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Bacillus anthracis lethal toxin (LT) produces symptoms of anthrax in mice and induces rapid lysis of
macrophages derived from certain inbred strains. LT is comprised of a receptor binding component, protective
antigen (PA), which delivers the enzymatic component, lethal factor (LF), into cells. We found that mouse
macrophages were protected from toxin by the antitumor drug cis-diammineplatinum (II) dichloride (cispla-
tin). Cisplatin was shown to inhibit LT-mediated cleavage of cellular mitogen-activated protein kinases
(MEKs) without inhibiting LF’s in vitro proteolytic activity. Cisplatin-treated PA lost 100% of its ability to
function in toxicity assays when paired with untreated LF, despite maintaining the ability to bind to cells.
Cisplatin-treated PA was unable to form heptameric oligomers required for LF binding and translocation. The
drug was shown to modify PA in a reversible noncovalent manner. Not surprisingly, cisplatin also blocked the
actions of anthrax edema toxin and of LF-Pseudomonas aeruginosa exotoxin A fusion peptide (FP59), both of
which require PA for translocation. Treatment of BALB/cJ mice or Fischer F344 rats with cisplatin at
biologically relevant concentrations completely protected the animals from a coadministered lethal dose of LT.
However, treatment with cisplatin 2 hours before or after animals received a lethal bolus of toxin did not
protect them.

Anthrax toxin consists of three polypeptides that combine to
express two toxic actions. Protective antigen (PA) and lethal fac-
tor (LF) constitute the lethal toxin (LT), whereas PA and edema
factor (EF) constitute edema toxin (ET). PA binds to cellular
receptors present on all tested cell types and is cleaved to its
63-kDa form (PA63), which is required for oligomerization and
binding of LF and EF. Oligomerized PA63 translocates LF and
EF to the cell cytosol (8). LF is a metalloproteinase which cleaves
and inactivates members of the mitogen-activated protein kinase
family (MEKs) (9, 40, 41). EF is a calmodulin-dependent adenyl-
ate cyclase (22). Anthrax LT is considered the major virulence
factor of Bacillus anthracis, in part because LT injection into
animals induces symptoms of anthrax and lethality (5, 11, 26).
Macrophage cell lines such as RAW264.7 and J774.A1, as well as
primary macrophages from certain inbred strains of mice, such as
BALB/cJ mice, are uniquely sensitive to rapid lysis by LT (12).
Thus far, a link between MEK cleavage and macrophage lysis has
not been established (29). However, it is clear that the proteolytic
function of LF and its successful translocation to the cytosol are
required for macrophage lysis (21).

Although there is a potential contribution of macrophage
sensitivity to higher mouse susceptibilities in select back-
grounds, possibly through a cytokine response (26, 27), other
genetic elements play a role in animal susceptibility to LT (25,
27). Despite questions surrounding the actual role of LT-me-
diated macrophage lysis in pathogenesis, the value of the mac-
rophage cytotoxicity test for rapid analysis of toxin function
and deciphering of the steps involved in toxin binding and
uptake to cells cannot be overstated. The concern that anthrax
might be used as a bioterrorism weapon has encouraged much

research to identify new therapies directed against the bacte-
rium and its toxins. The macrophage cytotoxicity test also pro-
vides a convenient system with which to screen for materials
that block LT action. It would be particularly valuable to find
drugs approved for human use that have protective actions
against anthrax. In the course of such a screen, we obtained
evidence that the widely used antitumor agent cisplatin (CIS)
blocks LT action. Cisplatin is one of the most effective chemo-
therapeutic anticancer agents, acting primarily by the forma-
tion of DNA adducts and the induction of apoptosis (6). Cis-
platin has a wide range of other effects, some of which include
inhibition of protein synthesis (30), thiol depletion (20), inhi-
bition of mitochondrial function (42), and interference with
HSP90 chaperone function (32).

In the present study, we show that cisplatin protects LT-
sensitive macrophages from lysis by inhibiting LF translocation
to the cytosol. Cisplatin modifies PA in a reversible noncova-
lent manner that does not interfere with its cell binding and
processing but prevents the oligomer formation that is re-
quired for LF binding. The administration of cisplatin-pre-
treated lethal doses of LT affords total protection in BALB/cJ
mice and Fischer 344 rats. However, the administration of
cisplatin to mice before or after toxin administration does not
provide protection against lethality. The potential of cisplatin
as a therapeutic agent for anthrax is also discussed.

