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Bacillus anthracis spores germinate to vegetative forms in host cells, and produced fatal toxins. A toxin-
targeting prophylaxis blocks the effect of toxin, but may allow to grow vegetative cells which create
subsequent toxemia. In this study, we examined protective effect of extractable antigen 1 (EA1), a major
S-layer component of B. anthracis, against anthrax. Mice were intranasally immunized with recombinant
EA1, followed by a lethal challenge of B. anthracis spores. Mucosal immunization with EA1 resulted in a
significant level of anti-EA1 antibodies in feces, saliva and serum. It also delayed the onset of anthrax and
remarkably decreased the mortality rate. In addition, the combination of EA1 and protective antigen (PA)
protected all immunized mice from a lethal challenge with B. anthracis spores. The numbers of bacteria in
tissues of EA1-immunized mice were significantly decreased compared to those in the control and PA
alone-immunized mice. Immunity to EA1 might contribute to protection at the early phase of infection,
i.e., before massive multiplication and toxin production by vegetative cells. These results suggest that EA1
is a novel candidate for anthrax vaccine and provides a more effective protection when used in combina-
tion with PA.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Bacillus anthracis, a Gram-positive, spore-forming, rod-shaped
bacterium, is the causative agent of anthrax, which is primarily a
disease of livestock. Its spores are highly resistant to adverse con-
ditions, capable of surviving for years. Spores enter the host
through injured skin, or through the gastrointestinal or respiratory
tracts [1]. The high mortality rate of inhalational anthrax is associ-
ated with not only a potent virulence of the pathogen but also de-
lays in proper diagnosis and treatment. Initial symptoms of
inhalational anthrax are non-specific and similar to flu-like illness,
and no rapid diagnostic test is available in the early stages of inha-
lational anthrax.

Inhaled spores are engulfed by macrophages, which are the
primary site for spore germination [1]. After germination and mul-
tiplication, they disperse into the blood stream with aggressive
extracellular multiplication, and secrete a cytotoxic toxin. The
ll rights reserved.
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major virulence factors of B. anthracis are three toxin components
(lethal factor, LF; edema factor, EF; protective antigen, PA), and a
poly-c-D-glutamic acid polymer capsule [1,2]. Both LF and EF re-
quire PA to exhibit their cytotoxic effects. PA interacts with recep-
tors on host cell surfaces and delivers LF and EF into the cytosol [2].
Two licensed, PA-based cell-free vaccines, anthrax vaccine ad-
sorbed (AVA) and anthrax vaccine precipitated (AVP), have been
available in US and UK for human use [3]. Frequent intramuscular
booster injections of these vaccines are required to maintain suffi-
cient immunity, and there are several concerns regarding local and
systemic adverse effects [4]. Both vaccines mainly contain PA [3]
but also contain EF, LF, and other unidentified components [5].
Coexistence of PA and the two exotoxins is capable of forming
lethal toxin and edema toxin that may possibly contribute to unfa-
vorable reactions.

In general, natural infection in humans is rare and mostly
caused by contact with infected livestock or contaminated prod-
ucts [6]. However, after the attack on the US Postal Service in
2001, safer and improved human vaccines are needed [7]. In addi-
tion, the efficacy of PA-based vaccines is less effective than that of
live attenuated spore vaccines [8], suggesting that components
other than PA may confer better protection. Therefore, safer and
easily administrable vaccines consisting of known non-toxigenic
components would be desirable.
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The extractable antigen 1 (EA1) is a major S-layer component of
B. anthracis [9,10]. This protein is abundant in the vegetative cell
surface, but is also generally found in spore preparations [11–
14]. If EA1 presents not only on the surface of vegetative form
but also on that of spores, this protein could be an attractive can-
didate as an anthrax vaccine antigen. Immunity to EA1 could play
a beneficial role in the inhibition of spore germination, the clear-
ance of vegetative bacilli, or both.

