
INFECTION AND IMMUNITY, Nov. 2007, p. 5240–5247 Vol. 75, No. 11
0019-9567/07/$08.00�0 doi:10.1128/IAI.00884-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Recombinant Exosporium Protein BclA of Bacillus anthracis Is
Effective as a Booster for Mice Primed with Suboptimal

Amounts of Protective Antigen�

Trupti N. Brahmbhatt,1,2 Stephen C. Darnell,1 Humberto M. Carvalho,1 Patrick Sanz,1 Tae J. Kang,3
Robert L. Bull,2 Susan B. Rasmussen,1 Alan S. Cross,3 and Alison D. O’Brien1*

Department of Microbiology and Immunology, Uniformed Services University of the Health Sciences, 4301 Jones Bridge Road,
Bethesda, Maryland 20814-47991; Naval Medical Research Center, 503 Robert Grant Ave., Silver Spring,

Maryland 209102; and Center for Vaccine Development, Department of Medicine, University of
Maryland School of Medicine, University of Maryland, Baltimore, Maryland 212013

Received 29 June 2007/Returned for modification 23 July 2007/Accepted 17 August 2007

Bacillus collagen-like protein of anthracis (BclA) is an immunodominant glycoprotein located on the
exosporium of Bacillus anthracis. We hypothesized that antibodies to this spore surface antigen are largely
responsible for the augmented immunity to anthrax that has been reported for animals vaccinated with
inactivated spores and protective antigen (PA) compared to vaccination with PA alone. To test this theory, we
first evaluated the capacity of recombinant, histidine-tagged, nonglycosylated BclA (rBclA) given with adjuvant
to protect A/J mice against 10 times the 50% lethal dose of Sterne strain spores introduced subcutaneously.
Although the animals elicited anti-rBclA antibodies and showed a slight but statistically significant prolon-
gation in the mean time to death (MTD), none of the mice survived. Similarly, rabbit anti-rBclA immuno-
globulin G (IgG) administered intraperitoneally to mice before spore inoculation increased the MTD statis-
tically significantly but afforded protection to only 1 of 10 animals. However, all mice that received suboptimal
amounts of recombinant PA and that then received rBclA 2 weeks later survived spore challenge. Additionally,
anti-rBclA IgG, compared to anti-PA IgG, promoted a sevenfold-greater uptake of opsonized spores by mouse
macrophages and markedly decreased intramacrophage spore germination. Since BclA has some sequence
similarity to human collagen, we also tested the extent of binding of anti-rBclA antibodies to human collagen
types I, III, and V and found no discernible cross-reactivity. Taken together, these results support the concept
of rBclA as being a safe and effective boost for a PA-primed individual against anthrax and further suggest that
such rBclA-enhanced protection occurs by the induction of spore-opsonizing and germination-inhibiting
antibodies.

Spores of Bacillus anthracis, the causative agent of anthrax,
are the infectious form of the organism and can persist in soil
in a dormant stage for decades (25). Although herbivores are
the primary reservoir of anthrax, humans can contract anthrax,
albeit rarely, if inoculated with spores cutaneously, orally, or
inhalationally (8). Although anthrax is typically seen only in
individuals involved in certain occupations, the potential for
infection of larger numbers of people by the aerosol route is of
public health concern because of the misuse of B. anthracis
spores that occurred in the United States in 2001 (9).

One way to protect vulnerable individuals and populations
against anthrax is through a strategy of prophylactic immuni-
zation. Currently, the anthrax vaccine adsorbed (AVA) prep-
aration is the only licensed anthrax vaccine for use in the
United States. AVA is comprised of a formalin-treated, alu-
minum salt-adsorbed, cell-free culture filtrate from an attenu-
ated strain of B. anthracis (3). Although AVA is considered to
be safe and effective, the utility of the vaccine is limited by its
availability, reactogenicity, requirement for the administration

of multiple doses (3), and the generally adverse publicity that
the vaccine has received (32). AVA is considered to induce
protection against anthrax primarily through the elicitation of
an immune response to the protective antigen (PA) in the
preparation (31, 32). Indeed, the strongest correlate of immu-
nity to anthrax, although not considered a perfect association,
is the level of antibodies to PA (26). Since PA serves as the
cell-binding component for both edema factor and lethal factor
(10) and because the lethality of anthrax is attributed primarily
to toxemia (as well as septicemia) (25), elicitation of neutral-
izing antibodies to PA is considered to be key to the induction
of immunity to anthrax. For these reasons, the next-generation
anthrax vaccine will be based on PA (31, 32). However, the
extent of protection provided by purified PA or recombinant
PA (rPA) against lethal anthrax infection in several different
animal models has proven to be variable (2, 12, 17, 19, 20, 34,
35). Indeed, findings from two groups (23, 34) strongly indicate
that PA-based vaccines are less protective than live-spore
vaccines against virulent strains of B. anthracis. Moreover,
Brossier and colleagues demonstrated that formaldehyde-in-
activated spores increased the protective efficacy of PA-based
vaccines despite similar anthrax lethal toxin-neutralizing activ-
ities of sera from animals given PA alone versus those given
PA plus formaldehyde-inactivated spores (4). Additionally, at-
tenuated, nontoxinogenic, and nonencapsulated recombinant
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B. anthracis spore vaccines conferred better protection against
lethal anthrax spore challenge than vegetative-cell vaccines (5,
18), observations that support a role for spore-associated an-
tigen(s) in protective immunity. Since whole spore-based vac-
cines are not acceptable for human use in the United States,
one alternative approach might be to incorporate individual
spore antigens as additives or adjuncts to a PA-based vaccine.