MATERIALS AND METHODS

Materials. PA, LF, EF, and FP59 (the LF-Pseudomonas exotoxin A fusion
protein) were purified as previously described (4, 22, 39). For cytotoxicity assays,
toxin was prepared in serum-free Dulbecco’s modified Eagle medium (DMEM)
prior to addition to cells. Toxin for animal injections was prepared in sterile
phosphate-buffered saline (PBS). Concentrations and doses of LT refer to the
amounts of each component (i.e., 1,000 ng LT/ml is 1,000 ng PA plus 1,000 ng
LF/ml and 100 �g LT is 100 �g PA plus 100 �g LF). Rabbit polyclonal antibodies
to PA and LF were developed in our laboratory. A MEK1 N-terminal antibody
and glutathione S-transferase (GST)-tagged purified MEK1 were purchased
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from Upstate Biotechnologies (Waltham, MA). The polyclonal antibody SC-71
against c-Rel was purchased from Santa Cruz Biotech (Santa Cruz, CA). Cis-
platin [cis-diammineplatinum (II) dichloride] was purchased from Sigma (St.
Louis, MO).

Cytotoxicity assays. RAW264.7 cells (ATCC, Manassas, VA) were grown in
DMEM with 10% fetal calf serum, 2 mM Glutamax, 2 mM HEPES, and 50 �g/ml
gentamicin (all from Invitrogen, Carlsbad, CA) at 37°C in 5% CO2. Cells were
seeded in 96-well plates 24 to 48 h prior to assay. For macrophage protection
assays where the drug was introduced first, cells were treated in duplicate with
cisplatin at various concentrations for 10 min prior to the addition of a set
concentration of LT. Cell viability was assessed after 150 min by the addition of
MTT [3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma, St.
Louis, MO) at a final concentration of 0.5 mg/ml. Cells were then further
incubated with MTT for 40 min, and the blue pigment produced by viable cells
was dissolved by removing all medium, adding 50 �l/well of 0.5% (wt/vol) sodium
dodecyl sulfate (SDS)–25 mM HCl in 90% (vol/vol) isopropanol, and shaking the
plates for 5 min prior to reading the A570 by using a microplate reader. For
experiments where PA was pretreated with cisplatin in PBS (100 �g/ml treated
with 2.5 to 50 �g/ml cisplatin [see below]), twofold dilutions of cisplatin-treated
PA were added to the wells first, prior to adding untreated LF at 10 �g/ml. After
150 min, MTT was added for assessment of cell viability as described above. For
FP59 toxicity assays, cells were treated with twofold dilutions of cisplatin for 10
min prior to the addition of a single concentration of PA plus FP59. After 45 min
of toxin incubation, the medium was removed and cells were washed once with
serum-free medium, followed by the addition of 100 �l/well of complete medium.
Cells were then incubated for 16 h prior to the addition of MTT and assessment
of cell viability as described above.

Cisplatin pretreatment of toxin. PA or LF at 100 �g/ml was treated with 1.0,
2.5, 10, or 25 �g/ml (3.3 �M, 8.25 �M, 33 �M, and 82.5 �M, respectively)
cisplatin in PBS (pH 7.0) or 10 mM K2HPO4 (pH 9.1). Cisplatin stocks were
prepared in dimethyl sulfoxide prior to being diluted in PBS. Samples were then
either tested for activity in toxicity assays, as described above, or first dialyzed for
24 h against previously described buffers, using Pierce (Rockford, IL) Slide-A-
Lyzer dialysis cassettes (30,000-molecular-weight cutoff), prior to testing for
activity. Alternatively, cisplatin-treated PA (100 �g/ml) was first mixed with
100% fetal calf serum (1:1) or with PBS (1:1) and then rapidly separated from
unbound cisplatin over PD-10 desalting columns (Amersham Pharmacia Bio-
tech, Piscataway, NJ), using 50 mM HEPES, pH 7.0 (with or without 500 mM
NaCl) as column buffer, prior to dilution. All collected column fractions were
then tested for PA activity in a macrophage lysis assay, using excess (10 �g/ml)
LF for activity. All samples described above were run in native gels, using the
Pharmacia PhastGel system (Piscataway, NJ), or in 4 to 20% Tris-glycine gels
from Invitrogen (Carlsbad, CA).

ET function assays. RAW264.7 cells in 96-well plates were treated with cis-
platin at various concentrations for 10 min prior to the addition of ET (250
ng/ml). Cells were incubated with ET for 60 min, and intracellular cyclic AMP
(cAMP) production was assessed using the 96-well BioTRAK cAMP enzyme
immunoassay from Amersham Pharmacia Biotech (Piscataway, NJ).

