Ogata T, et al.

Second, we were unaware of the time of infection of the
chickens on each farm. In most cases, the chickens showed no
symptoms and paired sera were collected when the H5N2
virus was no longer detected on the farm; therefore, a certain
amount of time might have elapsed after exposure to the
infected chickens and the infection of several subjects might
not be detected through analysis of paired sera. Third, the
study on the association between the variables and the
neutralizing antibody titer for a single serum sample was
based on a cross-sectional observation. Thus, the results did
not establish a causal relationship between them. Fourth, the
subjects were administered a questionnaire, their previous
history of influenza was not checked, and 17% of subjects
were excluded from the analysis because of failure to provide
paired sera or appropriate data. Fifth, the neutralizing
antibody test evaluated antibody titers based on the presence
of inhibition of virus multiplication in cells. It was difficult to
confirm an infection or the time of infection by using only the
neutralizing antibody test because isolation of the virus itself
was necessary to verify an infection with influenza viruses.

In conclusion, this study suggested the possibility that the
first avian influenza H5N2 infection was transmitted to
humans through exposure to infected chickens, and that a
history of seasonal influenza vaccination and an age of over
40 years might be associated with positivity for H5N2-
neutralizing antibody. Considering the serious impact of an
influenza pandemic on public health, further epidemiological
and virological examinations are recommended for the
benefit of the global community.
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We evaluated the priming effect of an HSN1 pandemic vaccine in a mouse model to investigate strategies
for influenza pandemic vaccination. For priming, an alum-adjuvanted inactivated whole H5N1 vaccine
(NIBRG-14, clade 1) was used. As booster vaccines, several formulations of Indo05/05/2005(H5N1)PRS8-
IBCDC-RG2 vaccines (clades 2-1) were evaluated, including split, whole, alum-adjuvanted split, and alum-
adjuvanted whole vaccines.

Any type of booster vaccination elicited a significant HI antibody response despite the difference in

:;efj{l‘:ggj: antigenicity between the priming and booster vaccines. The split vaccine elicited a much stronger booster
Pandemic response than the alum-adjuvanted whole vaccine. When the mice were primed with the HIN1 or H3N2

vaccines, this did not affect the booster response to the H5N1 vaccine. These results indicated that an
alum-adjuvanted whole vaccine is able to confer immunological memory to haemagglutinin even if the
primed and boosted vaccine strains are in different clades and, once vaccinated, a split vaccineis preferred
to evoke recall responses.

Prime-boost vaccination

© 20009 Elsevier Ltd. All rights reserved.

1. Introduction

Since December 2003, an unprecedented epizootic and highly
pathogenic avian influenza A (H5N1) virus has affected poultry and
wild birds in more than 60 countries in 3 continents [1]. In addi-
tion, there have been 387 confirmed human cases of H5N1 virus
infection and its fatality rate is approximately 63% (September 10th,
2008) [2]. Although very few cases of human-to-human transmis-
sion have been reported so far [3-5], a research group reported
statistical evidence of such transmission in Sumatra [6]. Consid-
ering the risk of large scale human-to-human transmission of the
H5NT1 virus, such as occurred during the 1918 influenza pandemic,
it is essential to develop vaccines that could control a possible
pandemic. Under these circumstances, the pandemic influenza pre-
paredness action plan of Japan stipulates that, when the Minister
of Health, Labour and Welfare declares a phase 4 state, health care
workers and public servants may be vaccinated with the stockpile
of prototype vaccines as an emergency measure [ 7]. This means that
the stockpiled vaccines will be used as priming vaccines with the
hope of achieving cross protection against the pandemic virus and
a cross-priming effect when the pandemic vaccine is administered
as a booster. Under this action plan, alum-adjuvanted inactivated
whole vaccines have been developed in Japan.

