VN04 antigens from NIBSC (1F, 1:500). All three proteins were homogeneous in gel and
further assessed as 99% pure by HPLC reverse phase chromatograpghy. N; non-reducing.
Sample was not treated with reducing reagent DTT; R: reducing. Sample was treated with
100 mM DTT and boiled before loading on gel.
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Fig. 2.
Relative antigenicity of VN04 vaccine constructs. ELISA plates were coated with the
indicated molar concentrations of the different proteins. Plates were probed with ferret
convalescent serum (1:1000). Mean absorbance with standard deviation for 4 replicate wells
are reported.
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Fig. 3.
Relative reactivity of monoclonal antibody against various VN04 constructs. ELISA plates
were coated with 4 μg/ml of each protein in duplicates overnight, blocked and incubated
with a 1:5000 dilution of each of the monoclonal antibodies (Rockland Inc. (500-301-980))
for 2 h at room temperature (one antibody per plate), followed by a 30 min incubation of a
1:10,000 dilution of HRP-goat anti-mouse IgG for 30 min and developed with TMB. Mean
absorbance with standard deviation for replicate wells are reported.
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Fig. 4.
Comparative TLR5 activity of VN vaccine constructs. Each of the VN HA vaccines was
tested for TLR5 activity using HEK-293 cells. Vaccines were compared to flagellin alone
(STF2.6xHis) at the indicated doses ranging from 40,000 to 0.01 ng/ml. HEK-293 cells were
incubated with vaccine constructs for 20 h and supernatant was tested for IL-8 using a
specific antibody pair (BD). Data is shown as the mean ± standard deviation of IL-8 (pg/ml).
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Fig. 5.
Induction of serum HAI antibodies in mice immunized with various VN04 constructs.
BALB/c mice were immunized either three times (3×) at 2-week intervals or twice (2×) at 3-
week intervals. Mouse serum samples (N = 10–15) collected 12 days post 2nd or 3rd boost
were treated with RDE, heat-inactivated, and subjected to HAI test with influenza A/
Vietnam/1203/04 (H5N1) virus. The HAI titers were plotted individually with GMT
(horizontal lines) and 95% CI (bars). Dashed line represents a 4-fold HAI titer of the
baseline (5). Between the groups connected by bars: *p < 0.05, significant in Kruskal–
Wallis/Dunns tests; **p < 0.01, very significant; ***p < 0.001, extremely significant.
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Fig. 6.
Efficacy for the different globular head constructs following a 3- or 2-dose regimen. Six-
week-old female BALB/c mice were vaccinated s.c. with 3 or 2 immunizations of the
indicated construct prior to challenge. On day 0, the mice were infected i.n. with influenza
A/Vietnam/1203/2004 (VN04) with 6.8 × 104 TCID50/mouse. Clinical observations of
disease development and mortality were monitored daily for 22 days. The percentage of
survivors/non-paralyzed mice (A, C and E), and the percentage change in body weight from
baseline on day 0 (B, D and F), are marked by group. Statistical analysis of survival
comparing all groups over the post-challenge monitoring period was performed using
logrank test at a significant level of α < 0.05. Logrank statistical significance is indicated by
**p < 0.01, ***p < 0.0001. (A) plot of survival of the mice immunized two and three times
with STF2.HA1-2 (VN); (B) percentage of body weight change of the mice immunized two
and three times with STF2.HA1-2 (VN); (C) plot of survival of the mice immunized three
times with STF2R3.HA1-2 (VN) and STF2R0.HA1-2 (VN); (D) percentage of body weight
change of the mice immunized three times with STF2R3.HA1-2 (VN) and STF2R0.HA1-2
(VN); (E) plot of survival of the mice immunized two times with STF2R3.HA1-2 (VN) and
STF2R0.HA1-2 (VN); (F) percentage of body weight change of the mice immunized two
times with STF2R3.HA1-2 (VN) and STF2R0.HA1-2 (VN).
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Table 1

Summary of survival rates following 2 or 3 immunizations of STF2.HA1-2 VN.

Vaccine
construct (VN) No. mice Dose (μg) 2 immunization %

survival (Study 1)
3 immunization %
survival (Study 2)

STF2.HA1-2 15 10 73 100

STF2.HA1-2 15 3 40 93

STF2.HA1-2 15 1 18 87

Placebo 30 0 0 0
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Table 3

Survival rates after lethal challenge with H5 VN virus among mice immunized with 2 or 3 doses with 3
different HA VN globular head constructs fused to flagellin.

Vaccine construct (VN) No. mice No. doses Dose (μg) Percent
survival

STF2R3.HA1-2 10 2 3 100

STF2R3.HA1-2 10 3 3 100

STF2R3.HA1-2 10 3 0.3 80

STF2.HA1-2 10 3 3 100

STF2.HA1-2 10 3 0.3 60

STF2.HA1-2 10 2 3 30

STF2R0.HA1-2 10 3 0.3 10

STF2R0.HA1-2 10 2 0.3 0

STF2R0.HA1-2 10 3 3 0

Placebo 30 2 0 0
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