PA binding and MEK cleavage assays. For MEK cleavage assays, RAW264.7
cells were grown in 10-cm plates to 90% confluence. Cells were treated with 1
mM cisplatin or medium (control) for 10 min prior to the addition of LT at 1,000
ng/ml. The medium was removed after 60 min, and cells were washed five times
with ice-cold PBS, followed by lysis in RIPA buffer (1% Nonidet, 0.5% sodium
deoxycholate, 0.1% SDS in PBS) plus EDTA-free Complete protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN). Protein concentrations in
lysates were quantified using a bicinchoninic acid assay (Pierce Biotechnology,
Rockford, IL) to ensure equal loading into SDS-polyacrylamide gels for Western
blot analysis using anti-MEK1 NT (1:1,000) and c-Rel (1:1,000) antibodies. For
PA binding and oligomer formation studies, CHO WTP4 cells, which allow
better visualization of the PA63 oligomer (23), were used. Cells were grown to
90% confluence in alpha-modified essential medium supplemented exactly as
described above for DMEM prior to treatment with LT (1,000 ng/ml) or with PA
pretreated with cisplatin (25 �g/ml, or 82.5 �M) and untreated LF, with each
toxin component added to a final concentration of 1,000 ng/ml. The reverse
experiment was also performed by adding LF pretreated with cisplatin (25 �g/ml,
or 82.5 �M) along with untreated PA, both at 1,000 ng/ml. In all experiments,
cells were washed five times with PBS after 45 min to remove unbound toxin,
lysates were made as described above, and Western blotting was performed with
anti-PA (1:5,000).

Measurement of LF proteolytic activity in vitro. A colorimetric substrate
assay (EMD Biosciences, San Diego, CA) was used to assess LF proteolytic
function, as previously described (36). Briefly, 98-�l reaction mixtures containing
2 �g/ml LF in reaction buffer (25 mM Na2HPO4, 15 mM NaCl, pH 7.4, 2 �M

ZnCl2) were set up, and 2 �l of cisplatin was added to a final concentration of
1,000, 333, or 111 �M. Controls received 2 �l of buffer or trypsin (2 �g/ml)
instead of LF. Negative controls received 2 �l of EDTA (final concentration, 1
mM) or ZnCl2 (final concentration, 200 �M). The colorimetric substrate was
added to a final concentration of 50 �M, and the A405 was read at intervals.
Initial reaction rates were derived from the relationship �A/�T (where T is time)
and converted to M/s using Beer’s law, A � εcl, where ε is 9,920 M�1 cm�1 and
the path length, l, is 1 cm. Alternatively, purified GST-tagged Mek1 fusion
protein (37 ng) was cleaved by the addition of 1 ng of LF or LF pretreated with
cisplatin (33 �M or 82.5 �M) in cleavage reaction buffer (10 mM HEPES, pH
7.4, 1 mM NaCl, 2 �M ZnCl2). Reactions were stopped by adding SDS loading
buffer after 40 min. One-tenth (3.7 ng) of each reaction mix was subjected to
SDS-polyacrylamide gel electrophoresis followed by Western blotting using the
MEK1 NT antibody (1:1,000). The cleavage of the N terminus of MEK1 fused to
GST results in a significant size change detected by Western blotting.

Animals. BALB/cJ mice (8 to 12 weeks old; 20 to 22 g) were purchased from
Jackson Laboratory (Bar Harbor, Maine). Fischer F344 rats (220 g) were pur-
chased from Taconic Farms (Germantown, NY). Mice were injected intraperi-
toneally (i.p.) with 1.0 ml of 100 �g LT alone (100 �g PA plus 100 �g LF/ml in
PBS) or 100 �g LT plus cisplatin at various doses. For experiments involving pre-
or posttreatment of mice with cisplatin, the drug was injected i.p. in a 1.0-ml
volume or intravenously (i.v.) in a 100-�l volume according to the schedule
described, and 100 �g LT/mouse was injected i.p. in a 0.5-ml volume at various
times pre- or post-drug treatment. In some experiments, rats were injected i.v.
with 100 �l of drug premixed with LT or with the drug first, followed 10 min later
by LT (7.5 �g, lethal at 120 to 140 min). All statistical analyses on animal survival
curves were performed using GraphPad Prism 4.0 software (San Diego, CA).

