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A search for bacterium-specific biomarkers in peripheral blood following infection with Bacillus anthracis
was carried out with rabbits, using a battery of specific antibodies generated by DNA vaccination against 10
preselected highly immunogenic bacterial antigens which were identified previously by a genomic/proteomic/
serologic screen of the B. anthracis secretome. Detection of infection biomarkers in the circulation of infected
rabbits could be achieved only after removal of highly abundant serum proteins by chromatography using a
random-ligand affinity column. Besides the toxin component protective antigen, the following three secreted
proteins were detected in the circulation of infected animals: the chaperone and protease HtrA (BA3660), an
NIpC/P60 endopeptidase (BA1952), and a protein of unknown function harboring two SH3 (Src homology 3)
domains (BA0796). The three proteins could be detected in plasma samples from infected animals exhibiting
10° to 10° CFU/ml blood and also in standard blood cultures at 3 to 6 h post-bacterial inoculation at a
bacteremic level as low as 10> CFU/ml. Furthermore, the three biomarkers appear to be present only in the
secretome of B. anthracis, not in those of the related pathogens B. thuringiensis and B. cereus. To the best of our
knowledge, this is the first report of direct detection of B. anthracis-specific proteins, other than the toxin

components, in the circulation of infected animals.

The gram-positive spore-forming bacterium Bacillus anthra-
cis is the causative agent of anthrax, a rare fatal disease which
is initiated, in its most severe form, by inhalation of spores.
Due to the severity of the disease, the ease of respiratory
infection, and the extreme resistance of the spores to unfa-
vorable environmental conditions, B. anthracis is considered
a potential biological warfare agent (for a review, see ref-
erences 8, 10, 35, 56, and 62), and in recent years, the need
for novel reliable diagnostic approaches, improved vaccina-
tion strategies, novel therapeutic targets, and a better un-
derstanding of the pathogenesis of anthrax has been widely
acknowledged.

Inhaled B. anthracis spores are taken up by alveolar macro-
phages and germinate into vegetative bacilli which eventually
invade the bloodstream, where they multiply massively and
secrete toxins and virulence factors. Anthrax is toxinogenic in
the sense that the bacterial binary exotoxin is necessary for the
onset of the disease (54), yet other factors may be required for
the colonization and expansion of bacteria in the host (15, 18,
31, 32, 37, 46, 65, 66, 70, 83). The toxin is composed of the
following three proteins: protective antigen (PA), which me-
diates binding to the receptor on target cells and internaliza-
tion of the toxin components (14, 74); lethal factor, a zinc
protease targeting several mitogen-activated protein kinases
(52); and edema factor (EF), a calmodulin-dependent adenyl-
ate cyclase (55, 57). The genes encoding the three exotoxin
components are located on the native virulence plasmid pXO1.
Genes encoding proteins with functions involved in the syn-
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thesis of the second major B. anthracis virulence determinant,
an immunologically inert polyglutamyl capsule that protects
bacteria from phagocytosis, are located on a second native
virulence plasmid, pXO2 (56).

In humans, the initial symptoms of inhalation anthrax are
nonspecific and reminiscent of influenza-like upper respiratory
tract infections. The second stage is characterized by high
fever, respiratory failure, dyspnea, and shock. Unless patients
are treated promptly, death occurs within 24 h of the onset of
the second stage, preceded by massive bacteremia (27, 34, 73,
76). The mandatory treatment for anthrax is based on admin-
istration of antibiotics (17, 76), yet study of the disease in
animal models has clearly established that the time of antibi-
otic administration postinfection is crucial for the effectiveness
of the treatment, strongly supporting the importance of rapid
diagnosis (2, 47, 48). At present, due to the severity of the
disease and its rapid progression, treatment is administered to
each person with confirmed contact with contaminated areas
(76).

Early accurate diagnosis of anthrax is complicated by the
rarity of the disease and the nonspecific nature of the symp-
toms. Microbiologic identification of anthrax is based on the
nonhemolytic nature of the typically white-gray colonies and
the rod morphology of the gram-positive nonmotile bacilli
detected in clinical samples or blood cultures (16, 19, 30, 73,
78). Immunofluorescence and immunohistochemistry targeted
to bacterial proteins are not routinely conducted. Later in the
course of the disease, seroconversion in response to the various
components of the toxin may serve only as a retrospective
confirmation of initial exposure. With the advent of genetic
methodologies, B. anthracis in cultures inoculated with clinical
and forensic samples can be detected specifically and accu-
rately by PCR, usually designed to amplify genes located on
the native virulence plasmids (30). Recently, the use of PA as
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a disease biomarker was suggested, owing to the presence of
this protein in detectable amounts in the circulation of infected
animals (53, 71). EF and lethal factor can be detected in the
circulation only at later stages of infection (30).

