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The most aggressive form of anthrax results from inhalation of airborne spores of Bacillus anthracis and
usually progresses unnoticed in the early stages because of unspecific symptoms. The only reliable marker of
anthrax is development of bacteremia, which increases with disease progress. Rapid diagnosis of anthrax is
imperative for efficient treatment and cure. Herein we demonstrate that the presence and level of a bacterial
antigen, the protective antigen (PA), a component of B. anthracis toxins, in host sera can serve as a reliable
marker of infection. This was tested in two animal models of inhalation anthrax, rabbits and guinea pigs
infected by intranasal instillation of Vollum spores. In both models, we demonstrated qualitative and quan-
titative correlations between levels of bacteremia and PA concentrations in the sera of sick animals. The
average time to death in infected animals was about 16 h after the appearance of bacteremia, leaving a small
therapeutic window. As the time required for immunodetection of PA can be very short, the use of this marker
will be beneficial for faster diagnosis and treatment of inhalation anthrax.

Anthrax is primarily a disease of herbivorous animals caused
by Bacillus anthracis, a gram-positive, nonmotile, spore-form-
ing rod (15). In humans, three types of anthrax have been
recorded according to the route of infection: cutaneous, gas-
trointestinal, and inhalation (11). Inhalation anthrax is a rare
disease associated with either industrial exposure to spores (7,
19) or bioterrorism (18). In humans, inhalation anthrax begins
with a nonspecific influenza-like illness characterized by fever,
myalgia, headache, a nonproductive cough, and mild chest
discomfort. A second phase is marked by high fever, dyspnea,
stridor, cyanosis, and shock. Blood smears in the later stages of
illness may contain the characteristically gram-positive spore-
forming bacilli (8, 28). Death is universal in untreated cases (7,
23). This form of disease is difficult to diagnose because of the
lack of a specific marker and is virtually always fatal, even with
vigorous antibacterial therapy (6, 18). Animal models used to
study the progression of the disease showed a single-phase
progression and no specific host physiological markers (1, 5,
20, 30). Appearance of B. anthracis in the sera of exposed
animals is an unambiguous marker of infection (27).

The need for a reliable marker for the diagnosis of anthrax
was exemplified during the bioterrorism-related anthrax out-
break in the United States (October and November 2001).
Although 22 persons were reported to be infected by B.
anthracis and of those, 10 patients were critically ill with con-
firmed inhalation anthrax (17, 18), thousands of people were
treated just for the possibility of being exposed (9).

The virulence of B. anthracis is attributed to the anthrax
tripartite toxin complex and the capsule (10, 25). The exotoxins
are composed of three proteins, protective antigen (PA), lethal
factor, and edema factor. Toxic activity is expressed only when
PA is combined with lethal factor (forming the lethal toxin) or
edema factor (forming the edema toxin). Lethal toxin, shown
in vitro to cause lysis of macrophages and macrophage-like cell

lines (14), plays a role in every step of disease progression, from
the release of bacilli from the macrophages to host death (12, 21,
24, 29). A clear correlation between bacteremia and the PA con-
centration at the time of death was shown long ago (13). Consis-
tent with the central role of PA in anthrax pathogenesis, we tested
the possibility that the appearance and concentration of PA in the
sera of exposed animals can serve as a reliable marker for the
development and progression of anthrax.

MATERIALS AND METHODS

B. anthracis strain. The strain used in this study was B. anthracis Vollum
ATCC 14578 (Tox� Cap�) from the Israel Institute for Biological Research
collection (22).

Animals. New Zealand White rabbits (2.5 to 3.5 kg) were obtained from
Harlan (Israel). Hartley guinea pigs (300 to 400 g) were obtained from Charles
River, Germany. The animals received food and water ad libitum. All animals
were cared for according to the 1997 NIH guidelines for the care and use of
laboratory animals; the Israel Institute for Biological Research animal use com-
mittee approved all experimental protocols. The animals were inoculated by
intranasal instillation. The estimated 50% lethal doses (LD50) for rabbits and
guinea pigs are 3 � 105 and 4 � 104 CFU, respectively (2, 31).

Determination of bacteremia. Blood samples were taken from infected ani-
mals at 6 to 8 h intervals after exposure into sodium citrate tubes for bacteremia
and into BD Vacutainer tubes for serum. Determination of bacteremia was done
as described previously (2). Briefly, each blood sample was plated undiluted or
after serial dilutions in saline. The lower limit of detection was 2 CFU/ml blood.