RESULTS

Cisplatin protects against LT-mediated macrophage lysis.
RAW264.7 macrophages and BALB/cJ peritoneal macro-
phages are rapidly lysed by LT. We treated these macrophages
with various concentrations of cisplatin for 10 min prior to the
addition of LT. Macrophages were protected from lysis by
cisplatin in a dose-dependent manner (Fig. 1). Cisplatin alone
produced 10 to 15% toxicity at the higher concentrations of
500 to 1,000 �M but was fully protective against LT at these
concentrations.

Cisplatin inhibits LT-mediated MEK cleavage in cells. LT-
mediated cleavage of the N-terminal region of MEK1 in
RAW264.7 cells can be assessed by monitoring the loss of an
N-terminal epitope destroyed by the cleavage. Cells were

FIG. 1. Cisplatin protects macrophages from LT-mediated lysis.
RAW264.7 cells were treated in duplicate wells with various concen-
trations of cisplatin for 10 min, treated with LT (1,000 ng/ml), and
incubated for 150 min, and their viability was assessed by MTT assay.
Viability was calculated based on the average of two treatment wells
relative to the average of medium-treated control wells and is ex-
pressed as a percentage. The data shown are representative of �20
similar toxicity protection curves created with cisplatin.
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treated with cisplatin or left untreated, followed by LT treat-
ment for 40, 60, or 80 min. Cell lysates were monitored for
MEK1 cleavage by Western blotting using a MEK1 N-terminal
antibody specific to the cleaved epitope region. While LT
cleavage of MEK1 was complete by 60 min in the absence of
cisplatin, treatment with the drug completely prevented MEK1
cleavage (Fig. 2).

Cisplatin does not inhibit LF proteolytic function. To test
whether cisplatin interfered with LF proteolytic function, we
utilized a colorimetric substrate to measure toxin proteolytic
activity in vitro. As shown in Fig. 3A, 1 mM cisplatin did
produce a 25% inhibitory effect on LF proteolytic function.
This weak effect seems insufficient to account for the complete
inhibition of MEK cleavage in macrophages. We also tested
cisplatin for inhibition of LF cleavage of a purified GST-tagged
MEK1 protein. Pretreatment of a 100-�g/ml LT (PA plus LF)
solution with 10 or 25 �g/ml cisplatin (33 or 82.5 �M) in PBS
for 30 min resulted in a 100% loss of toxic ability in the

FIG. 2. Cisplatin inhibits LT-mediated MEK1 cleavage. RAW264.7
cells were treated with cisplatin (1 mM) or medium prior to the addition
of LT (1,000 ng/ml) for 60 min. MEK1 cleavage was assessed by Western
blotting by following the loss of an N-terminal epitope using MEK1 NT
antibody. An antibody against c-Rel was used simultaneously to demon-
strate equal loading. The “X” represents a protein band cross-reactive
with the c-Rel antibody. The gel shown is representative of five indepen-
dent experiments.

FIG. 3. Cisplatin effects on LF proteolytic function and translocation. (A) A colorimetric LF substrate was utilized to assess the inhibition of
toxin proteolytic function after incubation of LF with three concentrations of cisplatin (111, 333, and 1,000 �M) or reaction buffer alone. Initial
proteolysis rates for each reaction were calculated based on changes in absorbance over 15-s increments for the first few minutes of each cleavage
reaction and were converted to M/s by using Beer’s law (see Materials and Methods). (B) Purified GST-tagged Mek1 fusion protein was cleaved
by the addition of LF or LF pretreated with cisplatin (33 �M or 82.5 �M) and analyzed by Western blotting using MEK1 NT antibody. (C) CHO
WTP4 cells were treated for 45 min with LT (lane 1), LF pretreated with cisplatin (25 �g/ml [82.5 �M]) and untreated PA (lane 2), or PA
pretreated with cisplatin (25 �g/ml [82.5 �M]) along with untreated LF (lane 3). All toxin components were added to cells at 1,000 ng/ml. Cell
lysates were analyzed by Western blotting performed with anti-PA (top panel) or anti-LF (bottom panel) antibody. (D) Unmodified PA or PA
pretreated (in PBS) with cisplatin was tested at a range of concentrations in conjunction with a set concentration of unmodified LF (10 �g/ml) for
toxicity against RAW264.7 macrophages. Viability was calculated based on the average of two treatment wells relative to the average of
medium-treated control wells and is expressed as a percentage. The results shown are for an experiment which is representative of three
independent studies.

2660 MOAYERI ET AL. ANTIMICROB. AGENTS CHEMOTHER.



macrophage toxicity assay (data not shown), but treating LF
with the same concentrations of cisplatin had no effect on LF
proteolytic function (Fig. 3B).