To examine the effectiveness of EA1 as an anthrax vaccine anti-
gen, we immunized mice with a purified recombinant protein of
EA1 (rEA1) and examined its protective immunity against experi-
mental anthrax infection with lethal spore challenge. We used na-
sal immunization procedures, which are non-invasive and are
known to induce mucosal and systemic immunities. Furthermore,
we investigated the combination effect of EA1 and PA to ensure
maximum protection.
2. Materials and methods

2.1. Bacterial strain and spore preparation

The B. anthracis Pasteur II strain [15] carrying the pXO1+ and
pXO2+ virulence plasmid was used in this study. Spores were pre-
pared as described elsewhere [16]. The purified spores were heated
at 80 �C for 30 min before use. The pathogen was handled in a
biosafety level 3 (BSL3) facility approved by the Safety Control
Committee of Obihiro University of Agriculture and Veterinary
Medicine.

2.2. Preparation of recombinant EA1 and PA

The genes eag encoding EA1 or pagA encoding PA were PCR-
amplified from purified genomic DNA of the Pasteur II strain using
the following primers (restriction enzyme sites were underlined):
EA1-F: 50-tttggatccatgacagcaatggtagcaggta-30; EA1-R: 50-cccctc-
gagttatagatttgggttattaagaagg-30; PA-F: 50-attggatccgaagttaaacagga-
gaaccgg-30; PA-R:50-agagtcgacttatcctatctcatagccttt-30. Purified PCR
products were digested with restriction enzymes, and the frag-
ments were inserted into the pGEX-6P-1 expression vector system
(GE Healthcare, Uppsala, Sweden). E. coli BL21 (DE3) harboring the
constructed vector were cultivated in 2 � YT medium (Becton
Dickinson, Franklin Lakes, NJ, USA) at 37 �C until the optical density
of the medium at 600 nm was approximately 0.6. A GST-tag fusion
protein was induced by incubation with 1 mM isopropylthiogalac-
toside for another 5–6 h. Purification of recombinant proteins and
the removal of the GST tag were performed according to manufac-
turer’s instructions.

2.3. Anti-EA1 polyclonal antibody

The Animal Care and Use Committee of the university approved
the animal studies. Japanese white rabbit (Charles River Japan,
Kanagawa, Japan) was subcutaneously immunized with approxi-
mately 0.3 mg of rEA1 once a week for 5 weeks. Freund’s complete
adjuvant was used at first immunization. Serum anti-EA1 antibody
titer was measured by enzyme-linked immunosorbent assay (ELI-
SA) compared to pre-immune serum. Anti-rEA1 polyclonal IgG
was purified using a Protein G MAb Trap Kit (GE Healthcare).

2.4. Immunofluorescence of B. anthracis

Spores or vegetative cells were spotted on a low-fluorescence
glass slide, then fixed with 4% paraformaldehyde for 30 min. After
three washes with 0.1% Tween 20 in PBS (T-PBS), slides were
blocked, then added 100 lL of anti-rEA1 IgG (10 lg/mL) to each
slide. After 1-h incubation, the slides were washed and subse-
quently incubated with appropriately diluted 100 lL of Alexa Fluor
488-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA)
for 30 min in the dark. Slides were mounted in ProLong Gold (Invit-
rogen), then observed under a fluorescence microscope (Olympus
BX51, Olympus, Tokyo, Japan), and images were analyzed with
DP70-BSW software (Olympus). For flow cytometry, inactivated
spores were incubated with anti-rEA1 IgG, followed by incubation
with Alexa Fluor 488-conjugated secondary antibodies. Samples
were analyzed by FACSCanto II using FACSDiva software (Becton
Dickinson).

2.5. Nasal immunization

Male BALB/c mice aged 6–7 weeks (CLEA, Tokyo, Japan) were
intranasally (i.n.) immunized with 10 lg of rEA1 once a week
(10 lg) or three times a week (total of 30 lg) for three consecutive
weeks, with or without 10 lg of mucosal adjuvant, a synthetic
double-stranded RNA, poly (I:C) (InvivoGen, San Diego, CA, USA).
Controls for each experiment received PBS and/or adjuvant accord-
ing to the corresponding immunization protocol. In a separate
experiment, mice were administered with rEA1 in combination
with rPA (10 lg) and poly (I:C).

