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Abstract

Aluminum hydroxide is the only adjuvant for use in human vaccines. The commercial alum-adjuvanted vaccines are
formulated as liquid without exception. We prepared an alum-adjuvanted dry powder vaccine and demonstrated that it
provided good protection for plague. The preparation strategy is simple and effective, and can be carried out in a large
scale. The dry powder vaccine can be quickly reconstituted using sterile water for injection. The dry powder vaccines
have potential advantages over liquid vaccines, including good stability and extended shelf life.
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Introduction

Plague is a zoonotic disease caused by Gram-negative bacterium
Yersinia pestis, which is usually transmitted to humans from infected
rodents via the bite of an infected flea [1]. Historically, plague has
been an awful infectious disease afflicting human populations,
leading to millions of deaths. Plague has been recently classified as
a re-emerging disease by the World Health Organization [2] and has
attracted a considerable attention because of its potential use as an
agent of biological warfare or bioterrorism [3].

To date, there is not an ideal plague vaccine for human use. Killed
whole cell vaccines offer only short-term protection against bubonic
plague and frequent boosting is needed to maintain immunity [4]. Live
attenuated vaccine EV76 was effective against bubonic and pneumonic
plague, but it showed side effects of varying severity and was not
used in the western world [4]. Multiple DNA vaccines based on Y.
pestis F1 and LcrV antigens alone or in combination were efficacious
against both bubonic and pneumonic plague [5-11]. However, DNA
vaccines usually elicit lower and slower immune responses than
conventional vaccines, and gene gun immunization that delivers
DNA-coated particles into the dermis of the skin needs to be used
for optimal immune responses [10-12]. In contrast, subunit vaccines
have potential advantages over the traditional vaccines (killed whole
cell vaccine and live attenuated vaccine) and DNA vaccines in terms
of safety or efficacy against Y. pestis. It has been demonstrated that
F1 and LcrV antigens used alone or in combination can protect mice
against bubonic and pneumonic plague [13].

Currently, an alum-adjuvanted vaccine formulation comprising
the F1 and LcrV antigens and an engineered F1-LcrV fusion protein
was developed by the United Kingdom’s Ministry of Defense and the
United States Army Medical Research Institute of Infectious Diseases,
respectively. Both vaccine candidates began phase one clinical trials in
2005 [14]. In our previous study, the native F1 antigen was extracted
from Y. pestis EV76 [15] and an LcrV variant containing amino acids
1 to 270 of LerV (rV270) was prepared from engineered Escherichia
coli BL21 [16]. Our study demonstrated that the alum-adjuvanted
subunit vaccine comprising the native F1 and rV270 provided
effective protection in mice, guinea pigs and rabbits [17]. Generally,
the alum-adjuvanted vaccines are in the form of colloidal state, and
can not be lyophilized or frozen for stabilization because freezing or
freeze drying them often causes immunogenicity loss [18]. Recently,
an alum-adjuvanted dry powder vaccine containing a recombinant

F1-V fusion protein of Y. pestis provided an equivalent efficacy to
the corresponding liquid formulation for protection against Y. pestis
challenge in a mouse model [19]. In the present study, an alum-
adjuvanted dry powder vaccine comprising F1 antigen and mannitol
was prepared by a simple vacuum-drying strategy, and evaluated for
protective efficacy against Y. pestis challenge in mouse model after it
was stored at 40°C for 10 days.

Materials and Methods
Animal

Female BALB/c mice of 6-8 weeks were used in this study. All the
animals were group-housed and provided with food and fresh water ad
libitum during the entire course of this study. All animal experiments
were conducted strictly in compliance with the Regulations of Good
Laboratory Practice for nonclinical laboratory studies of drug issued
by the National Scientific and Technologic Committee of People’s
Republic of China.

Vaccines

The native F1 antigen was prepared from Y. pestis EV76 by
physical disruption, followed by a combination of ammonium
sulfate fractionation and Sephacryl S-200HR column filtration
chromatography [15]. The native F1 antigen was adsorbed to 25%
(v/v) aluminum hydroxide gel (the Lanzhou Institute of Biological
Products, China) in PBS buffer to give the alum-containing liquid
vaccine formulations (designated LV20, LV10 and LV5 in this report,
respectively) containing 20, 10 and 5pg of F1 antigen in a final volume
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of 100ul, respectively. The corresponding dry powder vaccine was
prepared by dissolving 5 mg of mannitol in 100ul of alum-containing
liquid vaccine and then vacuum drying at room temperature for 24h
with the help of drying agent calcium chloride. These dry-powder
vaccines (designated DV20, DV10 and DVS5 in this study, respectively)
were placed in 40°C incubator for 10 days before they were
reconstituted with sterile distilled water for immunizing mice.

Animal immunizations

Seventy BALB/c mice were randomly divided into 7 groups at 10
mice per group. Mice in groups 1-3 were immunized intramuscularly
with 100ul of sterile distilled water-reconstituted DV20, DV10 and
DV5, respectively. Animals in groups 4-6 were given the corresponding
LV20, LV10 and LV5, respectively. Those in group 7 were injected
the same volume of aluminum hydroxide in PBS buffer (25%, v/v), as
controls. After primary immunization, on day 21 the animals were
boosted with an identical dose at the same injection sites.