Cisplatin effects on PA binding, processing to PA63, and
oligomer formation. We next tested cisplatin’s effects on PA
binding and processing in CHO WTP4 cells. Either PA or LF
was pretreated with cisplatin (100 �g/ml toxin treated with 25
�g/ml cisplatin [82.5 �M] in PBS). Cisplatin-treated PA was
added to cells with untreated LF (both at 1 �g/ml) or untreated
PA was added with cisplatin-treated LF (both at 1,000 �g/ml)
for 45 min. As shown in Fig. 3C, cells treated with cisplatin-
treated LF and untreated PA showed little change in PA bind-
ing, cleavage, oligomerization (top gel), or binding of LF (bot-
tom gel) compared to the control LT-treated cells. Cisplatin
treatment of PA, however, while only slightly affecting PA
binding and cleavage, completely prevented oligomerization of
PA and subsequent LF binding. An incomplete oligomeric
species did form in the cisplatin-treated PA samples in some
experiments, but not always (Fig. 3C, top panel, lane 3). In fact,
cisplatin pretreatment of PA in PBS under these conditions
was far more effective at inhibiting PA function than providing
cisplatin in the cell medium prior to toxin addition (as de-
scribed for the protection shown in Fig. 1). PA (100 �g/ml �
1.1 �M) treated with cisplatin at 1.0, 2.5, 10, or 25 �g/ml (3.3
to 83 �M) in PBS tested over a wide range of dilutions (100
�g/ml to 40 ng/ml) with a set concentration of untreated LF
(10 �g/ml) had absolutely no activity at any concentration
of PA. The data shown in Fig. 3D are for pretreatment with
10 �g/ml cisplatin.

The effects of cisplatin on PA function were independent of
pH. The same loss of activity was seen when PA was treated at
pH 7.0 or pH 9.1 (Fig. 4A). Cisplatin-treated PA showed a
mobility shift in native gels indicating cisplatin binding and
modification of the toxin (Fig. 4A, gel, lanes 2 and 4 show
cisplatin-treated PA shifts). Interestingly, a 24-h dialysis of
cisplatin-bound toxin resulted in the removal of cisplatin and
restoration of full toxic activity against macrophages as well as
a return to normal mobility in native gels (Fig. 4A). This
reversion was pH independent (Fig. 4A). Rapid removal of
free cisplatin from treated PA samples by gel filtration using
PD10 columns, however, did not result in regained function
(Fig. 4B). Additionally, incubation of the cisplatin-modified
PA with a 50% final concentration of fetal calf serum prior to
column separation in order to remove larger amounts of the
free cisplatin through reaction with serum proteins did not
result in any gain of PA function over 6 h, indicating that
cisplatin dissociation is a slow process.

Cisplatin inhibits PA-mediated translocation of toxins to
cytosol. To confirm that cisplatin inhibits PA-mediated LF
translocation to the cytosol, the drug was tested against two
other toxins translocated by PA, the anthrax edema toxin and
the cytotoxin FP59, a fusion of LF and exotoxin A from
Pseudomonas aeruginosa (2, 3). As shown in Fig. 5A and B,
cisplatin inhibited both toxins, indicating that its general effect
is on PA-mediated translocation.

Cisplatin protects mice and rats from lethal doses of LT.
The maximum tolerated doses of cisplatin in rodents have been
reported to range from 6 to 12 mg/kg of body weight, depend-