2.6. Immunoassays for specific antibodies

Blood, saliva and feces were collected to monitor antibody ti-
ters. Saliva samples were collected following intraperitoneal (i.p.)
injection with 100 lL of 1 mg/mL pilocarpine (Sigma–Aldrich, St.
Louis, MO, USA). Fecal samples were mixed with PBS containing
0.1% sodium azide (1 mL/100 mg) and the supernatants were as-
sayed. Specific antibody titers were measured by ELISA. Briefly,
100 ng of rEA1 or rPA was absorbed onto ELISA plates in carbonate
buffer (pH 9.6) overnight at 4 �C. After washing with T-PBS and
blocking, the plates were incubated with 2-fold serially-diluted
samples for 1-h at room temperature. After three washes, plates
were incubated with HRP-labeled goat anti-mouse IgG (Kirkegaard
& Perry Laboratories, Gaithersburg, MD, USA) or IgA (Sigma–Al-
drich) for 1 h. The reaction was visualized by the addition of
50 lL of BD OptEIA TMB Substrate Reagent (Becton Dickinson)
for 30 min, and then stopped by adding an equal volume of 1 N
H2SO4. The absorbance at 450 nm was measured using a plate
reader (Tecan, Maennedorf, Switzerland). End point titers were de-
fined as the reciprocal of the highest dilution that had an absor-
bance value greater than or equal to means ± SD of the pre-serum.

2.7. Mouse infection model of anthrax

We employed i.p. route of infection in this study to establish a
systemic anthrax [16,17]. A 100-lL spore suspension (approxi-
mately 5 � 104 spores per mL) per mouse was challenged. The sus-
pension was serially diluted and plated on Luria broth (LB) agar
(MP Biomedicals, Santa Ana, CA, USA) in triplicate for accurate enu-
meration of the challenged spores. Survival of mice was monitored
more than twice a day up to 14 days after challenge. To enumerate
the number of bacteria in the lungs, livers and spleens, mice were
sacrificed at days 2 and 3 after challenge. The isolated organs were
homogenized in sterile distilled water (100 mg of organ/mL). Seri-
ally diluted homogenates were plated on LB agar for bacterial
enumeration.

2.8. Statistical methods

Differences between the experimental groups and the control
group were tested using Mann–Whitney u-test, and Kruskal–Wal-
lis one-way ANOVA. The statistical significance of differences in
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survival curves of immunized group compared to control group
was determined by the log rank (Mantel-Cox) test using Graph
Pad Prism 5 (Graph Pad Software, La Jolla, CA, USA). A p-value of
<0.05 was considered significant.
3. Results

3.1. Localization of EA1 protein

To examine the location of EA1, immunofluorescence study was
performed on B. anthracis spores and vegetative bacilli using anti-
EA1 polyclonal antibody (Fig. 1A). EA1 localized on the surface of
encapsulated vegetative cells. Fluorescence indicating the presence
of EA1 was also observed on the surface of spores. The binding of
anti-rEA1 IgG to spore surfaces was further analyzed using flow
cytometry, resulting in a clear shift of fluorescence intensity
(Fig. 1B). These results indicate that EA1 was present on the surface
of B. anthracis spores as well as on that of vegetative cells.