* Corresponding author. Tel.: +81 968 37 4090; fax: +81 968 37 3616.
E-mail address: ikeno-da@kaketsuken.or.jp (D. Ikeno).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.vaccine.2009.01.007

Previous investigations have revealed a priming effect before
booster injection of homologous strains in clinical trials of the
MF59-adjuvanted vaccine [8] and the subunit vaccine [9]. Another
clinical trial has also shown a priming effect against a different
strain of H5N1, with the priming effect of A/HK/156/97 (H5N1,
clade 0) recombinant haemagglutinin vaccine [10]. However, we
do not know how an alum-adjuvanted vaccine will be able to act
as a primer for booster vaccines with different immunogenici-
ties. )

In Japan, the alum-adjuvanted whole vaccine was rationally
selected to improve immunogenicity since whole vaccines are gen-
erally more immunogenic than split vaccines and aluminum salt,
the only licensed adjuvant with a widely accepted safety profile,
was expected to reduce antigen dosage, expanding vaccine supply
in pandemic. The alum-adjuvanted whole vaccine seems appropri-
ate for a priming vaccine because it enhances cross-reactivity to
various H5N1 viruses [11]. In general, split vaccines are less reac-
togenic than whole vaccines and whole virus vaccines are more
immunogenic than split vaccines in naive vaccines [12-15]. On the
other hand, primed vaccinees show no difference of their response
to whole and split vaccines [12-15]. Therefore, a split vaccine may
be an appropriate booster vaccine if an adequate immune response
can be elicited.

In this study, we evaluated several prime-boost regimens using
vaccines with different antigenicities because we assumed that
administration of a priming pandemic vaccine would be followed
by a booster pandemic vaccine. We also evaluated the influence of
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g:meinlg effect of alum-adjuvanted whole vaccine to a drifted influenza strain.
Priming indo05/PR8-RG2 NIBRG-14
Pre 1st 2nd Pre st 2nd
NIBRG-14 25.9(7.8-859) 190.3(46.4-780.1) 264.6 (87.7-798.7) 207.5(82.2-523.8) 1395.8 (448.5-4344.7) 1076.3(291.9-3968.2)
PBS 5.0(5.0-5.0) 16.8(6.1-46.4) 174.5(90.9-335.1) 5.0(5.0-5.0) 5.0 (5.0-5.0) 5.9(3.9-9.0)

Priming vaccines of NIBRG-14 whole alum-adjuvanted vaccines (NIBRG-14) were injected twice with a 3-week interval. After 4 months, booster vaccines of Indo05/PR8-RG2
whole alum-adjuvanted antigens were injected twice with a 3-week interval. The HI antibody titers (GMT, 95%CL) were measured before the first booster vaccination (pre),
2 weeks after the first booster vaccination (1st), and 2 weeks after the second booster vaccination (2nd). All dosages are 0.2 p.g HA/dose.

the formulation and dosage of booster vaccine in order to consider
the best strategy for booster pandemic vaccination.

2. Methods
2.1. Vaccines used in animal studies

NIBRG-14, Indo/05/2005(H5N1)/PR8-IBCDC-RG2, A/Solomon
Islands/3/2006 (HIN1) IVR-145, and A/Hiroshima/52/2005 (H3N2)
IVR-142 were used as the vaccine strains. NIBRG-14 is one
of the WHO vaccine reference strains, which is an attenu-
ated form of the A/Vietnam/1194/2004 (H5N1) virus (clade
1) created by reverse genetic engineering at the National
Institute for Biological Standards and Control (NIBSC, Hertford-
shire, UK). Indo/05/2005(H5N1)PR8-IBCDC-RG2 (Indo05/PR8-RG2)
is an attenuated vaccine strain that was derived from the
A/Indonesia/5/2005 (H5N1) virus (clades 2-1) by the Centers for
Disease Control and Prevention (CDC, Atlanta, USA). A/Solomon
Islands/3/2006 (H1N1) IVR-145 and A/Hiroshima/52/2005 (H3N2)
IVR-142 are influenza vaccine strains used in the northern hemi-
sphere during the 2007/2008 season, and these were obtained from
the National Institute of Infectious Disease (NIID, Tokyo, Japan).
These strains have a PR8 backbone.

