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The Bacillus anthracis exosporium protein BclA contains an O-linked antigenic tetrasaccharide whose
terminal sugar is known as anthrose (J. M. Daubenspeck et al., J. Biol. Chem. 279:30945–30953, 2004). We
hypothesized that serologic responses to anthrose may have diagnostic value in confirming exposure to
aerosolized B. anthracis. We evaluated the serologic responses to a synthetic anthrose-containing trisaccharide
(ATS) in a group of five rhesus macaques that survived inhalation anthrax following exposure to B. anthracis
Ames spores. Two of five animals (RM2 and RM3) were treated with ciprofloxacin starting at 48 hours
postexposure and two (RM4 and RM5) at 72 h postexposure; one animal (RM1) was untreated. Infection was
confirmed by blood culture and detection of anthrax toxin lethal factor (LF) in plasma. Anti-ATS IgG
responses were determined at 14, 21, 28, and 35 days postexposure, with preexposure serum as a control. All
animals, irrespective of ciprofloxacin treatment, mounted a specific, measurable anti-ATS IgG response. The
earliest detectable responses were on days 14 (RM1, RM2, and RM5), 21 (RM4), and 28 (RM3). Specificity of
the anti-ATS responses was demonstrated by competitive-inhibition enzyme immunoassay (CIEIA), in which
a 2-fold (wt/wt) excess of carbohydrate in a bovine serum albumin (BSA) conjugate of the oligosaccharide
(ATS-BSA) effected >94% inhibition, whereas a structural analog lacking the 3-hydroxy-3-methyl-butyryl
moiety at the C-4� of the anthrosyl residue had no inhibition activity. These data suggest that anti-ATS
antibody responses may be used to identify aerosol exposure to B. anthracis spores. The anti-ATS antibody
responses were detectable during administration of ciprofloxacin.

Inhalation anthrax has a rapid onset and is usually fatal if
untreated. In this form of the disease, spores of Bacillus an-
thracis are initially presented to the host immune system at the
lung surface. Viable infectious spores subsequently outgrow
into vegetative cells and proliferate (10, 11, 13, 28). The veg-
etative bacilli produce the major known virulence factors, i.e.,
the anthrax toxin proteins protective antigen (PA), lethal fac-
tor (LF), and edema factor (EF) together with the poly-�-D-
glutamic acid capsule (�PGA) (25, 31, 32, 36). In the anthrax
attacks of 2001, the fatality rate was 45% despite use of anti-
biotics and supportive treatment (17, 18). Without treatment,
fulminant anthrax invariably results in systemic bacteremia,
sepsis-induced shock, respiratory distress, extensive hemor-
rhage, and death (22).

In the event of a bioterrorism-related B. anthracis spore
release, a first-line response will be administration of antibiot-
ics and vaccine to individuals at risk of infection as defined by
the exposure zone. Defining a B. anthracis exposure zone,
however, remains difficult due to the potential for widespread
dissemination of B. anthracis spores and the detection limita-

tions of environmental sampling techniques (4, 29). Diagnostic
tests with high sensitivity and specificity targeting spore anti-
gens and the host responses to such antigens will be important
in addressing this deficit. Currently, the most widely used di-
agnostics for anthrax rely on culture isolation of the organism,
immunohistochemistry for vegetative cell antigens, and PCR
for B. anthracis-specific gene targets (15, 30, 35). As a measure
of the host systemic response, seroconversion to B. anthracis-
specific antigens also has an important role in confirmatory
diagnosis, as it may be elicited by low and transient levels of
infection (8, 26). A limitation of serologic responses to B.
anthracis vegetative cell or toxin antigens, however, is that
stimulation of an immune response to these antigens requires
some level of spore outgrowth and toxin production, which,
although clinically relevant, may be constrained or prevented
by antibiotic intervention (9). Thus, a serologic marker that is
independent of vegetative cell outgrowth and toxin production
and that is not affected by antibiotic treatment might provide a
valuable tool for identifying individuals at risk following a
release of B. anthracis and an aid in defining human and animal
exposure to spores.

