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Recombinant Sindbis viruses were engineered to express alternative forms of the protective antigen (PA) of
Bacillus anthracis. The recombinant viruses induced PA-specific immunoglobulin G and neutralizing antibodies
in Swiss Webster mice. Vaccination with the recombinant viruses induced immunity that offered some pro-
tection from a lethal Ames strain spore challenge and synergized the protective effects of ciprofloxacin.

Bacillus anthracis is a gram-positive, spore-forming bacte-
rium that is the causative agent of anthrax. The intentional
dissemination of anthrax spores through the United States
mail in 2001 heightened concerns about the use of anthrax as
a bioweapon (3) and stimulated efforts to develop improved
vaccines and therapeutic agents to effectively prevent and treat
anthrax disease (7, 14). Protection against anthrax disease cor-
relates with the induction of neutralizing antibodies to protec-
tive antigen (PA) (8, 9). PA mediates cell binding through
specific interactions with one of two known host cellular re-
ceptors (2, 16) and facilitates toxin translocation across the
plasma membrane (6, 12).

PA domain 4 (PA,,) contains neutralizing epitopes, and
experimental vaccines based on PA,, have offered protection
against lethal anthrax disease (4). Here, we describe the con-
struction of two PA ,-expressing Sindbis viruses and their eval-
uation as anthrax vaccines. The first virus, designated E2S1-
26S/PA, expressed PA 4, from a duplicated 26S promoter. The
second virus, designated E2S1-PA/2A, expressed PA 4, fused to
the 2A protease of foot-and-mouth disease virus. In this virus,
the PA4,/2A coding sequences were placed in frame between
those of the capsid and E3. During replication, the PA,,/2A
fusion protein is expressed as a component of the viral struc-
tural polyprotein and then resolved by autoproteolytic cleavage
mediated by capsid protein (upstream) and 2A (downstream).
Each virus expressed a PA ,-containing protein which was of
the predicted size and reacted with a PA-specific polyclonal
rabbit antiserum in Western immunoblot assays (data not
shown).

The parental virus (E2S1) and each recombinant virus were
administered to adult Swiss Webster mice via intramuscular
(i.m.) injection of 107 PFU. Mice were boosted similarly at
days 14, 28, and 42. As a positive control, a group of mice was
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vaccinated and boosted similarly with 20 wl of anthrax vaccine
adsorbed (AVA), a dose previously shown to protect mice
against a lethal Sterne strain spore challenge (15, 19). Serum
samples were collected prior to vaccination and 14 days fol-
lowing each injection. Serum was assayed for PA-specific an-
tibodies by enzyme-linked immunosorbent assay (14). PA-spe-
cific antibodies were absent from all prevaccine sera (data not
shown). Mice vaccinated with AVA or either recombinant
virus produced similar levels of PA-specific immunoglobulin G
(IgG) following the initial vaccination and subsequent boosts
(Fig. 1A). The levels of neutralizing antibody differed mark-
edly between the groups. Although mice vaccinated with AVA
or a recombinant virus produced similar neutralizing antibody
titers following the primary vaccination, only AVA-vaccinated
mice displayed increased titers following booster injections
(Fig. 1B). This result could be due to the fact that AVA-
vaccinated mice were exposed to a far greater level of PA
antigen than mice vaccinated with the recombinant viruses.
The quantity of AVA administered to the mice in this study,
scaled on a mass-to-weight ratio, was approximately 60 times
the normal human dose. This dosage was used because AVA is
not protective for mice when administered at quantities scaled
to a single human dose (11), and it was previously determined
to be the minimal amount necessary to ensure complete or
nearly complete survival following exposure to 10 times the
50% lethal dose (10 LDs,) of Ames strain spores (J. M.
Thomas and J. W. Peterson, unpublished data). Alternatively,
the inability of the virus-based vaccines to boost levels of neu-
tralizing antibody may be due to neutralization of the vaccine
by virus-specific antibodies produced following the primary
vaccination. The limited ability of the recombinant viruses to
induce neutralizing antibodies was unexpected, since another
PA ,-based vaccine induced high levels of neutralizing titers in
A/J mice (11). However, the immunogenic properties of PA
vary markedly in different mouse strains, and Swiss Webster
mice are known to respond poorly to PA,, and to produce low
levels of PA 4,-specific neutralizing antibodies compared to the
levels seen in other mouse strains (1). Swiss Webster mice were
used in this project because they are highly sensitive to lethal
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FIG. 1. (A) Swiss Webster mice infected with recombinant virus produce PA-specific IgG. Adult female mice (n = 10) were injected i.m. with
107 PFU of either E2S1-26S/PA or E2S1-PA/2A four times over a 56-day period. Additional groups were dosed concurrently with AVA and E2S1.
Serum was collected at regular intervals and assayed for PA-specific IgG by enzyme-linked immunosorbent assay. (B) Infection of mice with
recombinant virus elicits LT-neutralizing antibodies. Adult Swiss Webster mice (n = 10) were injected i.m. with 10" PFU of either E2S1-26S/PA
or E2S1-PA/2A four times over a 56-day period. Additional groups were concurrently dosed with AVA. Serum was collected at regular intervals
and assayed using an anthrax LT neutralization assay. Error bars show standard deviations.

toxin (LT) and, therefore, represent the most stringent mouse
model for evaluating anthrax vaccine efficacy (5, 13). It is
unlikely that the fusion of PA,, to the 2A protein altered
neutralizing epitopes on PA,,, because 2A did not measurably
affect the antigenicity of other proteins (17, 18) and the titers
of neutralizing antibodies elicited by E2S1-26S/PA,, were not
higher than those induced by E2S1-PA,/2A.