In recent years, the search for novel biomarkers of disease,
including bacterial infections, has exploited the approach of
global biological inspection based on functional genomic or
proteomic studies (64, 85). We previously documented such
global surveys, combined with a serological study of B. anthra-
cis (5, 6, 20, 21, 22, 38, 39), for identification of vaccine and
diagnostic marker candidates among extracellular (secreted or
membranal) proteins. These studies indeed revealed a list of
proteins that can serve as potential biomarkers, based on their
immunogenicity (which probes their in vivo expression), abun-
dance under various culture conditions, and functional relat-
edness to infection. In the present study, the search was ex-
tended by directly addressing the presence of bacterial secreted
proteins in the circulation of B. anthracis-infected rabbits, us-
ing specific antibodies generated by DNA vaccination against
the previously selected immunogenic proteins. Visualization of
bacterial proteins in the circulation of infected animals was
achieved only following depletion of highly abundant serum
proteins by an affinity chromatography protocol. The search
enabled the successful detection, in addition to PA, of three
secreted proteins uniquely expressed by B. anthracis, i.e., HtrA
(BA3660), the BA1952 endopeptidase, and a protein of un-
known function (BA0796). All of these proteins are potential
virulence-related factors. This is the first communication of the
presence of B. anthracis secreted proteins other than the bac-
terial toxin in the circulation of infected animals, and their
identification strongly supports the validity of the reductional
screening approach for selection of disease biomarkers.

MATERIALS AND METHODS

Bacterial strains. The B. anthracis strains used in this study were the fully
virulent Vollum strain (pXO1* pXO2") (ATCC 14578) and the attenuated
strains AVollum (lacking pXO1 and pXO2) and A14185-HtrA (also lacking
pXO1 and pXO02). The latter represents an engineered strain overexpressing and
secreting large amounts of the serine protease HtrA (TIGR tag BA3660). Ex-
pression is driven by the Sap promoter, following transfection of the A14185
strain with the appropriate expression vector. The A14185 platform strain is a
pXO1-deleted derivative of the nonproteolytic vaccine strain V770-NP1-R (84),
referred to by its ATCC accession number, ATCC 14185. The platform strain, as
well as the repertoire of plasmid vectors appropriate for heterologous overex-
pression of B. anthracis antigens, has been described previously (24, 36, 40, 60).
Other bacterial cultures used were Bacillus cereus 14579, Bacillus thuringiensis
subsp. israeliensis ATCC 35646, and Bacillus subtilis strain 168. All bacterial
cultures were carried out in FAG medium (24) at 37°C with vigorous shaking
(250 rpm).

1D-SDS-PAGE and two-dimensional electrophoresis (2DE). For one-dimen-
sional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (1D-SDS-
PAGE), samples were mixed with Laemmli sample buffer (2% SDS, 700 mM
B-mercaptoethanol; Bio-Rad) and boiled for 5 min before being loaded into gels.
For Western analysis of bacterial secreted proteins present in the FAG medium
culture, the centrifuged (30 min, 5,000 rpm [for removal of cells]) culture super-
natants were filtered through 0.45-mm polystyrene membranes (Corning).

For 2DE analysis, urea buffer, containing 8 M urea, 4% (wt/vol) 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM Tris,
2% dithiothreitol (DTT), and 0.2% (wt/vol) Bio-Lyte 3/10 (Bio-Rad), was added
to the protein mixtures (1:1) and loaded onto 11-cm immobilized-pH-gradient
strips (nonlinear, pH 3 to 10; Bio-Rad) overnight. First-dimension isoelectric
focusing was carried out at 10,000 V to a total of 50,000 V-h, initiated by a slow
step at 250 V for 30 min. Strips were then processed for the second-dimension
separation by a 10-min incubation in 6 M urea, 2% SDS, 0.375 M Tris-HCI (pH
8.8), 20% glycerol, and 2% (wt/vol) DTT, followed by 10 min of incubation in a
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similar solution in which the DTT was replaced by 2% iodoacetamide. Strips
were applied to 12.5% SDS-PAGE gels, and electrophoresis was carried out in
a Bio-Rad gel running system. Gels were stained with SeeBand Forte Coomassie
staining solution (GeVa, Beit Haemek, Israel) or transferred to a nitrocellulose
membrane for Western blot analysis.

Hyperimmune anti-B. anthracis antiserum and antibodies specific for the
products of individual genes. The guinea pig hyperimmune anti-B. anthracis
antiserum used in this study as a probe for visualization of B. anthracis exposed
antigens on Western blots was described previously (22, 38). This serum was
collected from animals infected with 107 spores of the highly attenuated mntA-
negative mutant derived from the Vollum strain (37).

