Anthrax Lethal and Edema Toxins
Fail to Directly Impair Human
Platelet Function
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Hemorrhage is a prominent clinical manifestation of systemic
anthrax. Therefore, we have examined the effects of anthrax
lethal and edema toxins on human platelets. We find that
anthrax lethal toxin fails to cleave its target, mitogen-activated
protein kinase 1, and anthrax edema toxin fails to increase
intracellular cyclic adenosine monophosphate. Surface ex-
pression of toxin receptors tumor endothelial marker 8 and
capillary morphogenesis gene 2, as well as coreceptor low
density lipoprotein receptor-related protein 6 (LRP6), are
markedly reduced, preventing toxin binding to platelets. Our
studies suggest that the hemorrhagic clinical manifestations
of systemic anthrax are unlikely to be caused by the direct
binding and entry of anthrax toxins into human platelets.

Inhalation anthrax is a highly fatal, acute disease characterized
by severe hemorrhage, pleural effusions, hypotension, and,
ultimately, shock-induced death [1]. Anthrax is caused by
the gram-positive bacterium Bacillus anthracis, whose virulence
is attributed to its poly-D-glutamic acid capsule and the A-B
toxins: lethal factor (LF), edema factor (EF), and protective
antigen (PA). PA binds the host receptors tumor endothelial
marker 8 (TEMS) and capillary morphogenesis gene 2 (CMG2),
facilitating entry of EF and/or LF into host cells [2]. LF is a met-
alloprotease that cleaves the N-terminus of mitogen-activated
protein kinase kinase (MEK) 1, 2, 3, 4, 6 and 7 [3]. EF is an
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adenylate cyclase that increases intracellular cyclic adenosine
monophosphate (cAMP) levels [4]. Lethal toxin (LT) refers
to the combination of LF and PA, whereas edema toxin (ET)
refers to the combination of EF and PA.

Previous studies using anthrax animal models have docu-
mented severe hemostasis abnormalities including hemor-
rhagic lesions, fibrin deposits, thrombocytopenia, increased
prothrombin time, elevated activated partial thromboplastin
time, vascular permeability, pleural effusions, and decreased
fibrinogen levels [5, 6]. In human cases, hemorrhagic
lesions—capillary and vascular lesions consisting of fibrin de-
posits, pleural effusion, blood vessel leakage, and disseminated
intravascular coagulopathy—have been documented [7]. These
clinical manifestations suggest B. anthracis is capable of inducing
severe defects in hemostasis; however, the exact mechanisms
underlying these manifestations remain to be fully defined.

Platelets are anuclear fragments of megakaryocytes that aid in
hemostasis. Previous studies investigating rabbit platelets have
shown that ET suppresses platelet aggregation, induces a rise in
cAMP, and activates protein kinase A [8]. Additional inves-
tigations have shown anthrax LT inhibits arachidonic acid—
induced whole blood aggregation, inhibits platelet P-selectin
expression, and increases mortality in mice receiving aspirin
and rhodostomin [9]. We have sought to further elucidate the
mechanisms of severe hemostasis abnormalities documented in
anthrax victims by investigating the direct effects of these toxins
on purified human platelets.

Materials and Methods

Human whole blood was collected by venous puncture from
healthy volunteers into Aster-Jandl anticoagulant in accordance
with US Department of Health and Human Services guidelines
and University of Florida Institutional Review Board approval.
Human platelet-rich plasma was obtained by centrifugation at
100 g for 10 minutes, and purified platelets were resuspended to
1 X 10° platelets/mL in Tyrode-Hepes buffer. For mouse platelet
studies, mice were anesthetized with carbon dioxide followed by
cervical displacement. Cardiac puncture was performed, and
platelet-rich plasma was obtained using the same methods de-
scribed for human platelets.

HeLa cells and THP-1 cells (American Type Culture Col-
lection) were grown in complete Dulbecco’s Modified Eagle
Medium (DMEM )and Roswell Park Memorial Institute 1640
medium (Cellgro), respectively, and used at a concentration
of 1 X 10° cells/mL.