3.2. Protective immunity by rEA1

We immunized mice with rEA1 alone (10 or 30 lg), or together
with poly (I:C) by the nasal route. Thirty microgram of rEA1 to-
gether with mucosal adjuvant poly (I:C) stimulated significant ser-
um anti-EA1 antibody production (Table 1). Saliva and feces were
collected to determine the secretory IgA response at sites proximal
and distal to the immunization site. Similar to the serum antibody
responses, co-administration of the adjuvant resulted in a signifi-
Light FluorescenceA

Vegetative cell

Spore

B Pre-immune serum Anti-EA1

Spore

Fig. 1. Localization of EA1 on B. anthracis. (A) Spores and vegetative cells were
immobilized with 4% paraformaldehyde, and immunostained with affinity-purified
rabbit anti-rEA1 IgG, followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG.
Bars, 5 lm. (B) Flow cytometric analysis of EA1 on the surface of B. anthracis spores.
Inactivated spores were immunostained using anti-rEA1 IgG. Purified IgG from pre-
immune rabbit serum was used for the negative control.
cant secretary IgA response, while 10 lg of the antigen alone failed
to induce a distal mucosal response. There was no significance in
antibody responses between 10 and 30 lg of rEA1 when immu-
nized with the adjuvant.

Mice were i.p. challenged with a lethal number of B. anthracis
spores (4.8 � 103) at 2 weeks after the last immunization (Fig. 2).
Median survival time of control group, and immunized group with-
out adjuvant was 2 and 3 days, respectively. The groups of EA1 vac-
cination with adjuvant notably delayed the time to death and
improved survival compared with the control group (P = 0.0128
and P = 0.0020 for the survival curve of 10 and 30 lg, respectively).
None of mice treated with poly (I:C) alone survived in lethal infec-
tion (data not shown). These results indicate that rEA1 immuniza-
tion protects mice against lethal challenge from B. anthracis.
3.3. Protective effects of rEA1 combined with rPA against spore
challenge

Serum and mucosal antibody responses to rEA1 and rPA were
shown in Table 2. Significant (p < 0.05) levels of titers were de-
tected in the saliva, fecal extract, and serum compared to that of
control. Then, mice were infected with B. anthracis spores
(4.9 � 103). As shown in Fig. 3A, the best protective effect was ob-
tained by immunization with a mixture of both recombinant pro-
teins (p < 0.0001 for the survival curve, compared to PBS control).

We enumerated bacteria in the lungs, livers, and spleens of the
infected mice. Fig. 3B illustrates the results of bacteriological
examination of the tissues. At 2 and 3 days after challenge, approx-
imately 107–109 CFU/g of bacteria were present in the organs;
however, the levels decreased to 105–106 CFU/g (rPA), 102 CFU/g
(rEA1), 102 CFU/g or to undetectable levels (rEA1 plus rPA) in the
immunized mice. The CFU/g from various organs in the rPA-immu-
nized group were lower than that of the control group; however,
substantial numbers of bacteria were detected. In contrast, the
numbers of bacteria significantly decreased at day 2 in mice immu-
nized with rEA1 or rEA1 plus rPA (p < 0.0001, compared to PBS or
rPA). At day 3, the bacterial counts in these mice were below the
detection limit (<100 CFU/g).

Histological examination showed that control mice manifested
the most severe pathological condition. There was marked conges-
tion of the marginal zone sinuses of the spleens in the control mice
(Fig. 3C). Abundant karyorrhectic cellular debris was present
throughout the red pulp. These pathological findings were barely
observed in the mice doubly immunized with rEA1 and rPA. Large
numbers of bacilli were identified by HE stain not only in the con-
trol mice, but also in the rPA-immunized mice (Fig. 3C).
4. Discussion

The present study yielded three important findings. First, nasal
immunization by rEA1 with poly (I:C) not only induced both sys-
temic and mucosal anti-EA1 antibody responses, but also protected
mice against lethal challenge of B. anthracis spores. Second, double
immunization of mice with rEA1 plus rPA by the nasal route con-
ferred better protection against lethal anthrax infection than
immunization with rEA1 or rPA alone. Lastly, i.n. administration
of rEA1 contributed to a significant reduction of bacteria during
the early phase of infection.