To identify the best such spore antigen(s), we elected to first
focus on immunogens that are located on the outermost sur-
face of the spore. B. anthracis spores are covered with a loosely
fitting balloon-like structure called the exosporium from which
hair-like structures project (30). For our study here, we chose
to first examine the major component of those exosporium
appendages, the glycoprotein BclA. BclA stands for bacillus
collagen-like protein of anthracis and was so named because of
similarities in repeat region numbers and amino acid motifs
with collagens. BclA is a particularly attractive target because
the antibody response generated against spores is directed
primarily against this molecule, specifically to its protein and
not carbohydrate constituents (29). Moreover, Hahn et al. re-
cently showed that immunization with a combination of PA-
and BclA-encoding plasmids conferred significantly better pro-
tection than immunization with PA- or BclA-only-encoding
plasmids in outbred mice challenged with the fully virulent
Ames strain of B. anthracis (15).

In this investigation, we discovered that A/J mice immunized
with nonglycosylated BclA (recombinant BclA [rBclA]) alone
or given rabbit anti-rBclA immunoglobulin G (IgG) passively
exhibited a statistically significant increase in mean time to
death (MTD) after challenge with an otherwise lethal dose of
B. anthracis Sterne spores. Furthermore, we observed that
rBclA administered as a boost after primary immunization
with suboptimal amounts of rPA conferred full protection
against lethal anthrax spore challenge of A/J mice. Possibly as
an explanation for this enhanced protection, we also found that
rabbit anti-rBclA IgG enhanced opsonophagocytosis of spores
by murine macrophages and inhibited intramacrophage spore
germination. Lastly, and most critical for any possible future
use of BclA as an anthrax vaccine adjunct or component,
anti-rBclA antibodies did not react with human collagens.

MATERIALS AND METHODS

B. anthracis strain, preparation of spores, and spore surface protein extract
(SSPE). B. anthracis Sterne strain 34F2 was obtained from the Naval Medical
Research Center. B. anthracis was induced to sporulate on Leighton-Doi me-
dium (22). The broth was inoculated with a culture of B. anthracis cells grown
overnight and incubated for 72 h at 30°C with slow agitation. The spores were
harvested by centrifugation and resuspended in and then washed three times
with sterile cold water. Spores were then purified through a Hypaque-76 gradient
(Nycomed, Inc., Princeton, NJ), washed three times in cold sterile water, and
stored at 4°C. Prior to use of spores for challenge of animals, an aliquot of the
purified washed spores was heated at 65°C for 30 min, diluted, and plated onto
trypticase soy agar to obtain viable counts. Since heat treatment kills the vege-
tative form but not the spore form of B. anthracis, the CFU of viable bacilli
recovered after heat treatment reflect the number of spores within the sample.

SSPEs were derived by incubation of 109 spores in 1 ml of buffer that con-
tained 0.1 M L-dithiothreitol, 0.5% sodium dodecyl sulfate, and 0.1 M NaCl (pH
10.0) at 37°C for 2 1/2 h essentially as outlined previously by Aronson and
Fitz-James (1). The spores were then harvested by centrifugation at 16,000 � g
for 10 min, and the supernatant that contained the SSPE was removed and stored
at 4°C.

Preparation of rBclA. Our procedures for the construction of a recombinant
Escherichia coli strain that expresses rBclA with an N-terminal six-histidine tag

and for purification of that protein by nickel affinity chromatography are also
described in detail elsewhere (3a). In brief, we amplified the sequence of bclA
from the Sterne strain by PCR based on primers designed from the sequence of
the Ames strain (National Center for Biotechnology Information [NCBI] web-
site at http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db�nucleotide&val�3026019),
purified the PCR product, inserted the DNA fragment into the expression vector
pET15b (Novagen, San Diego, CA), and then sequenced the gene in the result-
ing recombinant plasmid to verify that no changes had occurred during the PCR
process. A bclA-containing plasmid was then transformed into E. coli BL21(DE3)
pLysS according to the pET system manual (Novagen, San Diego, CA). The BclA
protein with a six-His tag was expressed from that transformant and subjected to
His-Trap nickel affinity column chromatography with the ÁKTA fast-phase liquid
chromatography system (GE Healthcare, Piscataway, NJ).