Antibodies against HtrA (BA3660), NLP/P60 (BA1952), BA0799, BA3367,
BA0796, BA4787, BA089S, BA(0345, BA1295, and BA5427 proteins were gen-
erated by DNA vaccination as previously described (22, 38, 45). In brief, indi-
vidual open reading frames (ORFs) were cloned into the eukaryotic expression
vector pCI (Promega), which carries the eukaryotic cytomegalovirus promoter, a
recombinant chimeric intron, and the simian virus 40 polyadenylation signal for
efficient expression in mammalian cells, in addition to the T7 promoter for in
vitro transcription and translation (38, 39, 45). Plasmid DNA for gene gun
immunization was prepared by an alkaline lysis method followed by CsCl gradi-
ent centrifugation. The purified DNA preparations were solubilized in pyrogen-
free water and kept frozen. Immunization protocols using gene gun vaccination
(Helios gene gun system; Bio-Rad) were performed essentially as described
before (38, 45). The protocol included three or four immunizations of mice (22-
to 26-g females; ICR, Charles River Laboratories, Margate, United Kingdom) at
2-week intervals. Each DNA vaccination group included 10 experimental ani-
mals. Animals were bled from the tail for serum collection following each booster
and by cardiac puncture for the final bleed. The specificity and potency of the
immune response elicited in the animals following DNA immunization were
determined by quantitative immunoprecipitation titration (data not shown) for
the respective ORFs investigated, using in vitro-transcribed and -translated prod-
ucts as previously described (39). The antibodies were also tested for specificity
by Western blot analysis using total bacterial cell extracts or fractions enriched in
secreted proteins (22, 38, 39).

Generation of rabbit sera exhibiting various levels of bacteremia. New Zea-
land White rabbits (2.5 to 3.5 kg; Harlan, Israel) were infected with B. anthracis
strain Vollum by subcutaneous administration of 15 50% lethal doses (LDs),
150 LDsy, or 1,500 LDs, (1 LDs, = 10 spores). Serum was collected at 24 h and
36 h postinfection. Blood samples were either treated with sodium citrate and
then serially diluted for determination of bacteremia or centrifuged in Becton
Dickinson (BD) Vacutainer tubes for removal of the cellular fraction from
serum. The bacteremic level of each individual blood sample was determined by
plating serial dilutions and colony counting. Sera collected from rabbits infected
by the intranasal route of administration with B. anthracis spores of the Vollum
strain and exhibiting a bacteremic level of 107 CFU/ml were kindly provided by
Zeev Altboum (53).

Blood cultures. Ten milliliters of rabbit whole blood was collected into a
sodium citrate tube, transferred to a blood culture bottle (final volume, 25 ml)
(Bactec; BD), and incubated at 37°C. B. anthracis cells (final bacteremia level,
10° CFU/ml) were inoculated into each bottle. Culture samples (1 ml) were
taken every 1 h for CFU counts (100-pl samples in decimal dilutions were plated
on LB plates overnight at 37°C) and for Western blot analysis (900 wl). Culture
samples were centrifuged at 1,800 X g and 4°C for 2 min in Microtainer (BD)
tubes for removal of red blood cells. The serum samples were subjected directly
to Western blot analysis.

Enrichment of scarce proteins in serum by use of Proteominer affinity chro-
matography column. The Proteominer (Bio-Rad) procedure is based on affinity
chromatography of a complex mixture of proteins, using a combinatorial library
of hexapeptides immobilized on beads. This procedure reduces the dynamic
range of protein concentrations in the sample by means of an enhanced relative
capacity for scarce proteins and rapid saturation of abundant protein ligands.
One milliliter of serum was loaded on each Proteominer column, which was
processed according to the manufacturer’s directions. Elution of bound proteins
was performed using a solution containing 300 pl 4 M urea, 1% CHAPS, and 5%
acetic acid. Samples were neutralized with 4 M sodium carbonate to pH 7 to 8
and purified using a 2D cleanup kit (Bio-Rad) prior to further analysis.

Quantification of PA by ELISA. PA levels were determined by a capture
enzyme-linked immunosorbent assay (ELISA) performed in 96-well microtiter
plates (Nunc, Roskilde, Denmark), with purified PA (69) as a reference stan-
dard, as previously described (36). ELISA was carried out using the following
antibodies: 100 pwg/ml anti-PA rabbit serum for capture (plate coating) and 100
pg/ml anti-PA mouse serum for detection. The assay was developed with alkaline
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phosphatase-conjugated goat anti-mouse immunoglobulin G (Sigma) and visu-
alized using the appropriate alkaline phosphatase reagent.