FIG. 4. Noncovalent, reversible, pH-independent cisplatin modification of PA. (A) (Top panel) PA at 100 �g/ml was treated with 1.0, 2.5, 10,
or 25 �g/ml (3.3 �M, 8.25 �M, 33 �M, and 82.5 �M, respectively) cisplatin in PBS (pH 7.0) or 10 mM K2HPO4 (pH 9.1) and tested with or without
dialysis (24 h) for function in macrophage toxicity assays. (Bottom panel) PA samples corresponding to the toxicity curves in the top panel were
run in a native gel and stained with Coomassie blue. The experimental results shown represent those obtained from two independent experiments
and four independent native gels. (B) Activity of cisplatin-treated PA (100 �g/ml) separated from unbound cisplatin by column chromatography
and tested with excess (10 �g/ml) LF at various times after column application, using the assay measuring toxicity against RAW264.7 macrophages.
Viability was calculated based on the average of two treatment wells relative to the average of medium-treated control wells and is expressed as
a percentage. The results shown are for an experiment which is representative of three similar experiments. Data shown are for pretreatment with
25 �g/ml cisplatin.
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ing on the mouse strain (7, 14, 30, 38). Ten percent lethal dose
values of 8 mg/kg (13) to 15.5 mg/kg (37) have been reported
for rodents. Assuming distribution of the drug throughout the
body, these doses would produce concentrations of approxi-
mately 30 �M in animals. Doses used successfully in the treat-
ment of tumors in mice are in the 5- to 10-mg/kg range (13, 38),
at which antitumor activity relative to toxicity is acceptable. We
tested the effects of cisplatin on LT lethality at a range of drug
doses (0.125 mg/kg to 10 mg/kg), using a single coadministra-
tion of each cisplatin dose with LT (always at 100 �g in 1 ml,
or 1.1 �M). This dose of LT is lethal to BALB/cJ mice (26). As
expected, cisplatin doses of 0.125 and 0.5 mg/kg (2.5 �g/ml and
10 �g/ml, respectively [8.3 and 33 �M]), which were shown to
inhibit toxin activity, were also completely protective against
LT mortality in the mouse model, with no signs of malaise in
animals (Fig. 6A shows results for the 0.5-mg/kg dose). Cispla-
tin doses of �5.0 mg/kg showed toxicity to BALB/cJ mice, with
40% mortality at 5.0 mg/kg and 80% mortality at 10 mg/kg
(data not shown).

Tests of cisplatin were then performed with Fischer F344
rats, which are uniquely sensitive to LT and succumb in as early
as 1 h (10). Cisplatin (2.6 mg/kg) was coinjected i.v. with 100 �g
PA and 40 �g LF and completely protected against lethal
toxin, with no signs of malaise (Fig. 6B).

To investigate if cisplatin treatment prior to or after a high-
dose-bolus toxin challenge was protective, we performed two
types of experiment. For pretreatment, experiments were per-
formed in which mice were pretreated with cisplatin (0.5, 1.0,
or 2.0 mg/kg) 10 h and 2 h prior to a lethal toxin bolus (100 �g
LT). Control animals received PBS instead of cisplatin. For
postchallenge experiments, the toxin was administered to ani-
mals first, and 2 h later a single dose of cisplatin (1.0 or 2.5
mg/kg) or PBS (control) was administered. In both sets of
experiments, a dose of cisplatin (1.0 mg/kg) was administered
52 h after toxin injection as well (Fig. 7A). The use of low-dose
combinations (pretreatment with 0.5- plus 0.5-mg/kg and post-
treatment with 1.0-mg/kg doses) resulted in a slight delay in

FIG. 5. Cisplatin inhibits ET and FP59 actions. Treatment of macrophages with cisplatin inhibited cAMP production by ET (A) and cell death
induced by FP59 (B). Cells were treated with various concentrations of cisplatin for 10 min prior to the addition of a set concentration of ET (250
ng/ml) or FP59 (500 ng/ml PA plus 50 ng/ml FP59). For ET inhibition studies, cAMP production was assessed 60 min after ET addition, while FP59
viability assays required washing and removal of extracellular drug and toxin after 45 min, followed by a 16-h incubation and assessment by MTT
assay. The results shown are based on the average of two treatment wells for each dose used in a single experiment relative to the average of
medium-treated control wells and are expressed as percentages of the medium controls. The results shown are for an experiment which is
representative of two independent studies.

FIG. 6. Cisplatin protects BALB/cJ mice and Fischer 344 rats from
LT-mediated lethality when coadministered with toxin. (A) Survival of
BALB/cJ mice injected with 100 �g LT mixed with cisplatin (0.5
mg/kg) compared to that of mice treated with LT alone. Survival was
monitored every 12 h postinjection. Survival percentages are based on
an n value of 10. The curves are significantly different by the log rank
test (P � 0.0001). (B) Survival curves for Fischer 344 rats treated with
100 �g PA plus 40 �g LF coadministered with or without cisplatin
(2.6-mg/kg dose). Survival percentages are based on an n value of 4.
The curves are significantly different by the log rank test (P � 0.0001).
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time to death (TTD) but in no statistically significant protec-
tion (Fig. 7B). Maximal tolerated dose combinations (pretreat-
ment 2.0- and 1.0-mg/kg doses, pretreatment with 1.0- and
1.0-mg/kg doses, and posttreatment with a 2.5-mg/kg dose)
were also not protective against a lethal bolus of LT (Fig. 7C).
Because cisplatin is cleared very rapidly from the circulation,
we also performed experiments in which the drug (1.0 mg/kg)
was provided 1 min, 15 min, and 25 min prior to or after LT
injection. Cisplatin did not afford any statistically significant
protection in any of these experiments, in which it was not
premixed with toxin (data not shown). In parallel experiments
with the supersensitive Fischer rat, which succumbs to a 7.5-�g
dose of LT in 120 to 140 min, we injected six rats with 10 mg/kg
cisplatin i.v., followed by a 7.5-�g LT bolus i.v. 10 min later and
compared the TTDs with those for four rats injected with LT
alone. The TTDs for the cisplatin group increased by an aver-
age of 38 min, but again, no protection was afforded (data not
shown). This result was in direct contrast to the full inhibition
of toxin function at cisplatin doses as low as 0.125 mg/kg if the