Reagents used were thrombin receptor agonist peptide
(TRAP) (Sigma—Aldrich), forskolin (Fsk) (Sigma—Aldrich),

BRIEF REPORT e JID 2012:205 (1 February) e 453



3-isobutyl-1-methylxanthine  (IBMX) (Sigma—Aldrich),
streptavidin-conjugated DyLight 488 (Thermo Scientific),
SB203580 (Calbiochem), and CD62P—fluorescein iso-
thiocyanate (FITC) (BD Bioscience). PA, LF, and EF were
purified as described elsewhere [10] and incubated with cells
for a minimum of 2 hours and for as long as 12 hours.

For Western blot analysis, cells were lysed in sodium dodecyl
sulfate and 40-pg total protein was resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, followed by transfer to
a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). Anti-
bodies used were reactive against MEK1 (Upstate), TEM8/CMG2
(Abcam), low density lipoprotein receptor-related protein 6
(LRP6) (Santa Cruz), Alexa Fluor 488 goat anti-rabbit immuno-
globulin G (H+L) (Invitrogen), isotype control/VASP antibody
(Cell Signaling), total HSP27 (Cell Signaling), phosphorylated
serine 82 HSP27 (Cell Signaling), or B-actin (Sigma).

For cAMP analysis, platelets were treated with cAMP agonists:
10 pmol/L Fsk plus 100 pmol/L IBMX, or varying concen-
trations of ET. Intracellular cAMP levels were measured using an
enzyme-linked immunoassay (Amersham Biosciences and Arbor
Assays) following kit protocol.

For P-selectin expression, platelets were fixed in a 1:1 ratio of
3.7% formaldehyde, and the relative amount of FITC-P-selectin
was determined using flow cytometry analysis.

For toxin binding and internalization, PA was labeled with
biotin (Thermo Scientific) according to the manufacturer’s
instructions. Platelets or THP-1 cells were incubated with
PA-biotin, fixed, and probed with FITC-streptavidin. The
relative amount of PA binding and internalization was de-
termined using flow cytometry analysis.

For surface expression of LRP6 and TEM8/CMG2, human
platelets or THP-1 cells were fixed, incubated for 1 hour with
primary rabbit antibody—either isotype control or specific
polyclonal antibody directed against TEMS8/CMG2 or
LRP6—and followed by the secondary Alex 488 goat anti-rabbit
immunoglobulin G antibody. All experiments were performed
3 or more times using a minimum of 3 different platelet donors
for each study.

Results

To determine the activity of LT, human platelets or HeLa cells
were treated with 500 ng/mL LT. Because LT is known to cleave
the N-terminus of MEK and prevent phosphorylation of the
downstream substrate Hsp27, a Western blot analysis was per-
formed. LT did not cleave MEK1 or prevent Hsp27 phosphor-
ylation in human platelets (Figure 1A and 1B); however, HeLa
cells were susceptible to MEKI1 cleavage after LT treatment
(FigurelB). We next sought to determine the effects of ET on
human and mouse platelets. It is well documented that ET in-
duces intracellular cAMP levels [4]; thus, measurement of cAMP
after ET treatment is an additional assay used to measure toxin
entry and activity. Treatment of human platelets with increasing

concentrations of ET, surprisingly failed to increase intracellular
cAMP levels; however, platelets treated with the positive control
Fsk/IBMX, demonstrated at least a 5-fold increase in cAMP
(Figure 1C). Mouse platelets also failed to show an increase in
cAMP levels after a 500 ng/mL treatment of ET; however, the
positive control led to an increase in cAMP levels (Figure 1D).