The viruses were cultured in embryonated hens eggs, purified
from allantoic fluid by zonal centrifugation, and inactivated with
formalin to prepare whole vaccine. Split vaccines were prepared by
treating the purified viruses with ether and polysorbate 80.

2.2. Immunization

Specific-pathogen-free female BALB/c mice (Japan SLC, Inc.)
aged 6-8 weeks were used in all experiments. The number of mice
in each group was 7 or 8. As the adjuvanted, 0.3 mg/ml aluminum
hydroxide (0.3 mg/ml Al) was used in all experiments. The protocols
for these animal experiments were approved by the animal exper-
imentation ethics committee of Kaketsuken (Kumamoto, Japan).

In the first experiment, BALB/c mice received two intramuscular
injections into the hind leg quadriceps muscles at a 3-week interval
with 0.1ml of a 0.3 mg/ml Al-adjuvanted NIBRG-14 whole vac-
cine containing 0.2 g of haemagglutinin (HA) per dose. As control,
0.3 mg/ml Al in PBS was injected. Four months after the first injec-
tion, the mice were re-immunized with 0.3 mg/ml Al-adjuvanted
Indo05/PR8-RG2 whole vaccine (0.2 p.g HA/dose). In the next exper-
iment, primed BALB/c mice were prepared in a similar fashion.
The booster vaccine was Indo05/PR8-RG2 (0.2 ugHA/dose) with
four different formulations, which were whole, split, 0.3 mg/ml
Al-adjuvanted whole, and 0.3mg/ml Al-adjuvanted split. In the
third experiment, BALB/c mice were primed with 0.3 mg/ml Al-
adjuvanted NIBRG-14 whole vaccine (0.2 or 0.01 pg HA/dose). As
control, 0.3 mg/ml Al-containing PBS was used. Booster vaccina-
tion was conducted with Indo05/PR8-RG2 (0.2 or 0.01 pg HA/dose)
of four different formulations as was done in the second exper-
iment. In the fourth experiment, BALB/c mice were primed with
two inframuscular doses at a 3-week interval using whole vac-

cines containing 0.3 mg/ml Al adjuvant (0.2 pg HA/dose) and one
of the following viruses: NIBRG-14 (H5N1, clade 1), A/Solomon
Island/3/2006 (H1N1) IVR-145, or A/Hiroshima/52/2005 (H3N2)
IVR-142. Four months after priming, the mice were boosted twice
with 0.3 mg/ml Al-adjuvanted Indo05/PR8-RG2 (H5NT1, clades 2-1)
whole or split vaccines (0.2 g HA/dose).

Serum samples were obtained 3 times in each experiment,
which were before the 3rd injection (pre), before the 4th injection
(1st), and 14 days after the 4th injection (2nd), Serum was obtained
from the tail vein (pre and 1st) or the heart (2nd). In all experiments
where mice were primed with one dose of vaccine and boosted
with several different formulations, the animals were randomized
in order to normalize the HI titres before injection of the booster
vaccines (Fig. 1).

2.3. Haemagglutination inhibition assay

The immune response elicited after vaccination was evaluated
by performing the haemagglutination inhibition (HI) assay. In brief,
serum samples were treated with RDE (II) (Denka Seiken, Tokyo,
Japan) for at least 16 h at 37 °C, incubated for 1h at 56°C, and then
incubated with 50% guinea pig erythrocytes (H3N2) or 50% chicken
erythrocytes (the other viruses) overnight at 4 °C. The samples were
diluted 2-fold from 1:10 at the start in the V-shaped (H3N2) or U-
shaped (the other viruses) wells of 96-well plates. The HI titre was
defined as the highest dilution that inhibited haemagglutination.
Negative samples were assigned titres of 5 for calculation purposes.

2.4. Statistics

The raw haemagglutinin inhibition titres were transformed into
logyp values for calculation of the geometric mean titre (GMT). The
GMTs of each group of mice were compared with the Bonferroni
test. All data handling and statistical computations were done with
Microsoft excel (version 2002).