Rabbit anti-rBclA and anti-PA IgG. Preparation of rabbit anti-rBclA IgG has
also been detailed (3a). Briefly, rabbits were vaccinated multiple times at
monthly intervals with 50 ng of purified rBclA in Freund’s complete adjuvant for
the first inoculation and Freund’s incomplete adjuvant for all subsequent immu-
nizations. IgG fractions of the immune sera were obtained by passage over
protein G columns. These anti-rBclA antibodies recognized rBclA, SSPEs of
spores, and whole spores.

Human anti-PA IgG was prepared by two separate chromatography steps.
First, IgG was isolated from the serum of an individual who had received the
United Kingdom-licensed anthrax vaccine by passage of the serum through a
protein A column (Pierce, Rockford, IL) according to the manufacturer’s in-
structions (21). Second, the anti-PA component of that IgG fraction was isolated
by binding to and elution from a PA affinity column. That affinity column was
prepared by coupling 1 mg of B. anthracis rPA (kindly provided by Les Baillie,
University of Maryland Biotechnology Institute) to 1 ml of EAH Sepharose 4B
(GE Healthcare, Waukesha, WI [formerly Amersham Biosciences]) through a
carbodiimide-mediated coupling reaction. The purified IgG obtained by elution
from the protein A column was cycled three times through the washed PA-EAH
Sepharose 4B affinity column to separate non-PA-specific IgG from PA-specific
IgG. The affinity column was then washed with phosphate-buffered saline (PBS)
(pH 7.4), and PA-specific IgG was eluted from the column with 0.15 M glycine-
HCl (pH 2.5). The acidic fractions were immediately neutralized with 0.15 M
Tris.

Animals, immunization, and challenge. Six- to eight-week-old female A/J mice
were obtained from Jackson Laboratories (Bar Harbor, ME) and quarantined
for 1 week before use. Preimmune serum samples were collected from mice by
tail nicks. The next day, the mice were immunized intraperitoneally with either
PBS (pH 7.4), purified rPA (BEI Sciences, Manassas, VA), or rBclA in PBS
mixed 1:1 with TiterMax Gold, a water-in-oil adjuvant (TiterMax USA Inc.,
Norcross, GA), in a total volume of 100 �l. The mice were bled on day 14 and
boosted as described above on day 15. The mice were bled again on day 28 and
challenged subcutaneously on day 29 with 10 times the 50% lethal dose (LD50)
of Sterne spores (about 104 spores). The animals were then monitored twice daily
for survival through day 15 after challenge.

ELISAs to measure anti-rPA and anti-rBclA antibodies. Enzyme-linked im-
munosorbent assays (ELISAs) were done to assess anti-rPA and anti-rBclA
mouse serum IgG responses. Purified rBclA or rPA (100 ng of each in 100 �l
PBS) were used to coat the wells of a “U”-bottom 96-well microtiter plate
(Thermo Electron Corp., Milford, MA), and the microtiter plates were incubated
at 4°C overnight. The microtiter plates were then washed three times in PBS that
contained 0.05% Tween 20 (PBST), and the sites on the wells to which antigen
had not bound were blocked by incubation overnight at 4°C with 200 �l per well
of PBST that contained 5% dry milk. Microtiter plate wells were washed again
three times with PBST, and 100 �l of a single 1:100 dilution of each mouse pre-
and postimmunization serum sample was then added to the appropriate well of
the plate. Each mouse serum sample was tested in triplicate. The microtiter
plates were then incubated for 2 h at 37°C, after which the wells of the plates
were washed three times with PBST. Next, 100-�l aliquots of the secondary
antibody, goat anti-mouse IgG conjugated to horseradish peroxidase (Bio-Rad,
Hercules, CA) at a dilution of 1:10,000 in PBS, were added to wells that con-
tained mouse serum or positive monoclonal antibodies (see below); the plates
were then incubated at room temperature for 1 h. The secondary antibody was
detected with 3,3�,5,5�-tetramethylbenzidine peroxidase (Bio-Rad, Hercules,
CA), and the microtiter plates were incubated at room temperature for 15 min
to permit color development. One hundred microliters of 1 M H2SO4 was then
added to quench the reaction, and the intensity of the yellow in each well was
measured by measuring the optical density at 450 nm (OD450) in an ELISA
microtiter reader (Microtek; Molecular Devices, Sunnyvale, CA). The average
intensity of the ELISA reading from the 1:100 dilution of each postimmune
serum sample prepared in triplicate was determined after subtracting the average
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OD450 readings of triplicate 1:100 dilutions of preimmune serum from the same
animal. (Note that none of the preimmune serum samples reacted more than
threefold above the background.) The positive controls for the anti-rPA and
anti-rBclA ELISAs were a monoclonal anti-PA antibody (14B7, originally pre-
pared by S. Little and provided by the National Naval Medical Center) (24) and
rabbit anti-rBclA antibody (IgG) diluted 1:5,000 and 1:10,000 in PBS, respec-
tively.