To further explore the functional effects of LT and ET on
platelet activation, we measured platelet P-selectin expression
after toxin treatment. P-selectin is a glycoprotein that is trans-
located to the platelet surface from o granules with cell activation
and is used as a marker for platelet activation [11]. Platelets
were treated with anthrax toxins and then activated with TRAP,
a known P-selectin stimulus; P-selectin levels were then de-
termined. Pretreatment with both Fsk/IBMX, which represents
a positive control for ET by raising intracellular cAMP levels,
and SB203580, which represents a positive control for LT by
preventing activation of the p38 pathway, inhibited TRAP-
induced P-selectin surface expression, whereas pretreatment
with LT or ET failed to block TRAP-induced P-selectin expression
on human platelets (Figure 1E). P-selectin surface expression is an
important component for aggregate formation of platelets.
These results indicate neither LT nor ET directly inhibit TRAP-
induced platelet activation.

To determine whether a lack of cellular responses to anthrax
toxin was due to ineffective toxin internalization or binding,
a PA-biotin conjugate was used. Purified platelets and THP-1
cells were treated with PA-biotin at 4°C to determine toxin
binding or at 37°C to determine toxin internalization. PA-
biotin was probed with streptavidin-FITC, which was followed
by flow cytometry analysis. THP-1 cells showed an increase in
PA binding at 4°C and internalization of the toxin after sub-
sequent warming to 37°C (Figure 2A), whereas purified platelets
failed to exhibit PA binding at 4°C or internalization at 37°C
(Figure 2B). The failure of PA to bind to the platelet surface
indicated a defect in anthrax toxin binding to its cognate receptor.

We next sought to determine whether the anthrax receptors
TEM8 CMG?2 and the coreceptor LRP6 were present on human
platelets. LRP6 is required for anthrax toxin lethality and has
been shown to play a role in toxin binding and internalization
[12]. Western blot analysis of solubilized human platelets con-
firmed the presence of these anthrax receptors in human platelets
(data not shown). However, flow cytometry revealed a low
surface expression of TEM8/CMG2 and LRP6 (Figure 2C).
Human platelets demonstrated 2 populations of TEM8/CMG2
surface expression. One population (47%) exhibited low TEM8/
CMG2 expression (peak fluorescence intensity 2.16 * 0.18—
fold higher than isotype control, [mean * standard error of the
mean [SEM]; n = 3 donors), and a second population (53%)
showed modest expression of TEM8/CMG2 (11.74 * 0.76—fold
higher than isotype control [SEM]; n = 3). LRP6 platelet
surface expression was low (2.03 * 0.20—fold higher than iso-
type control [SEM]; n = 3) (Figure 2C and 2E). In contrast, the
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Figure 1. Effects of lethal toxin (LT) and edema toxin (ET) on human platelets. A, Western blot showing phosphorylated Hsp27 in human platelets
treated with 500 ng/mL LT for 4 hours at room temperature and stimulated with 30 umol/L thrombin receptor agonist peptide (TRAP) for 2 minutes or left
unstimulated. Blots were stripped and reprobed with a primary antibody to total Hsp27 to show equal loading. Data are representative of 4 platelet
donors. B, Western blot showing mitogen-activated protein kinase kinase (MEK) 1 in human platelets or Hela cells treated with 500 ng/mL LT for 4 hours
at room temperature or left untreated. Blots were stripped and reprobed with a primary antibody to B-actin to show equal loading. Data are
representative of 4 platelet donors. C, D, Enzyme-linked immunoassay measuring intracellular cyclic adenosine monophosphate (cAMP) levels in human
platelets (C) treated with 50, 350, or 500 ng/mL ET for 2 hours at 37°C. Negative control platelets were treated with 500 ng/mL edema factor (EF) or
500 ng/mL protective antigen (PA) for 2 hours at 37°C. Positive control platelets were treated with forskolin (Fsk (10 umol/L) and 3-isobutyl-1-
methylxanthine (IBMX) (100 umol/L) for 20 minutes at 37°C. Error bars indicate standard error of the mean (SEM) of 9 experiments using 3 different
platelet donors. D, Mouse platelets were treated with 500 ng/mL ET for 2 hours at 37°C. Error bars indicate SEM of 4 experiments using platelets from 4
mice. cCAMP levels were significantly higher than control levels only for Fsk/IBMX. E, Flow cytometry measuring P-selectin levels in human platelets after
2 hours of toxin treatment at 37°C with either 1000 ng/mL EF, 1000 ng/mL lethal factor (LF), 1000 ng/mL PA, 1000 ng/mL ET, or 1000 ng/mL LT, or after
20 minutes at 37°C with SB203580 (400 umol/L) or with forskolin (10 umol/L) and IBMX (100 pumol/L). Platelets were then stimulated with TRAP
(30 umol/L) for 2 minutes, fixed, probed for P-selectin, and analyzed using FACScan (BD) and FCS Express (DeNovo) software. Data are representative of 6
experiments performed with platelets from 3 donors.