3. Results

3.1. Priming effect of alum-adjuvanted whole vaccine on a drifted
influenza strain

To investigate the priming effect of alum-adjuvanted whole vac-
cine on the recall response evoked by later vaccination with drifted
viruses, we immunized mice with NIBRG-14 as the priming vaccine
and then boosted these animals with Indo05/PR8-RG2. To simulate
the situation in which the time available to prepare a vaccine after
the onset of a pandemic is at least 4 months {16,17}, we gave the
mice an additional booster vaccination at 4 months after priming.
Four months after priming with NIBRG-14, the mice retained little
cross-reactivity to heterologous Indo05/PR8-RG2, which had an HI
titre of 25.9 (Table 1). On the other hand, the HI titre for homologous
NIBRG-14 was 207.5 (Table 1). After a single booster vaccination
with Indo05/PR8-RG2, HI antibodies for both Indo05/PR8-RG2 and
NIBRG-14 showed an increase, although the second dose did not
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Priming Booster
1st 2nd 3rd  4th
lo lS 17 Y20

17 *20l22 (weeks)
Pre 1st 2nd

Sampling

Fig. 1. Vaccination and sampling schedule,

appear to further increase the titres (Table 1). In contrast, naive
control mice given alum PBS required two doses of Indo05/PR8-
RG2 to induce a HI antibody response, but the titre was still lower
than that in the primed group given a single booster vaccination.

3.2. Comparison of the recall response in mice given different
booster vaccines

In order to investigate the most appropriate formulation for a
booster vaccine, mice primed with alum-adjuvanted whole NIBRG-
14 vaccine were boosted with four different Indo05/PR8-RG2
vaccine formulations. As shown in Fig. 2, the mice boosted with split
vaccines showed a larger increase in the HI titre than the mice given
alum-adjuvanted whole vaccines. Thus, alum-adjuvanted was not
effective and rather suppressed the response to booster vaccina-
tion. As a consequence, a split vaccine induced the best immune
response of the four vaccine formulations. In naive mice, however,
the alum-adjuvanted whole vaccine was the most immunogenic
and induced a higher HI antibody titre than the other vaccines.

3.3. Dosage

Next, we tested the dosages for both the priming and booster
vaccinations that achieved the optimal antibody response. Mice
were primed with the alum-adjuvanted whole NIBRG-14 vaccine
and then boosted with alum-adjuvanted whole or split Indo05/PR8-
RG2 vaccines at a dosage of 0.2 or 0.01 ug HA (Fig. 3). Primed
mice showed a significant response after a single booster injec-
tion, whereas naive mice did not. The highest booster response
was achieved in mice primed with alum-adjuvanted whole vac-
cine (0.2 g HA) and boosted with split vaccine (0.2 pg HA). When
the dosage for either priming or booster vaccination was reduced
to 0.01 g HA, the response was slightly weaker. Even with both
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Fig. 3. Dosage strategy of priming and booster vaccination to Indo05/PR8-RG2. The
priming vaccination is whole alum-adjuvanted antigens of NIBRG-14. The booster
vaccination is whole alum-adjuvanted vaccines (whole + AL) or split vaccines (split)
of Indo05/PR8-RG2. Dosages are indicated under the graph and are labeled: prim-
ing dose and booster dose, respectively (j.g HA/dose). The HI antibody titers were
measured before the first booster vaccination (pre), 2 weeks after the first booster
vaccination (1st), and 2 weeks after the second booster vaccination (2nd). Error
bars represent standard error of the GMT. We compared the statistical difference
between the HI titers of the 1st and 2nd primed groups and the 2nd non-primed
group injected with alum-adjuvanted whole vaccine by Bonferroni test (*p<0.05,
*p<0.01).

priming and booster doses reduced to 0.01 p.g HA, the response to
a single booster dose of the split vaccine formulation was almost
equivalent to that seen in naive mice immunized twice with the
alum-adjuvanted whole vaccine (0.2 pg HA).