Partial purification of recombinant HtrA, generation of rabbit anti-HtrA
antibodies, and quantification of HtrA by capture ELISA. Recombinant HtrA
synthesized and secreted by the B. anthracis A14185-HtrA strain was harvested
from the filtered (0.22-wm filter system; Corning, NY) supernatants of 20-h FAG
medium cultures (which typically contain 40 to 60% recombinant HtrA) by 15%
trichloroacetic acid precipitation carried out by incubation at 4°C for at least 8 h,
followed by Sorvall centrifugation (>10,000 rpm, 25 min, 1°C; SLA-1500 rotor).
The proteinaceous pellet was resuspended in a 20 times smaller volume (than the
initial culture volume) of phosphate-buffered saline (PBS) by vigorous scraping
and then recentrifuged for removal of undissolved material. The resulting clear
supernatant, typically consisting of more than 90% recombinant HtrA at a final
concentration of 0.6 to 0.8 mg/ml, was divided into aliquots and stored at —70°C
until use. New Zealand White female rabbits (3 kg) were immunized by four
consecutive subcutaneous injections, at 3-week intervals, of 0.5 mg HtrA, emul-
sified with complete Freund’s adjuvant (Sigma) for the first injection and with
incomplete Freund’s adjuvant for the subsequent boosting. The presence of
specific anti-HtrA antibodies was monitored 12 days after each booster by West-
ern blot analysis to examine reactivity with the material used for immunization
and for detection of the specific HtrA band in the supernatants of B. anthracis
cultures. Rabbits were sacrificed and bled terminally by cardiac puncture for the
collection of immune sera. An HtrA ELISA which may serve as a template for
a future diagnostic test was established as follows. The rabbit anti-HtrA anti-
bodies (at a 1:500 dilution) were used as the capture reagent to coat 96-well
Maxisorp plates (Nunc, Denmark), in a 50 mM carbonate-bicarbonate buffer, pH
9.6 (Sigma), by overnight incubation at room temperature, followed by 1 h of
blocking at 37°C with PBST buffer (Dulbecco’s PBS [Biological Industries, Israel]
supplemented with 0.05% Tween, 0.005% NaN3, and 2% bovine serum albu-
min). Serial dilutions of the samples were incubated at 37°C for 1 hour in the
plate in PBST buffer. The plates were rigorously washed with PBST buffer
(without bovine serum albumin), using a Nunc Immunowash apparatus. The
mouse anti-HtrA antibodies obtained by DNA immunization (1:200) were then
used as the detection reagent by 1 h of incubation at 37°C in PBST. The plates
were washed and incubated with anti-mouse immunoglobulin antibodies (1:500)
conjugated to alkaline phosphatase (Sigma) and developed with the appropriate
substrate (Sigma Fast [1 mg/ml p-nitrophenyl phosphate]). The colorimetric
reaction was monitored on a Versa Max ELISA reader (Molecular Devices).
This quantitative ELISA requires 100 pl of sample and is appropriate for direct
inspection of serum samples (does not require preremoval of abundant proteins);
quantification is based on calibration curves set with accurate amounts of puri-
fied preparations of HtrA (obtained by chromatography of the secreted proteins
of the HtrA overexpressor strain by use of an ion-exchange column [DEAE
Macro-Prep; Bio-Rad]; the purity of HtrA in this preparation was >95%, and its
concentration was determined by Bradford assay). The detection limit of the
ELISA is 1 ng HtrA/ml of analyzed sample, and the linear range for accurate
quantification was determined to be 5 to 200 ng/ml.

Animal experimentation. All studies involving experimental animals were car-
ried out according to the Guide for the Care and Use of Laboratory Animals (62a)
and approved by the IIBR Animal Use Committee.

RESULTS

Detection of Bacillus anthracis antigens in blood samples
collected from infected animals requires removal of abundant
serum proteins. A first attempt to identify bacterial proteins in
plasmas obtained from infected animals was performed by a
global comparison of proteins from infected and naive sera,
using a 2DE-PAGE approach coupled to serological analysis.

Preliminary experiments in which we attempted to visualize
scarce plasma proteins established that the overwhelming pres-
ence of highly abundant proteins (such as albumin and immu-
noglobulins [Ig]) limits the ability to detect less abundant pro-
teins, even when quantities as high as 200 g protein were
loaded on gels (Fig. 1A). This complication of detection, which
was previously described in numerous surveys of plasma pro-
teins in searches for disease biomarkers, is usually circum-
vented by depletion of abundant serum proteins (for example,
see references 1, 9, 29, 44, 51, and 82). However, in our hands,
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different procedures, including immunodepletion and/or dim-
inution based on affinity of Ig and albumin for various com-
pounds (9, 29), did not result in a significant enrichment of
scarce proteins (not shown). We therefore employed a newly
developed procedure which enables enrichment of scarce pro-
teins in complex mixtures by means of affinity for a random
combinatorial-ligand solid-phase immobilized library (Pro-
teominer column) (12, 13). In contrast to procedures which
exploit binding of the abundant proteins to an affinity column
(for their removal), the Proteominer matrix preferentially
binds the scarce proteins, while the most abundant serum pro-
teins are washed out in the chromatographic flowthrough frac-
tion (Fig. 1A). Indeed, this affinity enrichment step enabled
visualization by standard protein staining of low-quantity se-
rum proteins whose detection was precluded by the presence
of highly abundant proteins (Fig. 1A [note the almost complete
removal of albumin, the most abundant serum protein]).