We have shown previously that the anthrose oligosaccharide
located in the exosporium contains specific antigenic determi-
nants. The structure of this oligosaccharide is a �-Ant-(133)-
�-L-Rha-(133)-�-L-Rha-(132)-�-L-Rha tetrasaccharide, in
which the anthrosyl residue (Ant) is a 2-O-methyl-4-(3-hy-
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droxy-3-methylbutamido)-4,6-dideoxy-D-glucopyranose (3, 6,
20, 21, 33, 37). Rabbits vaccinated with live or irradiated killed
B. anthracis Sterne spores mounted an immune response
against a synthetic anthrosyl-containing trisaccharide (ATS)
(Fig. 1A). The critical part of the antigenic region was localized
to a 3-methyl butyryl substituent on the anthrosyl residue of
the ATS (21). We hypothesized that this B. anthracis spore
surface carbohydrate antigen would also elicit a specific, mea-
surable antibody response following aerosol exposure to B.
anthracis Ames spores and asymptomatic infection or nonfatal
clinical disease. In the present study, we tested this hypothesis
using sera from five rhesus macaques that had survived inha-
lation infection with B. anthracis Ames with or without antibi-
otic intervention. The data presented provide proof of concept
for the utility of the spore surface carbohydrate as a marker of
B. anthracis spore exposure and infection during concurrent
treatment with ciprofloxacin.

MATERIALS AND METHODS

Aerosol challenge of rhesus macaques. All animal procedures were imple-
mented at Battelle Biomedical Research Center (BBRC), Columbus, OH, under
protocols approved by CDC and Battelle Institutional Animal Care and Use
Committees (IACUC). All animals were monitored for clinical signs and symp-
toms throughout the course of the study, and the stringent requirements for care
and use set down by CDC IACUC guidelines, which adhere to the National
Institutes of Health guidelines for the care and use of laboratory animals, were
followed (23). All aspects of the study were designed to minimize stress in the
animals. Animals judged to be moribund after spore challenge were humanely
euthanized. Aerosol challenge and blood collection protocols have been de-
scribed elsewhere (2). The five animals (RM1 to RM5) reported on in this study
were survivors from an infection study involving a larger cohort of 24 rhesus
macaques (Macaca mulatta) that were exposed to a median dose of 246 � 40
50% lethal dose (LD50) equivalents of B. anthracis Ames spores, with an expo-
sure/fatality ratio of 94.7% in naïve animals (A. E. Boyer et al., unpublished

data). RM1 survived infection without intervention. RM2 to RM5 received
ciprofloxacin (twice a day [BID], 16 mg/kg, 14 days) starting at either 48 h
postexposure (RM2 and RM3) or 72 h postexposure (RM4 and RM5).

Bacteremia. For confirmation of infection, whole blood samples were assessed
for bacteremia at 42 days prior to exposure (negative control), at 12, 24, 30, 36,
48, 72, 96, 120, 144, and 168 h postexposure, and at euthanasia. Approximately
10 to 40 �l of whole blood was inoculated by loop onto a blood agar plate and
incubated at 37 � 2°C for a minimum of 48 h. Positive B. anthracis bacteremia
was indicated by the presence of white colonies, 4 to 10 mm in diameter, with a
rough appearance and irregular edges. Specific grading of bacteremia is reported
elsewhere (2).