Determination of PA by ELISA. PA levels were determined by direct enzyme-
linked immunosorbent assay (ELISA) in 96-well microtiter plates (Nunc, Roskilde,
Denmark) with purified PA (26) as the reference standard. Plates were coated
with 100 �g/ml diluted serum anti-PA (rabbit serum for determination of PA in
rabbit blood or guinea pig serum for determination in guinea pig blood) in
NaHCO3 buffer (50 mM, pH 9.6) and subsequently blocked with 5% skim milk
(Becton Dickinson, Sparks, MD). The plates were washed with phosphate-buff-
ered saline containing 0.05% Tween 20 (PBST; pH 7.4) and incubated with the
test sera (diluted 1:2 in 0.5% skim milk) for 1 h at 37°C. For the standard curve,
known concentrations of purified PA in 50% serum were used. The plates were
washed with PBST and incubated with diluted anti-PA serum (rabbit serum for
determination of PA in guinea pig blood or guinea pig serum for determination in
rabbits blood). The plates were washed with PBST and developed with alkaline
phosphatase-conjugated goat anti-rabbit or anti-guinea pig immunoglobulin G
(Sigma, St. Louis, MO) as the detection reagent with p-nitrophenylphosphate
(Sigma, St. Louis, MO) as the substrate. Absorbance at 405 nm was determined with
a Spectramax 190 microplate reader (Molecular Devices, Sunnyvale, CA). The end
point was defined as the highest dilution at which the absorbance was �3 standard
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deviations above that of the negative control. According to the standard curve, the
lower limit of PA detection by this assay was determined to be 10 ng/ml.

Determination of PA by electrochemiluminescent immunoassay (ECLI). The
BioVeris detection technology (BioVeris Corporation, Gaithersburg, MD) was
adapted for PA determination. Rabbit anti-PA antibodies were purified from
hyperimmune serum with Aminolink columns according to the manufacturer’s

(Pierce, Rockford, IL) protocol. Rabbit anti-PA antibodies were then labeled with
biotin and bound to paramagnetic beads. The same antibodies were also labeled with
ruthenium and used as a detection tag in the assay. The homogeneous assay was
started by addition of 75 �l of the test serum or standard PA (in naive rabbit serum)
to the reaction mixture (containing paramagnetic beads and ruthenium-labeled
antibodies). The plates were incubated for 30 min at room temperature. The results

FIG. 1. Development of bacteremia and appearance of PA in the sera of infected rabbits. Rabbits were exposed intranasally to 30 LD50 (a),
6 LD50 (b), or 1 to 2.5 LD50 (c) of B. anthracis spores. Every 6 to 8 h postinfection, bacteremia (F) and PA content (triangles) were determined.
PA values were determined either by ELISA (Œ) or by ECLI (‚). For each rabbit, the time of death is marked by a black arrow. Bacteremia was
determined by plating of serial dilutions of whole blood.
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were measured with an M8/384 electrochemiluminescence reader (BioVeris Corpo-
ration, Gaithersburg, MD). According to the PA standard curve, the lower limit of
PA detection by this assay was determined to be 1 ng/ml.

Statistical analysis. The correlation between serum PA concentrations and
bacteremia levels was tested by linear regression. The correlation between bac-
teremia appearance and infective dose was analyzed by analysis of variance. All
tests were performed with GraphPad Prism version 4.03 for Windows (GraphPad
Software, San Diego, CA).

RESULTS

The rabbit model was chosen for this study as it allows
repeated determinations of both bacteremia and PA content in
sera of individual infected animals, thereby enabling close
scrutiny of disease development (Fig. 1). Rabbits (eight per
group) were intranasally exposed to three different doses of
Vollum spores and monitored for various periods of time pos-
texposure. On the basis of observations of individual animals,
the time course for bacteremia development following infec-
tion with 1 to 30 LD50 shows no linear correlation with infec-
tion doses (P � 0.126). Detection of bacteremia starts at 18 to
90 h postinfection, with an average of 41.7 � 20.1 h. All of the
rabbits infected with 30 LD50 developed bacteremia and died,
with a mean time to death (MTTD) of 43.8 � 11.9 h (Fig. 1a);
infection with 6 LD50 led to the deaths of seven of eight rabbits
with an MTTD of 63.4 � 25.6 h (Fig. 1b), and infection with 1
to 2 LD50 killed four of eight rabbits with an MTTD of 61.1 �
11.1 h (Fig. 1c).

Concurrently with bacteremia, detectable amounts of PA
appeared in the sera of infected rabbits. In all of the animals
tested, the blood PA concentration increased with time, similar
to the rise in bacteremia (Fig. 1a to c). By ELISA, we were able
to demonstrate the presence of PA in the sera of all sick
animals (Fig. 1a to c, circles); however, there was some dis-
crepancy between PA detection and bacteremia at lower bac-

teremia levels. PA was first detected concurrently with (10/18)
or prior to (2/18) bacteremia detection, whereas in 6/18 rabbits
bacteremia preceded PA detection in the serum by 6 h. We
assumed that the discrepancy was due to the low sensitivity of
the ELISA (10 ng/ml), and therefore we reexamined these
samples with a more sensitive assay (ECLI; lower limit of
detection, 1 ng/ml). This approach led to PA detection in all
bacteremic samples. Furthermore, in 8/18 cases PA detection
preceded bacteremia by 6 to 12 h (Fig. 1a to c, open triangles).