The presence of bacterial antigens could then be investi-
gated in highly bacteremic (10’ CFU/ml) blood samples ob-
tained from infected rabbits. The protein mixture released
from the enrichment column was probed on Western blots with
guinea pig total anti-B. anthracis antibodies (referred to here
as “hyperimmune” serum). This hyperimmune serum was
shown in previous serological studies to be efficient in identi-
fying secreted and surface-associated B. anthracis antigens by
both Western and immunoprecipitation protocols (22, 38). The
data depicted in Fig. 1B clearly demonstrate that many bacte-
rial proteins in the circulation of the infected animals reacted
with the hyperimmune serum, in contrast to the case with
uninfected controls. Notably, without the enrichment step, the
only bacterial secreted protein which could be detected in
serum samples was the toxin component PA, which before this
study represented the only B. anthracis-derived secreted pro-
tein that could be detected in the circulation of infected ani-
mals at an early stage. The enriched serum samples were re-
solved by high-resolution 2DE, and attempts were made, using
matrix-assisted laser desorption ionization—-time of flight mass
spectrometric tryptic fingerprinting analysis, to identify protein
spots which may have represented bacterial proteins whose
presence in sera obtained from infected animals is clearly es-
tablished (compare Western blots 6 and 7 in Fig. 1B). Yet
these attempts were not successful, given the fact that 2DE
examination of plasma samples derived from infected animals
and those taken from uninfected ones did not reveal the pres-
ence of bacterial proteins at levels compatible with mass spec-
troscopic identification (note the similarity of Coomassie blue-
stained 2DE gels 4 and 5 in Fig. 1B).

Detection of B. anthracis secreted proteins in bacteremic
sera by use of specific antibodies. We recently compiled a list
of B. anthracis immunogenic secreted proteins, based on ex-
tensive proteomic and genomic screens corroborated by sero-
logical analysis and inspection of patterns of expression under
conditions which recapitulate the infection process in the host
(21, 22, 38). This list provided a pool of potential vaccine
and/or diagnostic markers; 10 proteins were selected for the
generation of specific antibodies (Table 1), which were used as
a tool to detect the presence of these proteins in blood samples
obtained directly from infected animals or in blood cultures.
To circumvent the need for laborious protein purification, the
antibodies were generated by DNA vaccination of mice, using
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FIG. 1. Visualization of scarce serum and/or bacterial proteins following removal of abundant proteins by Proteominer affinity chromatography.
(A) Coomassie blue-stained 1D-SDS-PAGE gels (top) and 2DE gels (bottom) of rabbit serum before (serum) and after (enriched serum) affinity
chromatography and of the corresponding flowthrough material (gels 1, 3, and 2, respectively). Note that the unbound affinity column material
(flowthrough) exhibits a similar profile to that of the serum, indicating efficient removal of the abundant proteins. Protein amounts loaded were
as follows: top gel, serum and flowthrough fractions, 200 ng; top gel, enriched serum, 20 pg; all 2DE gels, 200 pg. Note the almost complete
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TABLE 1. Proteins tested as potential biomarkers in this study

Locus tag” Protein type P;;)rt:én Distinctive domain(s)” Putative function Immunogenicity®
BA0345 Alkylhydroxyperoxide reductase ~ AhpC Oxidative stress response ++
BA0796 Hypothetical S, SH3 (two), 3D Unknown ++
BA0799°  Hypothetical S, HlyD Unknown ++
BA0898 Alanine amidase CwiB S, SLH Cell wall hydrolysis ++
BA1295 Immune inhibitor InhA1 S Zn protease +/—
BA1952 NIpC/P60 family endopeptidase S, SH3 (two), NIpC/P60  Cell wall hydrolysis ++
BA3367 v Phage receptor GamR S, LPXTG Unknown ++
BA3660 Serine protease HtrA S Chaperone, secretion, stress response ++
BA4787 Iron-regulated determinant IsdK S, NEAT Hemoglobin uptake, iron consumption ++
BAS5427Y  Endopeptidase LytE S, NIpC/P60 Cell wall hydrolysis +/—

“ Proteins are arranged in ascending order according to genomic locus tag number (www.ncbi.nlm.nih.gov).

® Domains which are inherently related to the functional annotation of the proteins are not indicated. S, export signal peptide; SH3, Src homology domain; HlyD,
homology domain in some proteins involved in toxin secretion in gram-negative bacteria; 3D, cation binding domain involved in protein-protein interactions; SLH,
S-layer homology domain; NEAT, “near transporter” repeat domain present in ORFs adjacent to iron transporters in gram-positive bacteria; NlpC/P60, cell wall
peptidase family domain; LPXTG, gram-positive sortase domain.

¢ The product of the BA0799 gene is annotated as a hypothetical protein of unknown function in the genomic database, yet we noted that it may represent a
component of an ABC transporter, based on its genomic location and sequence homology (22).

@ The product of the BA5427 locus is functionally annotated in the database as the B. anthracis homologue of the known LytE Bacillus cell wall hydrolase, as indicated
in the table. We note that the protein indeed exhibits an LytE-like NIpC/P60 protease domain, yet it lacks the characteristic LysM domains (necessary for peptidoglycan
targeting).