LF quantification. Toxemic infection was confirmed by quantitative analysis of
anthrax toxin lethal factor (LF) levels in plasma taken 42 days prior to exposure
(negative control) and at 12, 18, 24, 30, 36, 48, 72, 96, 120, 144, and 168 h and 14,
21, 28, and 35 days postexposure (2). Briefly, LF in a sample was captured by two
anti-LF monoclonal antibodies (MAb) covalently linked to magnetic Dynabeads
MyOne Tosylactivated beads (Invitrogen Corp., Carlsbad, CA) and then mixed
with 30 �l buffer and a synthetic peptide substrate optimized for cleavage by LF.
This mixture was incubated at 37°C for 2 h, and then a 3-�l volume was analyzed
by isotope dilution matrix-assisted laser desorption ionization mass spectrometry
(MS). The remaining LF-substrate mixture was incubated for an additional 16 h
and then analyzed by MS again with the appropriate standard curves and quality
control materials described below. To achieve the necessary dynamic range and
to account for high-sensitivity rapid-response sample analysis, two standard
curves were prepared in plasma, one for 20-�l (low volume [LV]) and the other
for 200-�l (high volume [HV]) sample volumes. In addition four quality control
samples (QCs) were prepared from human plasma pools (Interstate Blood Bank,
Memphis, TN) using recombinant LF (List Biological Laboratory, Campbell,
CA) and validated. The LV standard curve ranged from 0.025 to 100 ng/ml, with
QCs at 6.3, 1.25, and 0.14 ng/ml. LV analysis at 2 h of incubation covered a
dynamic range of 0.125 to 50 ng/ml, and that at 18 h covered 0.025 to 10 ng/ml.
The HV standards and samples were analyzed at 2 h for high-sensitivity quali-
tative diagnostics (limit of detection, 0.025 ng/ml) and at 18 h for quantification,
which covered 0.005 to 1 ng/ml and included QCs at 0.14 and 0.014 ng/ml. The
relative standard deviations (SDs) for QC validation ranged from 8.5 to 14.7%
(M. Gallegos-Candela, unpublished data).

Detection of anti-ATS IgG in rhesus macaque sera. Sera from the five rhesus
macaques that survived inhalation anthrax were obtained at 30 days preexposure
and 14, 21, 28, and 35 days postexposure and analyzed for an anti-ATS IgG
response by enzyme-linked immunosorbent assay (ELISA). Chemical synthesis
of the anthrosyl-containing oligosaccharide, its structural analogs, and conjuga-
tion to protein carriers have been described elsewhere (21). Briefly, Immulon 2
HB flat-bottom 96-well microtiter plates (Thermo Labsystems, Franklin, MA)
were coated with 100 �l/well of the ATS-keyhole limpet hemocyanin (KLH)
conjugate at a concentration of 0.03 �g/ml of carbohydrate content (0.5 �g/ml by
protein content) or with 0.5 �g/ml KLH (Pierce Biotechnology, Inc., Rockford,
IL) in coating buffer (0.01 M phosphate-buffered saline [PBS], pH 7.4). Plates
were covered with plastic wrap, stored at �4°C, and used within 7 days. For
ELISA, plates were washed three times in wash buffer (0.01 M PBS [pH 7.4],
0.1% Tween 20) using an ELX405 microplate washer (BioTek Instruments Inc.,
Winooski, VT). Serial dilutions (100 �l/well) of serum in dilution buffer (0.01 M
PBS [pH 7.4], 5% skim milk, 0.5% Tween 20) were added and plates incubated
for 60 min at 37°C. After plates were washed three times in wash buffer, horse-
radish peroxidase (HRPO)-conjugated goat anti-rhesus monkey IgG (Research
Diagnostics, Inc., Flanders, NJ) was added at a dilution of 1:10,000 (100 �l/well)
and the incubation continued for 60 min at 37°C. Plates were washed three times
in wash buffer, and bound conjugate was detected colorimetrically by using 100
�l/well 2,2��-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)–H2O2 sub-
strate (Kirkegaard and Perry Laboratories, Gaithersburg, MD). Color develop-
ment was for 15 min and was stopped by addition of 100 �l of peroxidase stop
solution (Kirkegaard and Perry Laboratories, Gaithersburg, MD) to each well.
Optical density (OD) values were read within 15 min. Samples were tested in
duplicate in each of two independent experiments, and the average OD and
standard deviation (SD) were calculated. Anti-ATS IgG responses were ex-
pressed as a titer based on a reactivity threshold (RT). The RT was determined
from the average OD value plus one SD from the sera of 114 naïve rhesus
macaques tested against ATS-KLH by ELISA. Each naïve serum was tested
twice at a 1:100 dilution in dilution buffer. From these data the RT was calculated
as an OD value of 0.317. Serum titers were assigned as the reciprocal value of the
first discrete serum dilution which resulted in an OD reading above the RT.