ELISA for detection of F1-specific IgG titer and IgG subclasses

Sera collected from immunized animals on week 8 after primary
immunizations were assayed for the presence of anti-F1-specific IgG
by a modified ELISA. Briefly, 96-well microtitre plates were coated
with F1 antigen diluted to 500ng/ml in 0.06 M sodium carbonate
buffer (pH 9.6) and incubated for overnight at 4°C. Non-specific
binding was blocked with 0.1% casein in 0.01M phosphate-buffered
saline. Test sera were added to plates with serial dilution in 0.01M
PBS buffer containing 0.05% casein and incubated for 30 min at 37°C.
After five washes with 0.01 M PBS buffer containing 0.05% Tween 20
(pH 7.2), 100ul of secondary antibodies conjugated to horseradish
peroxidase was added to each well and incubated for 20min at 37°C.
The plates were washed three times in 0.01 M PBS buffer containing
0.05% Tween 20 (pH 7.2) and 100l of 0.01% peroxidase substrate 3,
3’, 5, 5'-tetramethylbenzidine (TMB) was added to each well. The
reaction was stopped by the addition of 50ul of 2.5 M H,SO, per well,
and then optical density (OD) was read at 450nm with an ELISA plate
reader (BIO-RAD). An IgG1 or IgG2a or IgG2b isotype-specific ELISA
was conducted as described above, using horseradish peroxidase-
conjugated goat anti-mouse IgG1 or IgG2a or IgG2b (Sigma-Aldrich).
The titre of antibody was estimated as the maximum dilution of serum
giving an OD reading above 0.2 units over background. Background
values were obtained from serum samples collected from the animals
only receiving aluminum hydroxide. Antibody endpoint titre per
immunization group is presented as the geometric mean endpoint
titre to F1.

Challenge with Y. pestis

The immunized animals were challenged s. ¢. with 1320 CFU Y.
pestis strain 201 that has a median lethal dose (MLD) of 3.3 colony-
forming units (CFU) for BALB/c mice by the subcutaneous route, and
then closely observed for 14 days. All the survival animals were killed
humanely for a post-mortem examination. Cardiac blood, livers,
spleens, lungs and lymph nodes of the challenged animals were
removed to confirm if Y. pestis was present in these organs.

Statistical analysis

The geometric mean of antibody titres and the standard error
of the means were calculated from the data obtained by ELISA. The
difference of the data among groups was compared by analysis of
variance (ANOVA) with SARS 8.0 software. A Log-Rank Test analysis
was used to determine the difference of protective efficacy between

treatment groups. Probability values of < 0.05 were taken as
significant.

Results

Antibody responses to F1 antigen

Sera from the immunized mice with both dry powder and liquid
vaccines all developed very high titers of anti-F1-specific IgG, and no
anti-F1 IgG was detected in all the control animals (Figure 1). ANOVA
analysis demonstrated that there was no antibody titer difference
among six groups of mice immunized with DV20, DV10, DV5, LV20,
LV10 and LV5 (F = 0.21, p > 0.05), suggesting that the immune
response may have been saturated at the dose level of 5ug F1 in
mice. Analysis of IgG subclasses of mice receiving the vaccines DV20,
DV10, DV5, LV20, LV10 and LV5 showed a predominant response
for IgG1 and a lesser response for IgG2a and IgG2b, suggesting a
predominant Th2 response (data not shown).

Observation of protective efficacy

Effective protection was observed for all the animals immunized
with different concentrations of both forms of vaccine by challenging
with 4Xx10% LD50 Y. pestis strain 201 by the subcutaneous route,
whereas all the control mice succumbed to the same dose of Y. pestis
201 challenge (Table 1). Survival rates in mice vaccinated with the dry
powder vaccines were similar to those resulting from administration
of standard liquid vaccines. The reconstituted powders administered
by i.m. routes provided animals with survival rates of 50 to 60%, while
the original liquid formulations protected animals at survival rates of
50 to 70%. A Log-Rank Test analysis showed no significant survival
difference among six groups of mice immunized with DV20, DV10,
DV5, LV20, LV10 and LV5 ( p > 0.05). This result indicated that the
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Figure 1: The geometric mean values of IgG titer to F1 were derived
from ten serum samples per group. DV stands for dry vaccine and LV for
liquid vaccine; the numbers following DV or LV represent concentration
of 20, 10 and 5ug of F1 antigen in a final volume of 100pl, respectively.
Standard deviation (SD) corresponding to the groups of DV20, DV10,
DV5, LV20, LV10 and LV5 was 1.6, 2.1, 2.5, 1.6, 2.3 and 2.5, respectively.

Treatment groups Challenge dose (LD50) Survival/total
*DV20 4x10? 5/10
DV10 4x102 6/10
DV5 4x10? 5/10
**LV20 4x102 7/10
LV10 4x10? 6/10
LV5 4x10? 5/10
Alum alone 4x10? 0/10

*: DV stands for dry vaccine and the numbers following DV represent
concentration of 20, 10 and 5pg of F1 antigen in a final volume of 100ul,
respectively.
**: LV stands for liquid vaccine, and the numbers following LV represent
concentration of 20, 10 and 5pg of F1 antigen in a final volume of 100ul,
respectively.