To assess vaccine efficacy, each group of mice was chal-
lenged intranasally (i.n.) with 10 LDs,, of Ames anthrax spores
and monitored for 30 days (14). Control groups included mice

infected with the parental virus and mice injected with phos-
phate-buffered saline (PBS). Additional groups of mice were
vaccinated with AVA or with a recombinant virus and chal-
lenged similarly. These mice received 30 mg/kg of body weight/
day of ciprofloxacin for a period of 7 days postchallenge. These
groups of mice were included in the challenge study based on
a report that acquired immunity to anthrax could enhance the
protective effects of ciprofloxacin, the antibiotic most com-
monly used to treat anthrax disease (14). Mice that received
PBS or E2S1 were not protected from virulent spore challenge,
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FIG. 2. (A) Mice immunized with recombinant virus are protected from virulent spore challenge. Vaccinated animals were challenged by i.n.
administration of 10 LDs, of Ames spores and monitored for survival. (B) Vaccination with AVA and PA,-expressing Sindbis viruses enhances
the protective effects of ciprofloxacin (Cipro). Vaccinated animals were challenged by i.n. administration of 10 LD5, of Ames spores and monitored
for survival. Ciprofloxacin (30 mg/kg twice a day) was administered daily from day 1 to day 7.

and all succumbed to infection by day 5 (Fig. 2A). Survival
among AVA-vaccinated mice was 80%, while 20% of mice
vaccinated with E2S1-PA/2A and 10% of animals vaccinated
with E2S1-26S/PA survived the spore challenge (Fig. 2A). For
these groups of mice, the level of protection generally corre-
lated with the level of neutralizing antibody, as vaccination
with AVA provided significantly greater protection than either
recombinant virus (P < 0.05, Fisher’s exact test). Although
AVA vaccination offered significantly better protection than
vaccination with either recombinant virus, all three vaccines
were capable of enhancing the protective effects of ciprofloxa-
cin. The survival rate among PBS-treated control mice receiv-
ing ciprofloxacin was 50%. Survival improved to 100% when
ciprofloxacin was administered to AVA- or E2S1-PA/2A-vac-
cinated mice and to 90% when it was administered to mice
vaccinated with E2S1-26S/PA (Fig. 2B).

Anthrax vaccines based on recombinant alphaviruses have
been described previously. A vaccine based on PA-expressing
Venezuelan equine encephalitis virus (VEEV) replicons was
shown to offer better protection than the recombinant Sindbis
viruses used in this study (10). However, there are several
significant differences between these two studies. First, the
study based on VEEV replicons only showed protection of A/J
and C57BL/6 mice instead of the highly susceptible Swiss Web-
ster mouse. In addition, mice in the VEEV replicon study were
challenged by the subcutaneous route, and challenges were
performed using the Sterne strain of B. anthracis. That strain
lacks the plasmid that encodes the anti-phagocytic capsule,
which functions as the major determinant of anthrax virulence.
In contrast, this study used the highly sensitive Swiss Webster
mouse. These mice were challenged by i.n. administration of
highly virulent, capsule-producing Ames spores. Therefore, we



VoL. 16, 2009

feel that our system was more stringent and more closely mod-
els a real-world scenario in which a vaccine would need to
protect against aerosolized spores from a toxin- and capsule-
producing strain of B. anthracis.

Despite the low level of protection provided by the Sindbis
virus-based vaccines, each markedly enhanced the protective
effects of ciprofloxacin. The basis for enhanced survival of mice
exposed to AVA/PA,, and ciprofloxacin was not addressed
directly in this study. However, the enhanced protection may
be due to the ability of ciprofloxacin to maintain initial
levels of bacterial growth below a threshold where the mod-
est levels of neutralizing antibody maintain effectiveness. In
the absence of ciprofloxacin treatment, bacterial growth may
overwhelm the limited immunity induced by the vaccines, lead-
ing to the rapid death of infected animals. This study demon-
strates that an anthrax vaccine that induces humoral immunity
but fails to afford a high level of protection by itself can still
provide benefit by markedly enhancing the effectiveness of the
antibiotic most commonly used to treat anthrax disease.

This work was supported by a grant from the National Institute of
Allergy and Infectious Disease (1INO1AI30065).
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