Anti-ATS IgG inhibition ELISA. To confirm the specificity of the anti-ATS
antibody response, the anti-ATS IgG ELISA described above was modified to a
competitive-inhibition format using a 2- to 128-fold (wt/wt) carbohydrate excess

FIG. 1. (A) Structure of the synthetic anthrose trisaccharide (ATS)
composed of a terminal anthrosyl residue attached to a rhamnan
disaccharide. Also shown is the amino propyl spacer used in the ATS-
protein conjugates. This synthetic structure is based on the oligosac-
charide moiety of the glycoprotein BclA from the exosporium of B.
anthracis (3). (B) Structure of a synthetic analog (HNAc) of the an-
throsyl-containing trisaccharide. The compound is N acetylated at the
C-4� and therefore lacks most of the 3-hydroxy-3-methyl-butyryl moi-
ety of the native anthrosyl-containing oligosaccharide (circled).
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of a conjugate (ATS-BSA) consisting of ATS and bovine serum albumin (BSA)
(Pierce Biotechnology, Rockford, IL). A noncompetitive synthetic trisaccharide
analog conjugated to BSA (HNAc-BSA) which lacked the 3-hydroxy-3-methyl-
butyryl moiety at the C-4� of the anthrosyl residue was used as the specificity
control (Fig. 1B). Unconjugated BSA was used as a noninhibiting reagent con-
trol. Dilution buffer served as the 100% binding activity reference (0% inhibi-
tion). Serum samples were tested in duplicate in each of three independent
experiments and the results reported as the average percent inhibition with
standard error (SE).

Statistical analyses. Differences in the anti-ATS IgG titers were analyzed
using the Kruskal-Wallis analysis of variance on ranks test procedure in Sigma-
Plot 11 (Systat Software, Inc., San Jose, CA).

RESULTS

Confirmation of infection. Infection was confirmed in the
five animals (RM1 to RM5) that survived aerosol exposure to
B. anthracis. Of these animals, only RM1 did not receive cip-
rofloxacin. All five animals exhibited transient bacteremia at
between 30 h and 72 h postexposure, and all were nonbacte-
remic by 96 h postexposure (Table 1). In addition, LF quanti-
fication (Table 2) demonstrated that toxemia was detectable as
early as 18 h postexposure (in RM2, RM3, and RM5). All
animals were toxemic by 36 h postexposure, and all animals
remained toxemic until at least day 7 postexposure. The un-
treated animal RM1 had low LF levels on all sampling dates
for which LF was quantified. At no time during the study did
RM1 LF levels rise above a maximum of 7.68 ng/ml (at 72 h
postexposure) (Table 2). These parameters of bacteremia and
toxemia are consistent with a high exposure/fatality ratio in
untreated rhesus macaques under similar study conditions (2;
Boyer et al., unpublished data).

Anti-ATS IgG responses in rhesus macaques. The baseline
and postchallenge anti-ATS antibody responses were deter-

mined for the five rhesus macaques that survived aerosol chal-
lenge with B. anthracis Ames. There were no detectable,
above-threshold anti-ATS IgG responses in the baseline serum
of any test animal (	30 days). All five animals mounted an
anti-ATS response that was highly specific for the terminal
anthrosyl group. The earliest responses were detected on day
14 in RM1, RM2, and RM5, with average titers of 100, 100,
and 350, respectively (Table 3; Fig. 2). Rhesus macaque RM4
responded by day 21 (titer 
 150) and RM3 by day 28 (titer 

250). From day 14 to day 35 the anti-anthrose IgG titer in-
creased 56-fold (rising from 100 to 5,600) for RM1, 9-fold
(rising from 100 to 900) for RM2, greater than 6-fold (rising
from �RT to 600) for RM3, and 4.57-fold (rising from 350 to
1,600) for RM5. The response mounted by animal RM4 rose to
175 relative to prechallenge responses but increased only
slightly between day 21 and day 28 postexposure. There was no
RM4 sample available to test the day 35 response. While the
untreated animal RM1 did not respond earlier than the four
animals that received ciprofloxacin treatment, one-way analysis
of variance performed on the anti-anthrose IgG titers showed
that on days 21, 28, and 35 the titers in RM1 were significantly
higher than the titers in the other animals (P � 0.001). This
indicates that antibiotic intervention during infection may have
an impact on the magnitude of the detectable anti-ATS anti-
body response.