Passive immunization. For the preexposure prophylaxis experiment, 5- to
6-week-old female A/J mice (10 mice per group) were given a single intraperi-
toneally administered dose of either 0.1 ml of PBS, 0.5 mg in 0.1 ml of anti-rBclA
IgG, or normal rabbit IgG 30 to 40 min prior to subcutaneous (back of neck)
challenge with 1 � 104 (�10 LD50s) of B. anthracis Sterne spores. All mice were
observed for survival twice daily for 15 days postchallenge.

Effect of anti-rBclA antibody on uptake and killing of spores. Thioglycolate-
elicited peritoneal macrophages from Crl:CD-1 (ICR) BR mice (Charles River,
Wilmington, ME) were collected, cultured, allowed to rest overnight, and in-
fected with spores at a multiplicity of infection of 1 as detailed elsewhere pre-
viously (21); the number of macrophage-associated B. anthracis spores was de-
termined as described previously (21). Reagents used for these studies included
RPMI 1640 (Gibco-BRL, Frederick, MD), fetal bovine serum (Atlanta Biologi-
cals, Lawrenceville, GA), gentamicin, and PBS (both purchased from Biosource
International, Rockville, MD). Thioglycolate Medium, Brewer Modified, was
obtained from Becton Dickinson (Cockeysville, MD). For these experiments,
spores were mixed in 100-�l aliquots (106 spores) with an equal volume of 40
�g/ml of anti-rBclA IgG or anti-rPA IgG in RPMI or 100 �l RPMI alone and
incubated at 4°C for 30 min on a rotator. Opsonized spores were then added to
the macrophages. The infected macrophages were then incubated at 37°C in 5%
CO2 for 30 min to allow phagocytosis of the treated spores to occur in RPMI
medium without fetal bovine serum or antibiotics. As an additional control,
spores were mixed, as described above, with 20 �l of complement (baby rabbit
complement; Cedarlane, Westbury, NY) and then added to the macrophages.
The infected macrophages were washed and incubated for another 30 min in the
presence of gentamicin to kill any extracellular vegetative B. anthracis. The
macrophages were then washed further and lysed with cold distilled water, and
viable CFU were determined. Aliquots from each sample were also incubated at
65°C for 30 min prior to plate counting to ascertain the number of ungerminated
intracellular spores. Additional experiments, in which intracellular germination
of spores was monitored in macrophages incubated in the presence of gentamicin
for an additional 4 or 24 h, were also done.

Study of cross-reactivity of rBclA with human collagens. An ELISA was
designed to assess any cross-reactivity between BclA and human collagen types
I, III, and V. For this purpose, purified rBclA, SSPEs, whole spores, or human
collagen type I, type III, or type V (100 ng in 100 �l PBS) was used to coat the
wells of a U-bottom 96-well microtiter plate (Thermo Electron Corp., Milford,
MA). These microtiter plates were incubated at 4°C overnight. The next day, the
plates were washed three times in PBST, and the wells were the blocked over-
night at 4°C with 200 �l per well of PBST that contained 5% dry milk. Primary
antibodies for this ELISA included an anti-BclA monoclonal antibody (EG4;
Critical Reagent Program, U.S. Department of Defense), rabbit anti-rBclA IgG
(as described above), an anti-spore rabbit polyclonal antibody (designated 733
and kindly provided by Susan Welkos, USAMRIID) that recognizes primar-
ily BclA, and rabbit anti-human collagen type I, III, and V sera (Chemicon,
Temecula, CA). Dilutions of these antibodies (1:10,000 for anti-human collagen
types I and V, anti-rBclA IgG, and 733 and 1:5,000 for anti-human collagen type
III and EG4) were added to the appropriate wells, and the microtiter plates were
incubated for 2 h at 37°C. Antibody dilutions were selected based on the man-
ufacturer’s recommendations (the anti-collagen antibodies) or because they were
several dilutions below the titer against the homologous immunogen (for exam-
ple, an anti-rBclA IgG ELISA titer against rBclA of �1:200,000). The wells of
the plates were then washed three times with PBST. Next, 100 �l of the appro-
priate secondary antibody, goat anti-mouse or goat anti-rabbit IgG conjugated to
horseradish peroxidase, was added at a dilution of 1:10,000 in PBS, and the plates
were incubated at room temperature for 1 h. Substrate addition and color
development were performed as detailed above in the description of the anti-
rBclA and anti-rPA ELISA.