drug and toxin were premixed prior to injection into rats (data
not shown).

DISCUSSION

Cisplatin is efficacious in the treatment of many human
cancers, but it has well-recognized dose-limiting toxicities, me-
diated in part through oxidative stress induction (17). We dis-
covered that cisplatin protects LT-sensitive mouse macro-
phages from lysis and does so by preventing LF delivery to the
cytosol. Experiments showed that cisplatin treatment of mac-
rophages prevented LF-mediated MEK cleavage by inhibiting
proper oligomerization of PA. Cisplatin’s parallel inhibitory
activities on two other toxins (ET and FP59) which utilize PA
for translocation into the cell cytosol support this inhibition of
PA function. A search of the extensive cisplatin literature
yielded evidence of potential inhibition of receptor-mediated
endocytosis by this drug through inhibition of the vacuolar
H� ATPase, resulting in an increase in endosomal pH (35).

FIG. 7. Cisplatin does not protect mice against LT when administered pre- or post-toxin treatment. (A) Injection schedule for mice. For
cisplatin pretreatment experiments (group A), groups of five animals each were injected with cisplatin at various doses (0.5, 1.0, or 2.0 mg/kg) 10
to 12 h prior to receiving a second identical dose of cisplatin. Mice received LT (100 �g/ml) or PBS 2 h after the second dose of drug. A third dose
of cisplatin was injected 52 h after toxin or PBS injection. For cisplatin posttreatment experiments (group B), mice were injected with LT (100
�g/ml) or PBS 2 h prior to receiving the first dose of cisplatin (at 1.0 or 2.0 mg/kg). Animals with a 2.0-mg/kg posttreatment also received a second
dose of cisplatin (1.0 mg/kg) 52 h after toxin injection. Control animals received PBS instead of cisplatin. (B) Comparison of survival curves for
low-dose (0.5 mg/kg) pre- and post-LT drug treatments. In these experiments, five animals received two 0.5-mg/kg pretreatment doses (10 and 2 h
prior to toxin injection) of cisplatin, while five animals received a post-toxin-treatment dose of 1.0 mg/kg 2 h after toxin injection. Only a single
post-LT drug injection was given in these experiments (no injection at 52 h). Control groups of five mice received PBS instead of drug in the same
pre- and post-toxin treatment schedule. None of the curves are statistically different from each other by the log rank test (for PBS/LT group versus
LT/PBS group, P � 0.4151; for PBS/LT group versus cisplatin CIS/LT group, P � 0.1241; for PBS/LT group versus LT/CIS group, P � 0.1149;
for LT/PBS group versus CIS/LT group, P � 0.4546; and for LT/PBS group versus LT/CIS group, P � 0.4151). (C) Comparison of survival curves
for high-dose pre- and post-LT drug treatment. In these experiments, five animals received 2.0- and 1.0-mg/kg doses of cisplatin prior to toxin
injection (10 and 2 h before injection) as well as a 1.0-mg/kg dose 52 h after LT injection. Five animals received 1.0-mg/kg doses of cisplatin prior
to (10 and 2 h before injection) as well as 52 h after LT injection. Five mice received 1.0-mg/kg drug doses only after toxin injection (2 h and 52 h
after injection). Two control groups with five mice in each group received PBS at 10 h and 2 h pre-toxin treatment and 52 h after LT treatment
or, alternatively, 2 and 52 h after LT treatment. None of the curves are statistically different from each other by the log rank test (for PBS/LT group
versus LT/PBS group, P � 0.4151; for PBS/LT group versus CIS/LT group, P � 0.5488; for PBS/LT group versus CIS/LT [1.0 � 1.0 � 1.0] group,
P � 0.1637; for PBS/LT group versus CIS/LT [2.0 � 1.0 � 1.0] group, P � 0.4961; for PBS/LT group versus LT/CIS [2.5 � 1.0] group, P � 0.0919;
for CIS/LT group versus CIS/LT [1.0 � 1.0 � 1.0] group, P � 0.3088; for CIS/LT group versus CIS/LT [2.0 � 1.0 � 1.0] group, P � 0.9103; and
for CIS/LT group versus LT/CIS [2.5 � 1.0] group, P � 0.1097).
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Endosomal acidification is a crucial step required for forma-
tion of the PA oligomer (for a review, see reference 8). How-
ever, it is also clear from our studies that cisplatin can modify
PA directly, potentially at residues involved in oligomerization.