Specificity of the anti-ATS IgG response. The specificity of
the interaction of the rhesus macaque infection sera with the
ATS-KLH conjugate was assessed by competitive inhibition
with increasing amounts (2- to 128-fold excess) of the ATS-
BSA conjugate or the BSA conjugate of a structural analog
lacking the 3-hydroxy-3-methyl-butyryl moiety at the C-4� of

TABLE 1. Determination of infection in rhesus macaques by measurement of bacteremia after aerosol exposure to B. anthracis Ames spores

Animal Gender Challenge
wt (kg)

LD50
equivalentc

Bacteremia on day:
First ciprofloxacin
administration (h)0 (12 h)

1
2 (48 h) 3 (72 h) 4 (96 h) 5 (120 h) 6 7

24 h 30 h 36 h

RM1 Male 4.0 230 	 	 	 	 � 	 	 	 	 	 NAa

RM2 Male 4.2 266 	 	 � � 	 	 	 	 	 	 48
RM3 Female 5.4 265 	 	 � � �/	b 	 	 	 	 	 48
RM4 Male 5.6 207 	 	 	 	 � � 	 	 	 	 72
RM5 Female 2.8 243 	 	 	 � � 	 	 	 	 	 72

a NA, not applicable.
b �/	, low positive result with only one to five colonies in the primary streak.
c For Bacillus anthracis Ames, LD50 equivalent 
 inhaled dose (CFU/animal)/55,000 (where 55,000 is the reported LD50 of anthrax spores in rhesus monkeys [2]).

TABLE 2. Determination of infection in rhesus macaques by measurement of lethal factor after aerosol exposure to B. anthracis Ames spores

Animal Gender Challenge
wt (kg)

LD50
equivalentb

Lethal factor (ng/ml) on day:
First ciprofloxacin
administration (h)0 1

2 (48 h) 3 (72 h) 4 (96 h) 5 (120 h) 6 7 14
12 h 18 h 24 h 30 h 36 h

RM1 Male 4.0 230 0.03 1.60 7.68 1.96 1.87 1.54 1.65 0.165 NAa

RM2 Male 4.2 266 0.031 0.18 4.12 50.28 41.35 6.14 1.53 0.35 0.10 0.21 48
RM3 Female 5.4 265 0.013 0.24 5.13 30.21 55.18 5.70 3.83 1.06 0.41 0.31 48
RM4 Male 5.6 207 0.21 0.06 4.87 54.99 6.14 1.67 0.95 0.44 72
RM5 Female 2.8 243 0.015 0.05 0.39 5.48 24.66 18.45 5.04 1.50 0.58 0.19 72

a NA, not applicable.
b For Bacillus anthracis Ames, LD50 equivalent 
 inhaled dose (CFU/animal)/55,000 (where 55,000 is the reported LD50 of anthrax spores in rhesus monkeys [2]).
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the anthrosyl residue (Fig. 1B) (21). Serum dilutions for spec-
ificity analyses were selected on the basis of available quantities
for testing and a minimum anti-ATS reactivity titer of 175
(Table 3). A 2-fold excess (wt/wt) of the ATS-BSA conjugate
relative to the carbohydrate coating antigen effected greater
than 94% inhibition. Under the same experimental conditions,
the BSA reagent control and structural analog conjugate con-
trol resulted in less than 20% inhibition (Fig. 3). These data
indicate that the anti-ATS antibody response elicited due to
inhalation anthrax in these animals was specific for the trisac-
charide component and was directed primarily at the terminal
anthrosyl group.

DISCUSSION

The infectious disease continuum that culminates in fulmi-
nant inhalation anthrax includes exposure to spores and sub-
sequent infection. Currently, candidacy for postexposure dis-

ease prevention (PEP) interventions is based solely on an
individual’s suspected exposure to B. anthracis. There are no
available clinical tests or assays to distinguish B. anthracis-
exposed individuals at risk of disease. It is probable, therefore,
that many individuals may receive unnecessary PEP due to
minimal (if any) risk for developing anthrax.