Ezzell and Abshire [18] have reported that immunization of gui-
nea pigs with guanidine extracts of crude cell wall of B. anthracis,
neither elicited protective antibody nor protected animals against
anthrax. On the other hand, Zhang et al. [19] found that intrader-
mal inoculation of a plasmid harboring eag (encoding EA1 protein)
stimulated strong antibody production in mice, which indicates
immunogenic potency of EA1. However, the protective effects of



Table 1
Effect of dose and mucosal adjuvant in specific antibody responses to EA1.a

Weekly dose of EA1b (lg) Adjuvantc EA1-specific titer (log2)

Serum IgG Serum IgA Salivary IgA Fecal IgA

10 � 16.6 ± 2.7 �d 6.4 ± 3.8 �
10 + 22.0 ± 1.5 12.5 ± 0.5 8.6 ± 1.4 9.3 ± 1.5
30 � 20.6 ± 1.3 12.5 ± 0.5 6.9 ± 1.1 7.3 ± 4.4
30 + 24.7 ± 1.1 14.5 ± 0.5 10.3 ± 1.2 10.4 ± 0.8

a Data is shown as mean (reciprocal log2 endpoint titer) ± SD.
b Mice were i.n. received 10 lg of EA1 once a week (10 lg) or three times a week (total of 30 lg) for three consecutive weeks.
c 10 lg of poly(I:C) was used as mucosal adjuvant.
d Undetectable.
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Fig. 2. Survival curves of EA1-immunized mice in B. anthracis infection. Challenge
experiments were done at 2 weeks from last immunization. Mice (five per group)
were i.n. immunized with rEA1 once a week (10 lg) with (open rhombus) or
without adjuvant (open square), three times a week (10 lg � 3) with (open circle)
or without adjuvant (open triangle). PBS was used for the controls (closed circle).
Mice were i.p. infected with a lethal dose of virulent B. anthracis spores (4.8 � 103

spores/mouse).

Table 2
Antibody responses to EA1 and PA.a

Groupb Serum IgG Serum IgA Salivary IgA Fecal IgA

PA-specific titer (log2)
PBS �c � � �
rPA 18.9 ± 0.9 12.8 ± 0.7 11.3 ± 1.4 8.0 ± 1.2
rEA1 � � � �
rPA + rEA1 20.3 ± 1.2 16.9 ± 1.2 11.5 ± 0.9 8.6 ± 1.2
EA1-specific titer (log2)
PBS � � � �
rPA � � � �
rEA1 19.1 ± 0.8 15.1 ± 0.8 11.8 ± 0.7 8.5 ± 0.9
rPA + rEA1 20.5 ± 0.9 14.5 ± 0.5 11.6 ± 0.9 9.1 ± 1.5

a Data is shown as mean (reciprocal log2 endpoint titer) ± SD.
b All mice were immunized together with mucosal adjuvant poly(I:C).
c Undetectable.
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pure EA1 alone in an animal model of lethal spore challenge have
not been demonstrated. The present study is the first report dem-
onstrating the protective effect by EA1 against anthrax.

EA1 is a major S-layer component of B. anthracis, and a highly
immunogenic surface antigen. However, there are conflicting re-
ports in the literature regarding the presence of EA1 on the spores.
Proteome analysis and ELISA using live attenuated spores showed
that EA1 is also present as a spore protein [11–14,20,21]. However,
EA1 has been reported to be difficult to remove during spore har-
vest; therefore, this protein is considered a contaminant during
spore preparation in the studies using mAb (monoclonal antibody)
SA26 [22,23]. Wang et al. generated mAbs using purified spores as
an immunogen, and obtained several clones that specifically bound
to the surface of B. anthracis spores and vegetative cells with high
affinity and specificity. The proteins recognized by these mAbs
were identified as EA1 by mass spectrometric analysis [21]. Love
et al. [20] also demonstrated that single-chain antibodies to recom-
binant protein of B. anthracis EA1 bound to washed spores. We
examined the reactivity of SA26. Although SA26 recognized puri-
fied rEA1 by immunoblot analysis, no binding of SA26 was de-
tected on the surface of washed spores by flow cytometry and
immunohistochemistry (data not shown). We interpret this discor-
dance as a likely reflection of the differences in avidity and epi-
topes recognized by the antibodies.