RESULTS

Recombinant BclA is immunogenic but not protective, when
given alone, against spore challenge. We initiated our search
for a recombinant spore protein that might serve as an additive
to or a booster for a PA-based vaccine by focusing on rBclA.

Our reasons for this selection were twofold. First, BclA is the
most immunogenic protein on the spore surface (28). Second,
BclA is in the outermost substance on the exosporium and,
therefore, most readily targeted by the host immune system.

When rBclA was injected intraperitoneally into A/J mice
with Titermax Gold, all animals developed a strong antibody
response as measured by ELISA (average OD450 reading for
six mice by ELISA of 1.6 [range, 1.0 to 2.1]). However, when
the same group of animals was challenged with 10 LD50s of
Sterne strain spores, none of the animals survived, although
the MTD was slightly but statistically significantly prolonged
compared to those of unimmunized controls (Fig. 1). Thus,
rBclA alone, although immunogenic, cannot function as a vac-
cine to protect against anthrax in this animal model.

Preexposure passive therapy with high-titer rabbit anti-
rBclA IgG prolongs MTD of spore-challenged mice. We then
asked whether anti-rBclA could protect or increase the MTD
when given immediately prior to spore challenge. Three groups
of 10 mice each were intraperitoneally injected with PBS, 0.5
mg of normal IgG derived from rabbit serum, or anti-rBclA
IgG. After a 30- to 40-min interval, these mice were challenged
subcutaneously with 10 times the lethal dose of B. anthracis
Sterne strain spores (1 � 104 spores). All of the control mice
(one group given PBS and one group given normal rabbit
serum IgG) died by day 6 (MTD of 4.3 days for both control
groups), but the mice injected with anti-rBclA IgG survived
statistically significantly longer (MTD of 6.8 days [P � 0.0002
as determined by the Kaplan-Meier test]) than did either of the
control groups. In fact, 1 of 10 mice administered rabbit anti-
rBclA IgG was alive at the time (15 days) that the study was
terminated (Fig. 2). Thus, our findings from both active im-
munization with rBclA and passive administration of anti-
rBclA IgG indicate that anti-rBclA antibodies extend the sur-
vival of mice challenged with anthrax spores.

Priming with suboptimal levels of PA followed by rBclA fully
protects mice from spore challenge. Next, we sought to assess
whether mice immunized with a suboptimal concentration of rPA
could be protected from anthrax spore challenge by the incorpo-
ration of rBclA into the immunization schedule. For that purpose,

FIG. 1. Time to death of A/J mice after immunization with rBclA
(alone) followed 4 weeks later by subcutaneous challenge with 10
LD50s of B. anthracis Sterne strain 34F2 spores (�104 spores). The
MTD for the vaccinated group was 4.8 days; the MTD for the group
given PBS (mixed 1:1 with Titermax) was 4.1 days. This difference in
the MTD was statistically significant (P � 0.0045) by the Kaplan-Meier
test. The average anti-rBclA ELISA OD450 response for a 1:100 serum
dilution of the rBclA-immunized mouse group was 1.6 (data not
shown).
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we first immunized groups of mice with different concentrations
of rPA and challenged them with spores. We determined that a
single 50-ng dose of rPA protected approximately 50% of the
mice (data not shown) upon spore challenge. We then immunized
mice with 50 ng of rPA (the suboptimal dose) and 10 �g rBclA.
When given with rBclA, rPA-immunized mice did not elicit the
same ELISA OD450 intensity of anti-rPA antibodies as they
did when rPA was given alone (the average anti-rPA OD450

reading when rPA was given alone was 1.5; the average OD450

reading when rPA was given with rBclA was 1.1). Also, and
perhaps because of the less intense rPA antibody response, the
mice that were immunized with both antigens simultaneously
were not protected from anthrax spore challenge (0/10 survivors).
Next, we immunized mice with rPA and administered a booster
with rBclA at 2 weeks. When this immunization schedule was
followed, the mice developed an adequate antibody response to
rPA (Fig. 3A) as well as antibodies to rBclA (Fig. 3B), and, most
importantly, the animals were fully protected (Fig. 3C). This
rBclA-mediated boost in protection compared to protection of
mice given suboptimal amounts of rPA alone was statistically
significant (P � 0.001). Therefore, we conclude that immuniza-
tion with suboptimal amounts of the vegetative antigen PA fol-
lowed by a boost with the exosporium antigen rBclA is a protec-
tive anthrax vaccine regimen in this mouse model.