We reported previously that the ATS component of the B.
anthracis exosporium glycoprotein BclA elicits a specific IgG
immune response to the terminal anthrosyl group in rabbits
vaccinated intramuscularly with live or irradiated killed B. an-
thracis Sterne spores (21). We hypothesized, therefore, that the
anthrosyl group was an important epitope on the B. anthracis
spore surface and that aerosol exposure of rhesus macaques to
virulent B. anthracis Ames spores would consequently induce a
specific antibody response against the ATS and the anthrosyl
moiety in particular. This study tested this hypothesis using a
synthetic ATS-KLH conjugate ELISA to detect anti-ATS IgG
antibody responses in the sera of five rhesus macaques that
were exposed to aerosolized B. anthracis Ames spores and had
survived inhalation anthrax. All five animals demonstrated
bacteremia and toxemia consistent with infection. We evalu-
ated the potential for using host anti-ATS IgG as a serologic
marker of B. anthracis spore exposure and nonfatal anthrax
when ciprofloxacin was administered as an antibiotic medical
countermeasure. Ciprofloxacin was administered to four of the
five test subjects in a clinically relevant time frame postexpo-
sure (48 to 72 h) for an emergency response to an anthrax
outbreak. In addition, there was one untreated survivor of
inhalation anthrax. The data clearly demonstrate that all five
animals mounted a specific IgG antibody response against the
anthrosyl component of the ATS. Importantly, the specific
anti-ATS response was detectable in animals treated with cip-
rofloxacin.

These data confirm (i) the utility of a spore carbohydrate

TABLE 3. Average anti-ATS IgG titers in rhesus macaque sera 30
days before and 14, 21, 28, and 35 days after exposure to

B. anthracis Ames aerosolized spores

Animal
Avg titera on day:

	30 14 21 28 35

RM1 �RT2 100 1,600b 3,200 5,600
RM2 �RT 100 600 800b 900
RM3 �RT �RT �RT 250 600b

RM4 �RT �RT 150 175b NS
RM5 �RT 350 NS NS 1,600b

a Titer averages are based on four separate OD measurements in two inde-
pendent experiments. RT, reactivity threshold; NS, no sample available for
testing.

b Serum used in the inhibition assay.

FIG. 2. Anti-ATS IgG responses in rhesus macaques (RM) that
survived inhalation anthrax. Animals were exposed to 246 � 40 LD50
equivalents of B. anthracis Ames spores. Animal RM1 was an un-
treated control. Two of the animals (RM2 and RM3) were treated with
ciprofloxacin starting at 48 h. Animals RM4 and RM5 received cipro-
floxacin starting at 72 h postexposure. Anti-ATS IgG was determined
by ELISA. Error bars indicate the standard deviations of four titer
determinations based on OD measurements from two separate exper-
iments.

FIG. 3. Percent inhibition of anti-ATS IgG binding to ATS-KLH-
coated ELISA plates. Specificity of the anti-ATS response was dem-
onstrated by competitive inhibition immunoassay, adding the ATS-
BSA conjugate or the HNAc-BSA conjugate at a 2-fold excess (wt/wt)
of carbohydrate together with the serum to the microtiter wells. Ad-
dition of buffer only served as the no-inhibitor control and was the
100% binding activity reference point for calculating percent inhibition
in the wells to which BSA, ATS-BSA, or HNAc-BSA was added.
Selected test serum dilutions were 1:400 (RM1, day 21), 1:400 (RM2,
day 28), 1:200 (RM3, day 35), 1:100 (RM4, day 28), and 1:800 (RM5,
day 35). Bars represent the means from three separate experiments.
Error bars indicate the standard errors.
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antigen as a biomarker for infection and (ii) that the anti-ATS
antibody response is detectable during concomitant postexpo-
sure administration of antimicrobials (R. W. Carlson, G.-J.
Boons, T. Buskas, B. Choudhury, E. Kannenberg, C. Leoff, A.
Mehta, E. Saile, J. Rauvolfova,C. Quinn, P. Wilkins, M. Vasan,
and M. A. Wolfert, U.S. patent applications 2009/0246200 A1
and 2010/0233174 A9). In this context, even though it may
require 14 days or more for a detectable response, an anti-ATS
antibody reaction may be a valuable tool for ascertaining spore
exposure in asymptomatic individuals, thus aiding targeted in-
tervention with anthrax medical countermeasures. While it is
feasible that the onset of the response was earlier than 14 days,
there is invariably an associated lag period between antigenic
challenge and the onset of the primary IgG response (26).
Evaluation of anti-ATS IgM responses is under way in this
laboratory. Ideally, an early host response to ATS could be
used to provide immediate point-of-care (POC) information
that facilitates rapid decision making during an emergency
response. The time dependency for a serologic response is
therefore a potential limitation of this approach. In practice,
however, this may not be an impediment to the value of an
anti-ATS assay because of the lag between incidence occur-
rence and collection of acute- and convalescent-phase sera.