3.4. Specificity of the priming effect

Since hetero-subtypic immunity is a well-known phenomenon
in mice [18)], we examined whether the prime-boost response
was induced by hetero-subtypic viruses. Mice primed with an
alum-adjuvanted whole vaccine (NIBRG-14, H1N1, or H3N2) were

(B) 10000
B Whole+AL
B whole
1000 |3 SeiteAL
O spat
g
=
2 1
2
T
10
1

Pre 1st

2nd

Fig. 2. Comparison of recall response injected with different booster vaccines Priming vaccines of NIBRG-14 whole alum-adjuvanted (A) or alum-containing PBS (B) were
injected twice with a 3-week interval. After 4 months, booster vaccines of four formulations of the Indo05/PR8-RG2 vaccine were injected twice with a 3-week interval. The
HI antibody titers were measured before the first booster vaccination (pre), 2 weeks after the first booster vaccination (1st), and 2 weeks after the second booster vaccination
(2nd). Error bars represent standard error of the GMT. All dosages are 0.2 p.g HA/dose. The statistical difference of each group to the alum-adjuvanted whole vaccine group

was analyzed by Bonferroni test (*p <0.05, **p <0.01).
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Table 2
Strain specificity of second vaccination.

Priming Booster (Indo05/PR8-RG2) Indo05/PR8-RG2
Pre 1st 2nd
NIBRG-14 Whole+ AL 40.0 (20.0-80.0) 320.0(133.2-768.5) 452.5(199.4-1027.0)
Split 48.8(20.1-118.1) 2152.7(908.8-5098.9) 2560.0(1198.8-5467.0)
HiN1 Whole +AL 5.0(5.0-5.0) 21.8(11.4-41.9) 160.0(80.0-319.8)
Split 5.0(5.0-5.0) - 32.8(20.2-53.3) 262.5(128.6-535.7)
I-RM9 Whole + AL 5.0(5.0-5.0) 20.0(9.4-42.7) 246.8(124.0-491.1)
Split 5.0(5.0-5.0) 21.8(17.8-26.8) 207.5 (86.7-496.6)
Whole + AL 50(50-50) 519(261-1032) 349 0(2152-5660)
PBS Split 5.0 (5.0-5.0) 5.5({4.4-6.7) 30.8(13.6-69.7)

The priming vaccination was alum-adjuvanted whole vaccine of NIBRG-14, HIN1 and H3N2, To the control mice, alum-containing PBS was injected. The booster vaccination
is whole alum-adjuvanted vaccines (whole +AL) or split vaccines (split) of Indo05/PR8-RG2. The HI antibody (GMT, 95%CL) to Indo05-RG2 was measured before the first
booster vaccination (pre), 2 weeks after the first booster vaccination (1st), and 2 weeks after the second booster vaccination (2nd). All dosages are 0.2 ug HA/dose.

boosted with alum-adjuvanted whole or split Indo05/PR8-RG2 vac-
cines {Table 2).

In order to confirm that priming had elicited an immune
response, HI titres for the priming vaccine strain were measured
after four months. The results confirmed that the mice had been
appropriately primed (data not shown). NIBRG-14-primed mice
showed a significant response after a single booster injection of
Indo05/PR8-RG2 as both alum-adjuvanted whole and split vaccines.
In contrast, when Indo05/PR8-RG2 vaccines were injected into the
H1N1- or H3N2-primed mice, there was little response.

4. Discussion

We investigated the effect of a prime-boost vaccination strat-
egy on the immune response to H5N1 influenza viruses in a mouse
model. In order to simulate a pandemic situation where influenza
viruses from two phases may have differing antigenicity, mice were
primed with a Vietnam strain vaccine (NIBRG-14) and then boosted
with an Indonesian strain (Indo05/PR8-RG2). The primed animals
showed high HI titre responses after only one booster injection,
whereas naive animals revealed a more modest HI response after
two injections. Interestingly, split vaccines evoked stronger Hl titre
responses than whole or alum-adjuvanted vaccines.