Table 1: Protection of mice against challenge with Y. pestis.
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dry powder vaccines provided similar protection to the liquid ones,
and that there was no dose-dependent protective efficacy within the
dosage range of 5-20ug F1 antigen protein.

Analysis of tissue pathogen load

A post-mortem was carried out on all animals who succumbed
to the challenge in the 14 days post-challenge observation period,
and Y. pestis were recovered from the cardiac blood, livers, spleens,
lungs and lymph nodes of all dead animals. This result indicated
that the death of animals was caused by the systemic infection of Y.
pestis. At day 14 post-challenge, survivors were killed humanely and
autopsied for post-mortem analysis. Microbiological analysis did not
isolate Y. pestis from cardiac blood, livers, spleens, lungs and lymph
nodes of immunized animals, indicating that the bacteria have been
eradicated from mice.

Discussion

In this study, we developed a simple and efficient strategy for
preparing an alum-adjuvanted native F1 dry powder vaccine and
demonstrated that the dry powder vaccine elicited serum antibody
responses and provided protection for plague at levels equivalent to
that of a standard liquid formulation of F1 antigen. Analysis of IgG
subclasses of mice receiving the vaccines DV20, DV10, DV5, LV20,
LV10 and LV5 showed a predominant response for IgG1 and a lesser
response for IgG2a and IgG2b, suggesting that both dry powder
vaccines and liquid vaccines induced a predominant Th2 humoral
response. The commercial alum-adjuvanted vaccines are formulated
as liquid without exception, because the freezing or freeze drying on
them generally causes immunogenicity loss. However, in the aqueous
environment they are subjected to physical and chemical effects that
may lead to inactivation of antigen proteins. Elevated temperature
increases the rate of inactivation of antigen proteins, whereas
temperature below the freezing point often causes immunogenicity
loss of alum-adjuvanted vaccines [20]. Therefore, the commercial
alum-adjuvanted liquid vaccines have to be stored within the
narrow temperature range of 2 to 8°C, which makes the process of
distribution and storage complicated and expensive.

Recently, a spray-freeze-dried powder vaccine containing a
recombinant F1-V fusion protein of Y. pestis was evaluated for
protection against Y. pestis challenge in a mouse model. The
results showed that the immunized mice with powder vaccine
by intramuscular injection developed specific IgG responses and
provided 70-90% protection against 1X10° LD50 of Y. pestis
challenged subcutaneously, at a level equivalent to those immunized
with the corresponding liquid formulation [19]. Recently, dry
powder vaccines have attracted much attention due to their
potential advantages over conventional liquid vaccines, including
improved stability and extended shelf life [21-23]. In the present
study, preparation of an alum-adjuvanted native F1 antigen dry
powder vaccine was achieved by simply dissolving mannitol in alum-
adjuvanted native F1 antigen liquid formulation and vacuum drying
with the help of calcium chloride at room temperature. As revealed
in this study, the preparation strategy is simple and effective, and can
be carried out on a large scale. The dry powder vaccine can be quickly
reconstituted using sterile distilled water for injection. Mouse tests
revealed that the dry powder vaccine elicited similar IgG titer to F1
with corresponding liquid vaccine and provided the same protection
as the liquid formulation against subcutaneous challenge with 4x 10?
LD50 of Y. pestis strain 201. Compared with a spray-freeze-dried
powder vaccine preparation, this preparation strategy is simple,
cheap and does not need expensive equipments, and is suit for use
in developing countries.

Generally, conversion of biologically active protein solution into
a dry powder formulation using suitable excipients and procedures
results in more stable products that can be stored at room
temperature for longer time. In addition, a dry powder vaccine can be
stored below the freezing point without causing the formation of ice
which may damage antigens [24]. To investigate the stability of the
dry powder vaccine, we once tried to determine the concentration
of F1 antigen in the dry powder vaccine by ELISA. However, our
results indicated that F1 antigen was difficult to be released from
Fl-adsorbed alum adjuvant (data not shown). Hence, we have to
use indirectly antibody response and protective efficacy to evaluate
the stability of the dry powder vaccines. The dry powder vaccines
were first incubated at 40°C for 10 days, and then used to immunize
mice together with new prepared liquid vaccines. The current results
indicate that reconstituted dried vaccines of native F1 antigen elicit
similar serum antibody titre to the corresponding liquid ones and
provide protection against Y. pestis at levels equivalent to those of
the corresponding liquid formulation. These results demonstrated
that conversion of native F1 alum-adjuvanted liquid vaccine into a dry
powder formulation using mannitol and vacuum-drying process did
not decrease the antibody response and protection efficacy against
Y. pestis challenge even though the dry vaccines were stored at 40°C
for 10 days. These results suggest that alum-adjuvanted dry powder
vaccines have similar efficacy to the corresponding liquid ones, and
might provide an alternative to traditional liquid formulation.
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