Inhibitory effect of anti-rBclA antibody on germination in
macrophages. B. anthracis spores are believed to germinate
within macrophages (14, 16). Since anti-rBclA antibodies are
directed against the outermost component of the exosporium,
such antibodies might contribute to protection against anthrax
by functioning as opsonins that increase the uptake and per-
haps even killing of spores in macrophages. To test this theory,
we studied the effect of anti-rBclA IgG on the opsonization
and germination of spores in mouse peritoneal macrophages.
The macrophages were cultured with B. anthracis Sterne
spores (multiplicity of infection of 1) in the presence of 40 �g
of anti-rBclA IgG or anti-PA IgG as a control. Anti-rBclA IgG

FIG. 3. Protection of A/J mice primed with suboptimal amounts of PA
(mixed 1:1 with Titermax) and boosted with rBclA (mixed 1:1 with Titermax)
from subcutaneous challenge with 10 LD50s of B. anthracis Sterne strain 34F2
spores (�104 spores). A/J mice were injected with 50 ng of rPA or PBS as a
control (each mixed 1:1 with Titermax), which was followed 2 weeks later with
PBS or 10 �g of rBclA (each mixed 1:1 with Titermax). Spores were admin-
istered 2 weeks after the rBclA or PBS boost. (A and B) Individual mouse
antibody ELISA OD450 responses against rPA (A) or rBclA (B). (C) Survival
curve after subcutaneous challenge with 10 LD50s of B. anthracis Sterne strain
34F2 spores (�104 spores) (P � 0.001). Each circle represents the average of
triplicate OD450 values of a 1:100 dilution of postimmune serum from which
average preimmune values were subtracted for that mouse. Horizontal bars
represent the average OD450 reading of that immunization group.

FIG. 2. Impact of administration of rabbit anti-rBclA IgG given 1 h
before subcutaneous challenge of A/J mice with 10 LD50s of B. an-
thracis Sterne strain 34F2 spores (�104 spores) on animal survival. The
MTD of mice given PBS or passively administrated normal rabbit IgG
before spore challenge was 4.3 days for each group, compared to 6.8
days for mice that received rabbit anti-rBclA IgG. This difference in
MTD was statistically significant as assessed by the Kaplan-Meier test
(P � 0.0002).
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increased spore uptake by macrophages sevenfold over that of
anti-PA IgG under our experimental conditions (Fig. 4A).
Moreover, the degree of spore germination within 1 h (i.e., an
initial period of 30 min to permit uptake of spores by the
macrophages and an additional 30 min for incubation of the
infected macrophages in medium with gentamicin to kill any
extracellular B. anthracis) was assessed by heat treatment of
the samples obtained. In the macrophages exposed to spores
treated with anti-PA IgG, intracellular germinated spores rep-
resented approximately 40% of the total interacting spores and
were not different than untreated- or complement-treated
spores (Fig. 4B). However, in the macrophages exposed to
spores mixed with anti-rBclA IgG, only 10% of the phagocy-
tized spores germinated (Fig. 4B). Furthermore, as shown in
Fig. 4C, intracellular germination of spores opsonized with
anti-rBclA IgG remained minimal in macrophages cultured for
4 and for 24 h (germination of intracellular spores/vegetative
outgrowth, as assessed by heat-sensitive bacterial counts over
total counts, were 2% and 3%, respectively, at those time
points) compared to that of spores treated with anti-PA IgG
(26% and 6% for 4 and 24 h of macrophage incubation, re-
spectively). These results indicate that anti-rBclA IgG has both
an opsonizing effect and a sustained germination-inhibiting
effect on spores within macrophages maintained in vitro.

Lack of cross-reactivity between BclA and human collagens.
Although BclA does not have overall amino acid similarity to
human collagen, this exosporium glycoprotein does contain
repeated sequences of amino acids that resemble motifs found
in human collagen. Indeed, the name bacillus collagen-like
protein of anthracis was derived based on these similarities. To
address the possibility that BclA and human collagens are
cross-reactive, a finding that would rule out any use of the
exosporium antigen in a next-generation anthrax vaccine, we
did a series of ELISA tests. We found that antibodies made by
the inoculation of spores or rBclA did not cross-react with
human collagen (Fig. 5A), nor did anti-human collagen (types
I, III, and V) antibodies bind to spores, SSPE, or rBclA (Fig.
5B). We surmise that the administration of rBclA to humans
should not lead to an autoimmune response to collagens.

DISCUSSION

The major finding in this study was that a specific spore
surface antigen, rBclA, augmented the protection afforded by
rPA against anthrax in a mouse model. The supplementary
protection provided by boosting rPA-primed mice with rBclA
correlated with the capacity of active immunization with rBclA
or passive administration of anti-rBclA rabbit IgG to prolong
the MTD of spore-challenged mice. Furthermore, an explana-
tion of the impact of rBclA IgG on immunity was provided by
the observation that such antibodies enhance the opsono-
phagocytosis of spores by mouse macrophages while concom-
itantly decreasing intracellular spore germination. The impor-
tance of the latter observation cannot be overstated because
spore germination within macrophages is considered to be a
key step in the pathogenesis of anthrax. In support of the
possible use of this spore surface-based antigen as a boost for
a PA-based antianthrax vaccine for humans, we detected little
or no cross-reactivity between rBclA and human collagen types
I, III, and V.