While the concentrations of cisplatin required for protection
against lysis of macrophages are relatively high if the drug is
added to cells first (100 to 1,000 �M, a 104 - to 105-fold molar
excess of cisplatin relative to toxin), we discovered that mixing
cisplatin with toxin prior to its addition to cells or medium
allowed for very low doses of cisplatin and a far lower molar
ratio (an 8-fold molar excess of cisplatin relative to PA) to
completely inhibit PA-mediated LF translocation into cells.
Even a 1.5-fold molar excess of cisplatin mixed with PA in PBS
was sufficient for 50% protection in subsequent macrophage
assays. The drug bound to PA, as demonstrated by an altered
mobility in native gels, but the modification was noncovalent
and fully reversible in a time-dependent fashion, as demon-
strated by our dialysis studies.

Cisplatin is an electrophilic agent for which thiols act as
effective nucleophiles, displacing chlorides to produce sulfhy-
dryl conjugates. This explains the reactivity of cisplatin with
many thiol-containing proteins. Although cisplatin has been
shown to form complexes with histidine, aspartic acid, glutamic
acid, and glycine, it is unlikely that these complexes will form
in plasma or within cells in preference to complexes with pro-
tein thiol groups (1, 16, 24, 31). The much higher reactivity of
cisplatin with thiol groups is well established. It is likely that
the potent inactivation of anthrax PA at low cisplatin concen-
trations in PBS prior to exposure to cells or medium results
from the lack of the competing thiol groups present in serum
and medium.

In fact, levels of tumor resistance to cisplatin correlate with
the glutathione contents of cancer cells (15). Agents that sen-
sitize tumors to cisplatin often do so by glutathione depletion
or reduction of glutathione S-transferase activity (18, 19, 34).
In a normal cell system or animal setting, cisplatin reacts pri-
marily with the multitude of available thiols, leaving little drug
to react with amino acid side chains of the cysteine-free an-
thrax toxin proteins. This clearly explains why pretreatment of
LT in PBS with cisplatin at very low molar ratios prior to
injection into animals was fully effective at inhibiting all toxic
activity, while injection at 2 h pre- or post-toxin treatment was
completely ineffective at protecting animals.

Animal studies indicate that cisplatin is cleared from the
plasma very rapidly (26 ml/min/kg) and has a very short half-
life in blood, with no drug present in plasma 60 min after
injection (13, 33), and this may contribute to the ineffectiveness
we observed for the drug administered before or after the
toxin. However, the very low doses of pretreated cisplatin able
to inhibit toxin activity make it unlikely that cisplatin inhibited
toxin function by a method independent of PA modification
(including inhibition of endosomal acidification) in our animal
studies. We conclude that a direct cisplatin modification of LT
is responsible for its inhibitory effect on the toxin and that this
reaction is only efficient in the absence of competing thiol
groups, making the drug an unsuitable candidate for therapy in
its current form.

Identification of the residue or residues modified by cisplatin
which lead to inhibition of oligomerization without affecting
PA binding or processing may provide useful information in

structure/function studies of LT. The low molar ratios of drug
to toxin and the gel shift assays seem to indicate modification
of a very small number of residues by cisplatin. PA has no
cysteines, and the likely candidates for modification are the 10
methionines present in the protein. The reversibility of the
modification by dialysis, however, makes it unlikely that deriv-
atization of a methionine residue is involved. This may be due
to inaccessibility of these residues to the drug within the struc-
ture of PA. The reversibility of the modification at alkaline pHs
makes it unlikely that the modified residue is a histidine (1).
Residues previously identified by mutagenesis as being impor-
tant in oligomer formation include aspartic acid residues 512
and 520 (28), so these may be the targets of cisplatin modifi-
cation. However, it is also possible that other, previously un-
identified residues crucial to oligomerization are modified by
this drug. The identification of cisplatin-targeted residues
awaits further study.
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