Qualitative detection of PA in the sera of bacteremic rabbits
makes this antigen a reliable marker of the disease. As the
bacteremia level is the only estimate of disease severity and
progression, a quantitative correlation between the levels of
bacteremia and PA would ensure the usefulness of this marker.
A high positive correlation between the two parameters (log of
bacteremia and PA concentration), exhibiting a coefficient of
linearity (r2) of 0.864 (Fig. 2), permits a rough estimation of the
bacteremia level from the PA concentration in serum.

To corroborate the findings in the rabbit model, we studied
the correlation between bacteremia and PA concentration in
the blood of infected guinea pigs. Intranasal inoculation of
guinea pigs with 20 to 50 LD50 Vollum spores killed the ani-
mals, with an MTTD of 53.8 � 3.75 h. To follow the develop-
ment of bacteremia and PA accumulation in sera, groups of 20
infected guinea pigs were bled (single bleeding) every 6 h,
starting at 24 h postinfection. Although a large variation was
found in the time course of disease development, the almost
simultaneous appearance of bacteremia and PA in the serum
was observed (Fig. 3a). At 24 h postinfection, only PA was
detected in 2/20 guinea pigs, and from 30 h postinfection, all
bacteremic animals were toxemic. The results show a high
positive correlation between these two parameters (r2 � 0.785;
Fig. 3b), similar to the findings in the rabbit model.

FIG. 2. Correlation between bacteremia and PA concentrations in the sera of the sick rabbits. PA values were determined by ELISA (Œ) or
ECLI (‚). Bacteremia was determined by plating of serial dilution of whole blood. The calculated correlation factor (r2) was 0.864.
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DISCUSSION
In this study, we demonstrated that the accumulation of PA

in the serum of sick animals may be used as a reliable surrogate
marker for bacteremia, identifying and assessing the severity of

the disease. Both markers show parallel appearance and a
linear correlation between their cumulative levels in both of
the models used—rabbits and guinea pigs.

The disease caused by B. anthracis in animal models differs

FIG. 3. Bacteremia and PA concentrations in the blood of infected guinea pigs. (a) Animals were infected by intranasal spore instillation, and
groups of 20 animals were bled every 6 h (starting at 24 h postinfection) for determination of bacteremia (F) or PA concentration (Œ). (b)
Correlation between bacteremia and PA concentrations in the sera of sick guinea pigs (r2 � 0.785). Bacteremia was determined by plating of serial
dilutions of whole blood. PA was detected by ELISA (Œ) or ECLI (‚).
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from inhalation anthrax in humans, as it shows a single phase
of development (1, 5, 20, 27, 30). Similar to the case in humans
(3, 16–18), no significant changes were found in blood cells
count, blood chemistry, or temperature of the host or in any
other physiological marker (1, 5, 20, 30). The appearance of
the characteristic gram-positive bacilli in the blood is a com-
mon phenomenon in both human and animal cases. Significant
variation in the time of appearance of bacteremia, and thus in
the development of the disease, was seen with our animal
models. Furthermore, the appearance of bacteremia, and later
the death of the animals, did not show a linear correlation with
the infective dose used to expose the animals. Therefore, the
variation in the time course of anthrax development following
inhalational exposure to B. anthracis spores requires a simple,
quick, and repeatable assay for identification of the disease. In
this work, we demonstrated a strong positive correlation be-
tween first detection of bacteremia and the appearance of PA
in the blood of rabbits and guinea pigs. Furthermore, the
increase in bacteremia is accompanied by accumulation of PA,
showing a linear correlation between the level of bacteremia
and the concentration of PA in serum. This linear correlation
allows determination of bacteremia as an estimation of the
severity of the disease based on the PA concentration in blood.

Figure 4 summarizes the pattern of the development of
anthrax according to the appearance of bacteremia and PA,
leading to the death of the exposed animals. The average time
of death in the rabbits tested was 15.8 � 5.9 h (range, 6 to 22 h)
after the appearance of both parameters, leaving a small win-
dow for therapy. As quantitative immunodetection of PA can
be done rapidly, the use of this approach can be very beneficial
for the diagnosis of a bacteremic patient.

During the bioterrorism-related anthrax outbreak in the
United States (October and November 2001), there was a
2-day delay between preliminary identification of gram-posi-
tive rods in blood culture from a patient and the final identi-
fication of B. anthracis (4). This incident emphasizes the need

for a quick and reliable marker that will identify and prove the
development of anthrax. Herein, we suggest that determina-
tion of the PA concentration in the blood of patients suspected
of having been exposed to B. anthracis spores may be used as
a diagnostic tool, allowing a logical decision about the treat-
ment required in positive cases.
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