¢ Immunogenicity, which served as the main parameter for selection of the potential biomarkers, refers to the titers of specific antibodies detected in convalescent

animals, as previously detailed (22, 38). ++, highly immunogenic; +—, moderately immunogenic.

the respective ORFs cloned into an appropriate eukaryotic
expression vector (39). Eight of the 10 proteins were selected
on the basis of their high immunogenicity, as previously estab-
lished by seroconversion observed in convalescent animals
(22). These are the products of genes defining the genomic loci
BA0345, BA0796, BA0799, BAO0898, BA1952, BA3367,
BA3660, and BA4787. InhAl, the product of the BA1295 gene,
is less immunogenic, yet its high abundance (21, 23) and pos-
sible role in virulence (23, 67) have suggested that it may be
expressed at early stages in infection. Finally, the product of
the BAS5427 gene, the putative LytE endopeptidase, was
elected due to its abundance and pattern of expression, which
implies induction by regulatory factors located on the pXO1 or
pXO2 virulence plasmid (21). All of the proteins selected dis-
play functional domains compatible with a role in bacterial
pathogenesis and/or represent putative homologs of virulence
factors described for other pathogenic bacteria (6, 21).

To probe for the presence of these proteins in blood samples
from sick animals, enriched sera derived from infected rabbits
exhibiting increasing levels of bacteremia (Fig. 2A) were sub-
jected to Western blot analysis and compared to similarly pro-
cessed sera derived from noninfected animals. As a positive
control, the analysis included Western immunodetection of
PA. The analysis revealed that among the 10 selected proteins,
the following three antigens could be detected in significant
amounts in the infected sera (Fig. 2A): the protease/chaperone
HtrA (BA3660), the NIpC/P60 endopeptidase (BA1952), and a
protein of unknown function specified by the BA0796 locus.
These proteins could be detected in bacteremic sera, irrespec-
tive of the route of infection (Fig. 2D). It is worth noting that

these three chromosomally encoded proteins are also ex-
pressed preferentially under in vitro culture conditions which
are reminiscent of those encountered in the host, and further-
more, their abundance in such cultures seems to depend on the
presence of the native virulence plasmids, pXO1 and pXO2
(21) (see Discussion). We note that the failure to detect other
biomarkers in the circulation of infected animals does not
necessarily imply their absence, and one cannot rule out the
possibility that other bacterially secreted proteins in the circu-
lation have a lower affinity for the Proteominer column and/or
for the DNA immunization antibodies utilized for their detec-
tion.

Detection of B. anthracis secreted biomarkers at low levels of
bacteremia. Following the initial detection of B. anthracis bio-
markers in highly bacteremic sera, we addressed the question
of whether these secreted proteins could be detected in sera
collected from animals at early stages of infection and thus
exhibiting lower levels of bacteremia. In Western blots per-
formed directly with such sera, we could clearly detect the
HtrA, BA1952, and BA796 proteins when the bacterial loads in
blood were 10° to 10° CFU/ml (Fig. 2A).

Bacterial infections are usually diagnosed by tests of cultures
inoculated with various clinical specimens (blood or other body
fluids) obtained from sick individuals, and rarely by direct
examination of the clinical samples. Accordingly, we inocu-
lated sterile standard blood culture bottles, such as those
widely used for clinical diagnosis of bacterial infection (see
Materials and Methods), with blood exhibiting 10° CFU/ml. As
expected, all three biomarkers identified in the blood samples
were detected in the culture (Fig. 2B). The HtrA protein could

depletion of albumin from the serum following the chromatographic enrichment step. (B) Plasma samples derived from naive (N) and infected
(I) rabbits, before (nontreated serum; 200 pg) or after (enriched serum; 20 g in 1D-SDS-PAGE gels and 200 pg in the respective 2DE gels)
removal of abundant proteins, were subjected to 1D-SDS-PAGE (top left) or 2DE-SDS-PAGE (gels 4 and 5) and Western analysis (top right and
gels 6 and 7) with anti-B. anthracis hyperimmune serum or with specific anti-PA antibodies, as indicated.
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of detection are considered to represent traces of HtrA.

be detected at 6 h postinoculation, the BA1952 endopeptidase
was detected about 7 h following the onset of cultivation, and
most remarkably, the BA0796 protein was detected as early as
3 h after the initiation of the blood culture (Fig. 2). None of the
other screened bacterial secreted proteins addressed in this
study (Table 1) could be detected. It should be noted that in
blood cultures all three biomarkers could be distinguished
within a time window commensurate with the accepted culture
time (24 h) in clinical diagnosis routines, and the detection by
Western blot analysis of the biomarkers in blood cultures did
not require removal of the abundant proteins, as in the case of
direct inspection of blood samples. Thus, the novel biomarkers
can be detected either directly or following culture of blood
samples exhibiting bacterial levels as low as 10> CFU/ml.
Detection and quantification of HtrA in blood samples by
ELISA. In a preliminary feasibility study aimed at probing the

possible use of HtrA, one of the novel biomarkers, as a diag-
nostic marker for B. anthracis infection, we developed a cap-
ture ELISA test using rabbit anti-HtrA antibodies as the cap-
ture reagent and mouse anti-HtrA antibodies obtained by
DNA immunization as the detection reagent (Fig. 3). Using
the rapid ELISA test, HtrA could be detected directly in sig-
nificant amounts in infected rabbit sera at a bacteremic level as
low as 10* bacteria/ml; notably, HtrA accumulation in the
circulation appeared to coincide with that of PA, the B. an-
thracis toxin component necessary for the onset of disease and
the only biomarker described until present (Fig. 3A). Traces of
HtrA could also be detected (reproducibly) in blood cultures
by the ELISA test as early as 3 h after inoculation with a
bacteremic blood sample exhibiting 10> CFU/ml (Fig. 3C). The
assay does not require depletion of abundant serum proteins,
and its high sensitivity is in line with HtrA classification as
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highly immunogenic in our previous seroconversion study of B.
anthracis antigens (22).