The alum-adjuvanted vaccine used in our study has shown the
ability to produce effective immunological memory that evokes a
significant anti-H5 response after booster vaccination. The mem-
ory effect for the HI antibody response is mainly derived from a
haemagglutinin and not from other viral components, because vac-
cination with HIN1 or H3N2 showed little priming effect on the
recall response to H5N1 viruses. Although there was weak cross-
reactivity -of HI antibodies induced by the Vietnam strain for the
Indonesian strain, the two viruses have more than 95% identity of
their haemagglutinin amino acids and possibly share the same T
helper cell and B cell epitopes. With cross-reactive memory, a rapid
and vigorous recall response induced by the prime-boost regimen
could reduce viral replication in the early stage of infection, limit
the spread of infection, and possibly reduce illness and death in a
pandemic.

Our results suggested that the split vaccine is the most suitable
formation for a booster vaccine, while the alum-adjuvanted whole
vaccine elicits the best HI response in naive animals. It was reported
with regard to HIN1 and H3N2 that split vaccines are similar to or
more immunogenic than whole vaccines in a primed population,
butachieve a worse response in naive hosts {13-15]. The H5 subtype
isevenlessimmunogenic than HIN1and H3N2 { 19,20}, but the split
vaccines evoked a more vigorous response after booster injection
than that induced by the whole vaccines in our mouse model. One
possible reason is that the whole virus vaccinations mainly induce
an IgG2a antibody response (Th1 response), whereas split vaccines

induce a mixed IgG1 and IgG2a response (mixed Th1/Th2 response)
[21]. In addition to showing comparable or even better immuno-
genicity with respect to inducing a humoral recall response, the
split vaccine is less reactogenic than the whole vaccine {12-15].
Thus, with respect to both immunogenicity and reactogenicity, a
split vaccine is likely to be a better formulation as a booster vac-
cine for H5 pandemic influenza if the vaccinees have already been
primed.

Why does the split vaccine achieve a better response than the
alum-adjuvanted vaccine booster injection? The common view is
that alum-adjuvanted vaccines enhance the Th2 antibody response
and activate DCs. Alum-adjuvanted vaccines also influence Thi
and Th2 responses by promoting the secretion of IL-1B and IL-
18 {22}, and the presence of alum means that the antigens are
slowly released over time [23]. Sustained and slow release could
be preferable for stimulating primary immune cells like DCs and
other phagocytes, but could be too slow to trigger a rapid recall
response,

If the dosage is reduced, the pandemic vaccination strategy
could be improved. Our results indicate that priming and booster
doses of only 0.01 jug HA still evoked a significant recall response.
Although it is difficult to estimate the human response from our
murine data, we consider that the vaccine dose can be reduced on
the basis of the results of several previous experiments. For exam-
ple, booster H5N3 vaccination of only 7.5 ug HA also achieved a
favorable booster response in human trials {8). In addition, several
other clinical studies on HIN1 and H2N2 influenza have indicated
that dose reduction may be feasible for both priming and booster
vaccination [17]. When 25 or 90 pg HA of A/HK/156/97 (clade 0)
recombinant heamagglutinin vaccine was injected, it was found
that a booster dose of rgA/VN/1203/04 (clade 1) alum-adjuvanted
splitvaccine elicited a reaction irrespective of the priming dose § 10}.

In conclusion, we confirmed the advantage of using priming vac-
cination to create immunological memory for pandemic viruses
even if different clade vaccines were used. Our results suggested
that an appropriate vaccination strategy was to use a split vaccine
instead of an alum-adjuvanted whole vaccine during an influenza
pandemic. This strategy will possibly improve the immunogenicity
and reactogenicity of vaccines and could also increase the vac-
cine supply by reducing the dosage necessary for a significant
immune response. Clinical trials are needed to confirm our find-
ings in humans and these will provide some answers regarding the
appropriate dosage and formulation for influenza vaccines.
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