Although much has been learned since the anthrax emer-
gency response of the fall of 2001, those events remain the only
practicable example of the time frame for collection and eval-
uation of serum samples following a bioterrorism event and
indicate that in an emergency response serum sample acquisi-
tion is likely (advantageously) to coincide directly with the
acute and convalescent phases of a specific antibody response
(26). The value of quantitative determination of specific anti-
body responses in such a scenario was demonstrated during the
anthrax letter attacks in 2001. These data indicated that the
initial mail attack occurred more than a week earlier than was
first estimated and placed the location of that incident in New
York, NY, �1,200 miles north of the original estimate of Palm
Beach County, FL (26). These antitoxin serology data were
limited, however, in that the anti-PA antibody responses were
detectable only in confirmed clinical cases and unable to de-
termine exposure of asymptomatic persons (1, 8, 14, 26, 27).
These analyses did not affect the immediate and likely life-
saving responses of intervention with antibiotics (16, 17). Of
additional importance and value is that the duration of a spe-
cific antibody response may be such that spore exposure can be
determined retrospectively in persons who have late presenta-
tion of disease or who are only later realized to have been
exposed (26).

It is feasible that the magnitude of an anti-ATS antibody
response may be related to the level of spore exposure and the
degree of vegetative cell development (infection). The contri-
bution of vegetative cell development to the anti-ATS IgG
response was demonstrated previously by Mehta et al. by com-
paring live spore and irradiated killed spore preparations in
rabbits (21). In the present study this effect may be indicated in
the response of the single untreated animal, in which the anti-
ATS titers were significantly higher than those in the four
animals receiving ciprofloxacin. In such a scenario one might
speculate that antibiotic treatment accelerated clearance of
replicating vegetative cells, resulting in a lower anti-ATS re-
sponse. It is also possible that the level of spore exposure will

influence significantly the magnitude and duration of an anti-
ATS IgG response. Ongoing and future studies will evaluate
these aspects of the anti-ATS response.

Another facet of the anti-ATS response that is currently
under investigation in this and other laboratories is its diag-
nostic specificity (5, 34). For example, Dong et al. (6) reported
that synthesis of anthrose, of which ATS is a component, is not
restricted solely to B. anthracis but may occur in other closely
related Bacillus species, although at lower levels, and may
correlate with virulence phenotypes within the B. cereus lin-
eage (6, 12). It will be of value to determine if infections with
other Bacillus species are also capable of eliciting an anti-ATS
response. Having already determined a crucial motif of the
anthrose epitope (21), we are in a position to structurally
optimize our capture antigens to enhance specificity of detec-
tion (24).

We conclude that rhesus macaques that survive exposure to
and infection from aerosols of B. anthracis mount an anti-ATS
IgG response. These data provide proof of concept for the
antigenicity of the exosporium anthrose trisaccharide as a
marker of B. anthracis spore exposure and infection. Future
studies will evaluate enhanced analytic sensitivity of the anti-
ATS antibody detection assay and determine the diagnostic
sensitivity and specificity of the anti-ATS antibodies and their
utility as a diagnostic tool (7, 19). Collectively these data will
contribute to our ability to quickly detect exposure to B. an-
thracis spores.
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