Biomarkers unique to infection. Infections caused by bacilli
of the B. cereus group, which are phylogenetically related to B.
anthracis, usually affect immunocompromised individuals or
occur as opportunistic complications of prolonged hospitaliza-
tion, traumatic or postsurgical wounds, or use of invasive clin-
ical devices (28). In view of the fact that the B. anthracis
genome shares extensive sequence similarity to those of B.
cereus and B. thuringiensis (49), the use of the biomarkers as
diagnostic tools may be favored by their ability to discern
between B. anthracis and these closely related species.

To determine the specificities of the three biomarkers iden-
tified in this study, we conducted an analysis of the genomes of
B. thuringiensis, B. cereus, Bacillus licheniformis, and B. subtilis
(the last two strains are more distant species yet, invoked in
sporadic rare human infections [11, 59, 87]). The genomes of 9
Bacillus cereus, 10 Bacillus thuringiensis, 4 Bacillus lichenifor-
mis, and 12 Bacillus subtilis strains available in the NCBI da-
tabase at the time of this study were examined for the presence
of orthologues of the biomarkers (exhibiting >80% identity
across full sequence coverage [E value, =e™'°]). No homo-
logues of the BA0796 gene were found in the B. licheniformis
and B. subtilis strains scrutinized. The functionally equivalent
homologous proteins of the NIpC/P60 family endopeptidase
and the HtrA protease in B. licheniformis and B. subtilis exhibit
<40% identity with the respective genes of B. anthracis. The
genomes of the closely related B. cereus and B. thuringiensis
strains do exhibit orthologues of the three biomarkers, yet
documented secretome studies involving these two related
strains did not report their presence (25, 41, 42, 43). The

uniqueness of the biomarkers will have to be addressed exper-
imentally in the context of their use for the design of diagnostic
tools. In a preliminary limited study aimed at verifying the
uniqueness of the three biomarkers to B. anthracis, we directly
tested (using Western blot analysis) cultures of B. cereus, B.
thuringiensis, and B. subtilis and compared them to that of B.
anthracis (Fig. 4). Indeed, the three biomarkers could be de-
tected in significantly larger amounts in the B. anthracis culture
than in those of B. cereus, B. thuringiensis, and B. subtilis.

DISCUSSION

Diagnosis of bacterial disease is commonly based on distinc-
tion of characteristic clinical symptoms combined with hema-
tological profiling and identification of microbes in cultures
inoculated with various clinical specimens from the suspected
patient. At later stages, detection of specific circulating anti-
bodies often serves to confirm previous exposure to the infec-
tious agent, and their level may correlate with the evolution of
the disease. Only in a few cases can diagnosis also rely on direct
immunoidentification of bacterium-borne products: for exam-
ple, Yersinia pestis F1 capsular antigen was proposed as a
marker for the rapid diagnosis of plague (75), and Staphylo-
coccus aureus toxic shock syndrome toxin 1 and staphylococcal
enterotoxin B are proposed markers of staphylococcal infec-
tion (26, 63, 72). PA was proposed to serve as a diagnostic
marker for B. anthracis infection (53). However, some rare
PA-producing B. cereus clinical isolates have been described
(50), suggesting that positive identification of B. anthracis in-
fection cannot rely only on detection of PA. In the study
documented here, we demonstrate that three additional Bacil-
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lus anthracis-related secreted proteins may serve as the basis
for designing diagnostic tools.