FIG. 4. Enhanced opsonophagocytosis and killing of B. anthracis
Sterne strain 34F2 spores by mouse peritoneal macrophages when
spores were incubated with rBclA IgG. (A) Uptake of spores treated
with either anti-PA IgG, anti-rBclA IgG, complement, or nothing by
macrophages after 1 h of incubation. (B) Intracellular germination of
spores treated as described above after 1 h of incubation with macro-
phages. (C) Intramacrophage germination of treated spores over time
(1-h time point shown in B is included here for estimation of rates).
Data in A to C were obtained from three independent experiments,
each done in duplicate. Data in A and B are shown as means �
standard deviations of values.
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Our observation that anti-rBclA IgG led to a prolongation in
the MTD of anthrax spore-challenged mice is consistent with
data from a recent report by Enkhtuya et al. (11). Those
investigators demonstrated protection of mice from anthrax by
passive immunization of the animals with anti-spore IgG iso-
lated from immune sera of rabbits inoculated multiple times
with formalin-fixed spores of a nonencapsulated, nontoxino-
genic B. anthracis mutant strain. By Western blotting, those
antispore antibodies recognized a number of spore surface
antigens (11), and one of the immunoreactive proteins was
consistent in mass with glycosylated BclA (�250 kDa). We
speculate that part if not most of the dose-dependent protec-
tion against anthrax spore challenge afforded the mice pas-
sively immunized with anti-spore IgG in the investigation by
Enkhtuya and colleagues (11) likely resulted from the anti-
BclA component of that IgG.

The mechanism by which our anti-rBclA IgG prolonged the
survival of B. anthracis spore-challenged mice was not defined
in this study. Nevertheless, based on our in vitro data that
showed enhanced uptake and reduced spore germination
within murine macrophages after opsonization with this IgG,
we propose the following model. Anti-rBclA antibodies bind to
the hair-like structures on the outside of spores and act as
opsonins to enhance spore uptake by phagocytic cells. Within
the macrophages, the tightly bound antibodies to BclA hin-
der the access of germinants to germinant receptors and
decrease the extent of spore germination. In turn, such an
anti-rBclA IgG-mediated reduction in intramacrophage spore
germination leads to a delay in vegetative cell formation and,
consequently, a later onset of lethal and edema toxin produc-
tion and a subsequent extension of the time until death. In fact,
we speculate that if enough antibodies were given before chal-
lenge, one might see survival of a substantial fraction of chal-
lenged animals, as did Enkhtuya and coworkers when they
administered 0.5 mg anti-spore IgG per mouse (11). The ob-
servations of Enkhtuya et al., that anti-spore IgG is opsonic
and promotes a reduction in germination of spores in macro-
phages, are strikingly similar to our results in comparable as-
says with anti-rBclA IgG. Again, the anti-spore IgG used by
Enkhtuya et al. and coworkers appeared to recognize BclA and
therefore had an anti-BclA component. Lastly, Welkos et al.
previously showed that antispore serum reduces the extent of
germination in vitro (34). Therefore, our results, taken with the
previously described observations of Enkhtuya et al. and
Welkos and colleagues, support the idea that antispore anti-
bodies, particularly those directed against the outermost com-
ponent of the exosporium, can reduce the total load of spores
capable of germinating to become toxin-expressing vegetative
cells and/or delay the onset of germination.

Our findings with anti-PA IgG as an opsonin of Sterne strain
spores reveal, at most, a small antigerminating effect at 24 h
(but not 1 or 4 h) of incubation of anti-PA IgG-treated spores
in thioglycolate-elicited peritoneal murine macrophages com-
pared to untreated spores ingested by the same type of mac-
rophages (Fig. 4C). The absence of a significant impact of
anti-PA IgG on intramacrophage spore germination is in con-
trast to a report by Cote and colleagues (6), who showed that
anti-PA antibodies enhanced the uptake and germination of
Ames spores by RAW 264.7 murine macrophages. The reasons
for the discrepancy between their results and ours is not clear
but may reflect variations in methods or reagents used by the
two groups, e.g., spore strain, method of spore preparation, or
type of macrophage used in the assay. Our data are, however,
consistent with previous reports from one of us (21, 27, 33),
who used the same type of macrophages and anti-spore-ger-
mination assay system that was employed in this investigation.
Regardless of the reasons for the discordance of our results
with those of the previous report by Cote and coworkers (6) on
the antigerminating capacity of anti-PA antibodies, the find-
ings here indicate that anti-rBclA IgG is a much more effective
spore opsonin and antigermination inducer in macrophages
than is anti-PA IgG.