human monocytic THP-1 cell line exhibited a single population
with high-level TEM8/CMG2 surface expression (76.67 * 2.79—
fold [SEM]; 3 cell preparations) and moderate surface expression
of LRP6 (10.6 = 2.85-fold [SEM]; n = 3) (Figure 2D and 2E).

Discussion
Hemostatic abnormalities have been well documented during
anthrax infections, but the precise underlying mechanisms have

yet to be identified. Pathologic findings, including hemorrhagic
lesions, fibrin deposits, and prolonged clotting times, suggest
a defect in platelet function [6, 7]. Our extensive analysis of the
interaction of anthrax toxins with human platelets strongly
suggests that neither anthrax LT nor ET has a direct effect on
human platelet function, and our findings contradict those of
previous platelet studies in mice and rabbits [8, 9]. We are at
a loss to explain these differences. The same highly purified
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Figure 2. Assessment of anthrax toxin binding to human platelet and platelet surface expression of anthrax toxin receptors. A, B, Flow cytometry
measuring protective antigen (PA) binding and internalization by human platelets (4) and by THP-1 cells (B) after 2 hours of treatment with 1000 ng/mL
PA-biatin at 4°C, 37°C, or incubation in buffer alone. Cells were fixed in a 1:1 ratio of 3.7% formaldehyde, probed with fluorescein isothiocyanate (FITC)-
streptavidin, and analyzed using FACScan (BD) and FCS Express (DeNovo) software. Data are representative of 4 experiments from 3 platelet donors and
3 experiments using separate THP-1 cell preparations. C, D, Flow cytometry measuring anthrax receptor surface expression in human platelets () and
THP-1 cells (D). Cells were fixed, probed for tumor endothelial marker 8 (TEM8)/capillary morphogenesis gene 2 (CMG2), LRP8, or an isotype control,
followed by secondary goat anti-rabbit Alexa Fluor 488—conjugated antibody, and analyzed using Accuri C6 (BD Biosciences) and FCS Express (De Novo).
Data are representative of 3 experiments using 3 donors. £, Fold changes in peak fluorescent intensity of bound polyclonal antibodies directed against
anthrax receptors: TEM8/CMG2 and LRPG in human platelets and THP-1 cells. Brackets show the standard error of the mean for 3 donors. The fold change
in peak fluorescence intensity for each condition was calculated by comparing each sample with the peak fluorescence intensity of an isotype control
polyclonal primary rabbit antibody.

preparations of LT and ET used in our platelet studies have
respectively been shown to impair human neutrophil Hsp27
phosphorylation [13] and induce a marked rise in neutrophil
cAMP [14], and both toxins effectively impair the actin-based
motility of human neutrophils [14, 15]. Our findings for human
platelets were unexpected and encouraged us to examine multiple

human platelet donors and to repeat our experiments multiple
times to assure their validity.

The inability of PA to bind to and enter platelets is likely to be
the consequence of low surface expression of PA receptors
TEMS8 and CMG2 and coreceptor LRP6 on platelets, and these
findings can explain the inability of LT and ET to directly impair
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platelet function. Our findings should guide future investigators
to focus on alternative mechanisms to explain defective hemo-
stasis in systemic anthrax.
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