In searching for novel diagnostic biomarkers of anthrax, we
relied on a comprehensive reductional survey which included
(i) bioinformatic analysis of genomic ORFs for virulence-re-
lated functions (5, 6); (ii) functional genomic assessment of
immunogenicity by high-throughput in vitro synthesis of se-
lected ORF products and quantitative determination of their
interaction with convalescent-phase sera (38, 39); (iii) pro-
teomic analysis by high-resolution 2DE of bacterial proteins
produced by different strains of B. anthracis under various
culture conditions, including those mimicking the milieu en-
countered in the host during infection (21); and (iv) serological
analysis of proteins resolved by 2DE (20, 22). The screen
generated a pool of bacterial antigens distinguished by high
immunogenicity and, in many cases, potential relatedness to
pathogenesis of B. anthracis. To further probe the use of se-
lected proteins among these immunogens as vaccine compo-
nents, a large number of these candidates were selected for
generation of specific antibodies by rapid DNA immunization
techniques (22). Accordingly, in the present study, using this
battery of antibodies, we show that three proteins—the serine
protease HtrA (BA3660), the NlpC/P60 family endopeptidase
(BA1952), and an SH3 domain-containing protein of unknown
function (BA0796)—could be detected in blood samples drawn
from B. anthracis-infected rabbits (Fig. 2). HtrA could be de-
tected at a low level of bacteremia, compatible with postexpo-
sure prophylactic treatment. Using an ELISA test which may
serve as a feasibility model for a future diagnosis tool (Fig. 3),
HtrA could be detected in bacteremic blood in significant
amounts (5 pg/ml) at a bacteremic level of 107 CFU/ml blood.
All three biomarkers could be detected by Western analysis of
clinical cultures inoculated with blood exhibiting 10° bacteria/ml
after only 6 to 7 h in culture; the BA0796 protein could actually
be detected as early as 3 hours following the onset of the
culture, coinciding with the appearance in culture of PA, the
only anthrax biomarker acknowledged before the present study
(not shown). The time of detection is therefore much shorter
than the routinely accepted 24-h culture for diagnosis of infec-
tion in clinical practice. Orthologues of the three biomarkers
are present only in the very phylogenetically close species B.
cereus and B. thuringiensis, which belong to the B. cereus group,
not in more remote bacilli such as B. subtilis and B. lichenifor-
mis. Furthermore, and quite remarkably, direct examination of
cultures of different bacilli clearly established that the three
biomarkers are secreted preferentially by B. anthracis (Fig. 4).
Actually, only traces of the biomarkers could be detected in B.
cereus and B. thuringiensis by Western blotting, and they could
not be detected at all in B. subtilis cultures. This observation is
in line with the fact that extensive data mining of proteomic
information on related bacillus species (25, 41-43, 79-81)
failed to reveal the presence of orthologues of the markers in
any other secretome besides that of B. anthracis. All three
biomarkers appear to exhibit universality with regard to their
ability to serve for detection of different B. anthracis strains,
since the respective genes are present in the genomes of all B.
anthracis strains sequenced to date (16 different strains are
available in the NCBI database). Although the extent of uni-
versality has to be confirmed experimentally for all strains,
note that proteomic data have established expression of these
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markers in four different strains, namely, ATCC 14185, Vollum
(21), Sterne (33), and UM23C1-2 (4). Thus, it appears that the
biomarkers meet both specificity and universality standards,
which may facilitate their use as the basis for development of
diagnostic tools.

The detection of the markers strongly supports the validity
of the global inspection approach for the identification of valu-
able antigens with immediate applicability in diagnosis or dis-
ease progression monitoring. Furthermore, the high levels of
immunogenicity of the protein targets, which served as a cen-
tral parameter for their selection, may facilitate their detection
based on high-affinity antibodies, as implied by the sensitive
ELISA test specific for HtrA presented in this article (Fig. 3).
The possibility of using individual or combinations of all three
novel markers for the design of sensitive diagnostic tools is
currently being explored. It is conceivable that the sensitivity of
such assays may be improved significantly (compared to the
ELISA presented in this study), for example, by employing
highly sensitive immunoconjugates, thus lowering the detec-
tion threshold of the biomarkers and enabling diagnosis of
even lower levels of bacteremia at relatively early stages of
infection.

To date, the only bacterially derived proteins directly de-
tected in the circulation of B. anthracis-infected animals were
the bacterial toxins. The early detection of the three biomar-
kers in the circulation of infected animals reported in the
present study and their specificity for B. anthracis infection are
therefore intriguing and strongly suggest a role for these pro-
teins in the infection process. We note that HtrA and the
NIpC/P60 endopeptidase BA1952 are both proteases. Secreted
proteolytic activity may facilitate colonization and bacterial
spreading during infection by targeting host proteins, affecting
anti-infectious activities, and/or enabling exploitation of a pro-
tein-rich environment (3, 7, 21, 23, 61, 68). HtrA is a chaperone
and a component of the secretion apparatus in bacilli (77), and
therefore, it may be essential in secretion of the bacterial toxins
or virulence factors. Furthermore, HtrA is important for the
resilience of B. anthracis under stress conditions (our unpub-
lished data) and is therefore necessary for survival in the host.
The role of the product of the BA0796 gene is obscure. This is
a protein of unknown function, yet we noted and documented
in the past (21, 22) that both BA0796 and BA1952 (in addition
to its characteristic NIpC/P60 family domain) possess two SH3
domains; these domains are of a eukaryotic nature and there-
fore were invoked as potentially virulence related, mainly on
the basis of their theoretical ability to interfere with phospho-
relay signal transduction circuits of the host cells (58, 86).

Accurate diagnosis of anthrax has ramifications far beyond
the effectiveness of the treatment for the affected individual: in
cases of respiratory anthrax due to a deliberate bioterror dis-
semination of B. anthracis, the positive diagnosis of the disease
has tremendous epidemiological and logistic implications, re-
quiring mass postexposure prophylaxis, decontamination, and
recruitment of calamity-responding authorities. Thus, the ac-
curate and rapid identification of the causative agent in ex-
posed individuals is of utmost importance, and efforts are con-
tinuously dedicated to the development of novel diagnostic
approaches. The study presented here strongly supports the
concept that novel anthrax diagnostic procedures based on
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identification of secreted factors are a tangible and promising
possibility.
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