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We evaluated the in vivo efficacy of three �-cyclodextrin derivatives that block the anthrax protective antigen
pore. These compounds were at least 15-fold more potent than previously described �-cyclodextrins in
protecting against anthrax lethal toxin in a rat model. One of the drugs was shown to protect mice from
bacterial infection.

Bacillus anthracis edema toxin and lethal toxin (LT) are both
important virulence factors of anthrax disease which have been
shown to replicate many hallmarks of the disease in animal
models (4, 10). Protective antigen (PA) is the receptor-binding
component common to both of these toxins which forms
heptameric transmembrane pores and delivers their respective
enzymatic components, edema factor (EF) or lethal factor
(LF), to the cell cytosol (16). EF is a calmodulin-dependent
adenylate cyclase, and LF is a metalloprotease that cleaves
members of the mitogen-activated protein kinase kinase family
(9). Inbred mice display a range of sensitivities to LT (9, 11),
while the Fischer F344 rat is uniquely sensitive to LT and can
succumb as early as 38 min after toxin administration (3)
through unknown mechanisms.

The primary target in our arsenal against anthrax disease is
PA. Vaccination against this antigen is sufficient to completely
protect against anthrax disease in numerous animal models (5,
13, 14). Other than the PA-based vaccine, the only approved
therapy for anthrax is the administration of antibiotics after
exposure. Antibiotic administration, however, is ineffective as a
therapy against anthrax if it is provided after bacterial exposure
has led to the production of levels of toxins and other virulence
factors sufficient to kill the host. Therefore, the development of
direct antitoxin therapeutics which can be provided after ex-
posure to the bacterium is crucial for the treatment of this
disease. While a few small-molecule inhibitors of LF have been
tested in animal models (15), most studies on PA inhibition
focus on the use of monoclonal antibody-mediated therapy (1,
2, 12). Recently, we described one of the only small-molecule
inhibitors of PA function and report here on the in vivo efficacy
of derivatives of this compound.

We constructed a modified �-cyclodextrin with added posi-
tively charged groups which effectively blocked PA channel
conductance in vitro, protected against LT-mediated macro-
phage killing, and was able to rescue LT-treated Fischer F344
rats from death (6). Subsequently, improved per-substituted
�-cyclodextrin derivatives with greatly enhanced abilities to

block ion conductance through PA channels and to protect
against LT toxicity in macrophages at submicromolar concen-
trations were synthesized and characterized (7). Presented
here are the efficacy results of the most promising compounds
in two animal models.

We selected three compounds (compounds 5g, 14b, and 14c)
for comparison to our previously tested (6) initial �-cyclodex-
trin derivative, compound 5b (Table 1), and tested them for
their abilities to protect against toxicity when they were coad-
ministered with LT, as well as when they were preadminis-
tered. Female Fischer F344 rats (weight, 160 to 185 g; Taconic
Laboratories, Germantown, NY) were injected intravenously
(i.v.) with LT (10 �g PA plus 10 �g LF) mixed with set
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TABLE 1. �-Cyclodextrin derivatives tested in this study

Compound R
IC50 (�M) for

inhibition
of cytotoxicity

5b S(CH2)3NH2 2.9 � 1.0
5g S(CH2)8NH2 0.3 � 0.1

14b 0.5 � 0.2

14c 0.7 � 0.5

2239

 by on M
ay 27, 2008 

aac.asm
.org

D
ow

nloaded from
 

http://aac.asm.org


amounts of each compound or with phosphate-buffered saline
(PBS), and survival was monitored continuously over 8 h. Ta-
ble 2 summarizes the results from all of the experiments per-
formed. While our initial compound (compound 5b) required
a dose of 1.25 mg/rat for protection against LT-induced mor-
tality, a dose of just 0.017 mg/rat of compounds 5g, 14b, and
14c protected two of three animals, and a dose of 0.085 mg/rat
protected all six toxin-challenged animals. This represented an
almost 15-fold lower dosage for full protection and a greater
than 70-fold lower dosage for partial protection. Additionally,
pretreatment of the rats (1.25 mg/180 g rat, or 6.75 mg/kg of
body weight) with each compound (prepared in PBS, admin-
istered i.v.) 30 min prior to toxin challenge was also fully
protective (Table 3).

One compound (compound 14b) was selected and tested in
an infection model of anthrax. Antibiotics alone cannot protect
against B. anthracis infection when they are given after suffi-
cient toxin production has occurred. Our mouse model mimics
such postsymptomatic B. anthracis infections, and we have
successfully used it in our tests of the therapeutic value of
polyclonal anti-PA antibody therapy in combination with
ciprofloxacin (8). Five groups of 10 DBA/2 mice (age, 9 weeks;
average weight, 20 g; Jackson Laboratories, Bar Harbor, ME)
were inoculated intraperitoneally (i.p.) with 200 �l of a spore
suspension containing 1 � 107 to 1.5 � 107 B. anthracis 34F2

Sterne strain spores (Colorado Serum Company, Denver). At
day 1 postchallenge, one group received compound 14b (2.5
mg/kg) alone, a second group received compound 14b at this
dose as well as the antibiotic ciprofloxacin (50 mg/kg; MP
Biomedicals, Solon, OH), and the last group received only the
antibiotic. Compound 14 b was injected i.v., while the antibiotic
was administered i.p. Compound 14b and ciprofloxacin were
administered in this manner once daily for 10 days postinfec-
tion, and the mice were monitored daily for survival. In the
representative experiment whose results are shown in Fig. 1, a
combination of ciprofloxacin with compound 14b was signifi-
cantly (P � 0.02) more effective at protecting the mice against
B. anthracis infection than antibiotic treatment alone. The re-
sults obtained with the less effective ciprofloxacin treatment
clearly indicate the problems with late antibiotic therapy in the
absence of antitoxin therapeutics once bacterial division has
ensued. Repetitions of this experiment provided a rate of sur-
vival of up to 90% among animals treated with compound 14b
and ciprofloxacin (data not shown). Because compounds like
compound 14b described here are among the few small-mole-
cule inhibitors of PA function and have impressive in vivo
efficacy, we believe that these �-cyclodextrin derivatives are
exciting candidates that merit development as adjunct drugs
for the treatment of B. anthracis infection.
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FIG. 1. Protection of mice from B. anthracis infection. Mice chal-
lenged with B. anthracis Sterne spores were treated on days 1 to 10 with
compound 14b (2.5 mg/kg/day i.v.) alone, with ciprofloxacin (CIPRO)
alone (50 mg/kg/day i.p.), or with both compound 14b and ciprofloxa-
cin (by the same schedule used for each compound alone) and survival
was monitored. The graph presents the results of a single representa-
tive experiment selected to show the lowest survival rates. The com-
bination of ciprofloxacin with compound 14b was significantly (P �
0.02) more effective at protecting the mice than antibiotic treatment
alone. In a second set of experiments, 90% of animals treated with
compound 14b and ciprofloxacin survived.
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