Immunization with rEA1 greatly reduced the number of bacte-
ria in infected organs and protected the mice from lethal infection.
Since there was no significant difference in the reduced number of
bacteria between rEA alone and rEA1 plus PA, rEA1-induced pro-
tective immunity may largely contribute to the rapid and effective
elimination of bacteria from infected organs. Immunity to EA1
might contribute to a protective immunity at the early phase of
infection, before massive multiplication and toxin production by
vegetative cells take place. The mechanism of protection conferred
by rEA1 immunization should be elucidated with further
experiments.

We also observed a reduction in the number of bacteria in the
mice immunized with rPA alone. It has been reported that PA pro-
tein is associated with B. anthracis spores, and anti-PA antibody en-
hances the phagocytic and sporicidal activities of macrophages
[24]. Our observation might confirm previous findings. It has been
reported that immunization with PA alone showed no or partial
protection against full virulence strain [25–27]. In our results, pro-
tective effect by rPA was greater than as previously reported. It
may have resulted from differences of immunization protocol such
as dose of immunogens, mucosal adjuvant, and route of
immunization.

Present human anthrax vaccines require intramuscular injec-
tion, which do not induce mucosal immunity at the initial site of
infection in anthrax. Mucosal immunization not only elicits local
immune protection, but also triggers systemic responses [28,29].
In our study, nasal delivery of rEA1 and rPA induced antigen-spe-
cific IgA responses at both proximal and other distal mucosal sites
(Tables 1 and 2). Thus, this route of vaccination may be effective for
not only inhalational anthrax, but also gastrointestinal and cutane-
ous anthrax. Poly (I:C) is shown to be effective and safe as a muco-
sal adjuvant when i.n. administered in previous study [30].

A number of animal infection models of anthrax have been de-
scribed that use different routes of inoculation of B. anthracis
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Fig. 3. Protective immunity of EA1 in combination with PA against anthrax. (A) Mice (eight per group) were i.n. administered with rPA (10 lg, open triangle), rEA1 (10 lg,
open rhombus), and rPA and rEA1 (10 lg each, open circle) three times a week together with adjuvant. PBS with adjuvant was used for the controls (closed circle). Mice were
i.p. challenged with virulent B. anthracis spores (4.9 � 103 spores/mouse). Representative results of two independent experiments are shown. (B) Clearance of bacteria in EA1-
immunized mice. The livers, lungs, and spleens of mice were isolated at 2 and 3 days post-challenge. The data are presented as mean (SD). (C) Histology of spleens in
immunized mice (HE stain). (a):PBS, (b):rPA, (c):rEA1, and (d):rPA and rEA1. Arrows indicated bacilli in the tissues. Bars, 200 lm.
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spores. Intraperitoneal route of infection was used to establish a
systemic anthrax in this study. For the study of inhalational
anthrax, an aerosol challenge is a desirable model to reflect the
natural route of infection. The protection effects by EA1 against
inhalational anthrax by aerosol challenge should be elucidated
with further experiments at appropriate specialized facilities
which ensure the laboratory safety associated with fully virulent
strains.

Despite early antibiotic treatment, it has been reported that
inhalational anthrax develops into severe systemic illness. In our
study, rEA1 immunization delayed the onset of disease. These find-
ings suggest that immunization with rEA1 may increase the chance
of successful antibiotic treatment after exposure to B. anthracis
spores. Currently, a full 60-day course of antibiotic treatment in
combination with AVA vaccination is recommended for people
who have been exposed to B. anthracis [31]. Since rEA1 immuniza-
tion effectively eliminates the spore and vegetative forms of the
bacteria, it is possible that rEA1 treatment can be used in combina-
tion with current therapy to shorten the period of prolonged anti-
biotic use. Targeting spores, vegetative cells, and toxins may be
more useful for multiple protections. Our results give insight into
the design of safer mucosal component vaccines to elicit the appro-
priate protective immune response to B. anthracis.
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