Immunization with rBclA led to a slight but significant pro-
longation in MTD after spore challenge of A/J mice, but that
immunogen alone was not protective. The failure to fully pro-
tect animals with such a spore surface-based antigen is not

FIG. 5. Absence of cross-reactivity between anti-rBclA antibodies
and human collagen. (A) Anti-human-collagen (types I, III, and V)
antibodies did not bind to spores, SSPE, or rBclA. (B) Antibodies
made by inoculation of spores or rBclA did not cross-react with human
collagen types I, III, and V. Abbreviations: RPAb, anti-rBclA rabbit
polyclonal antibody; �I, anti-collagen I antibody; �III, anti-collagen III
antibody; �V, anti-collagen V antibody; 733, rabbit antispore antibody;
EG4, monoclonal anti-BclA antibody. Samples were tested in tripli-
cate. Bars shown are means � standard deviations of values.
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surprising given the requirement in most animal model systems
to stimulate antitoxin immunity through inoculation with PA,
the cell-binding component for edema factor and lethal factor
(4). Our ability to protect mice by first immunizing them with
suboptimal doses of PA supports the observation by Brossier et
al., who reported previously that 100% of mice immunized
with PA and formaldehyde-inactivated spores were spared
from an otherwise lethal challenge with anthrax spores (4).
Additionally, and more directly related to our findings, Hahn
and colleagues reported that immunization with a combination
of PA- and BclA-encoding DNA led to significantly better
survival of outbred NMRI mice challenged with fully virulent
Ames strain spores than did immunization with only PA- or
only BclA-encoding plasmids (15). Nevertheless, the best pro-
tection afforded mice in that study was seen with live Sterne
strain spores (avirulent for the NMRI mice that they used in
their study) and rPA. That observation not withstanding,
Sterne spores, whether live or irradiated, are not likely to be a
component of any future anthrax vaccine for use in humans in
the United States.

Although the methodology used by Hahn and colleagues
(15) differed from ours in several ways, i.e., type of immunogen
employed (DNA-based versus protein-based vaccine), sensitiv-
ity of animal model (NMRI mice versus A/J mice), and rigor of
challenge (Ames versus Sterne), their findings and ours led to
the same conclusion: rBclA augments PA-based protection
against anthrax spore challenge in a sensitive animal system.
One major difference between our data and theirs is that we
observed an rBclA-mediated additive protective effect only
when we gave that immunogen after inoculation of suboptimal
concentrations of rPA. (Note that we used suboptimal doses of
rPA so as to see augmentation of protection; a single higher
dose of rPA in A/J mice is protective.) In fact, when we im-
munized mice with 50 ng of rPA and 10 �g of rBclA together,
the average anti-rPA antibody reactivity, as measured by
OD450 in an ELISA, was lower than the anti-rPA antibody
response from mice given rPA alone. We interpreted that
result to mean that the coadministration of such different con-
centrations of rPA and rBclA dampened the PA response.
Although we did try a number of different regimens (lower
doses of rBclA [0.1 to 5 �g]) (data not shown) given simulta-
neously with 50 ng of rPA, none of the schemes worked as well
as our protocol of priming with suboptimal PA and boosting
with rBclA. With this immunization strategy, we not only ob-
served higher antibody responses to rPA but also saw full
protection of mice. One potential means of reducing the level
of BclA needed (and then perhaps vaccinating concomitantly
with PA) is to substitute rBclA with the native glycosylated
form of the immunogen expressed from B. anthracis. We have
initiated studies to express and purify such an immunogen, and
we also intend to assess the degree of protection afforded by
vaccination of more resistant mice than the A/J strain with
rBclA or glycosylated rBclA and PA followed by challenge with
the fully virulent Ames strain.

For several autoimmune diseases, and specifically rheuma-
toid arthritis and systemic lupus erythematosus, common
themes are the abnormal appearance of collagen within dis-
eased sites and the presence of anticollagen antibodies in the
patient’s serum (13). Moreover, autoimmune diseases can be
induced in experimental animals after exposure to collagen (7).

Since BclA shares some sequence patterns with human colla-
gens, we asked whether any anti-human-collagen antibodies
might be elicited by inoculation of animals with rBclA. We
found no evidence that antispore or anti-rBclA antibodies
cross-reacted with human collagen type I, III, or V. We also
observed no reactivity between anti-human-collagen antibod-
ies obtained commercially and whole spores, SSPEs, or rBclA.
In sum, rBclA appears to be a safe spore-associated antigen
that could serve as a PA-based vaccine boost or, if conditions
for PA and rBclA coadministration can be developed, perhaps
even an additional component of a PA vaccine.
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