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Bacillus anthracis, the etiological agent of anthrax, is a gram-positive spore-forming bacterium. It produces
edema toxin (EdTx), a powerful adenylate cyclase that increases cyclic AMP (cAMP) levels in host cells.
Because other cAMP-increasing agents inhibit key macrophage (M�) functions, such as phagocytosis, it was
hypothesized that EdTx would exhibit similar suppressive activities. Our previous GeneChip data showed that
EdTx downregulated M� genes involved in actin cytoskeleton remodeling, including protein kinase A (PKA).
To further examine the role of EdTx during anthrax pathogenesis, we explored the hypothesis that EdTx
treatment leads to deregulation of the cAMP-dependent PKA system, resulting in impaired cytoskeletal
functions essential for M� activity. Our data revealed that EdTx significantly suppressed human M� phago-
cytosis of Ames spores. Cytoskeletal changes, such as decreased cell spreading and lowered F-actin content,
were also observed for toxin-treated M�s. Further, EdTx altered the protein levels and activity of PKA and
exchange protein activated by cAMP (Epac), a recently identified cAMP-binding molecule. By using PKA- and
Epac-selective cAMP analogs, we confirmed the involvement of both pathways in the inhibition of M�
functions elicited by EdTx-generated cAMP. These results suggested that EdTx weakened the host immune
response by increasing cAMP levels, which then signaled via PKA and Epac to cripple M� phagocytosis and
interfered with cytoskeletal remodeling.

Bacillus anthracis, the etiological agent of anthrax, is a cat-
egory A select agent that has received renewed public and
scientific interest following its reemergence as a biological
threat in 2001. The organism is a gram-positive spore-forming
bacterium that can enter the host via inhalation or ingestion or
through abrasions in the skin barrier. The inhalational form of
anthrax is the deadliest, and without treatment, it often quickly
advances to fatal systemic infection (21, 25).

The virulence of B. anthracis is partly determined by its two
plasmids, pX01 and pX02. Plasmid pX02 carries genes for the
biosynthesis and degradation of the poly-D-glutamic acid cap-
sule. Strains of B. anthracis lacking the capsule have noticeably
reduced virulence in animal models (54). Plasmid pX01 har-
bors a pathogenicity island that codes for the three compo-
nents of the anthrax toxins: lethal factor (LF), edema factor
(EF), and protective antigen (PA). PA binds the cell surface
receptors ANTXR1 (TEM8) and ANTXR2 (CMG2) (10, 57)
and forms pores in the lipid bilayers of target cells (1). After
PA heptamerizes on the cell surface, LF and EF enzyme moi-
eties are delivered to the mammalian cytosol, where they exert
their toxic activities. The majority of information regarding B.
anthracis lethality has been gained from studies with lethal
toxin (LeTx), which is comprised of LF and PA. LF is a zinc-
dependent protease whose major function is proteolytic cleav-
age of mitogen-activated protein kinase kinase family mem-
bers. This results in attenuation of the host immune response

and apoptosis of murine and human macrophages (M�s) and
endothelial cells (36, 39, 53).

Edema toxin (EdTx) is formed by a combination of EF and
PA. EF is a calcium- and calmodulin-dependent adenylate
cyclase that causes a prolonged increase in intracellular cyclic
AMP (cAMP) within numerous types of target cells (43). EF is
at least 1,000-fold more active in cAMP production than are
host adenylyl cyclases (22, 44, 60). Interestingly, mice died
more rapidly after receiving lower doses of EdTx than of LeTx
(23). Extensive animal tissue lesions were observed, and death
was likely due to multiorgan failure. Microarray data published
previously by our group revealed changes in murine M� genes
involved in inflammatory responses, regulation of apoptosis,
immune cell activation, and transcription regulation as early as
3 h post-toxin treatment, emphasizing the powerful activity of
the toxin (17). However, the downstream effects of EdTx ac-
tivity have not been studied extensively, and it is still unclear
how EdTx sabotages host defenses.

Other agents that elevate cAMP concentrations within M�s
result in inhibition of an array of M� functions, such as phago-
cytosis, migration, spreading, adhesion, superoxide production,
and bacterial killing (12, 55, 59). Indeed, studies examining the
effect of EdTx on human neutrophils showed that the phago-
cytic capacity and oxidative burst of these cells were reduced
(50, 63). Additionally, EdTx treatment impaired human M�
migration. Rossi et al. (56) attributed this phenomenon to a
reduction in chemokine receptor signaling following toxin
treatment. However, we hypothesized that a second mecha-
nism potentially responsible for reduced motility was impair-
ment of the M� cytoskeleton by EdTx.

EdTx treatment of the murine M� cell line RAW 264.7
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elicited significant alterations of multiple genes whose prod-
ucts were vital for proper actin structure and rearrangement,
including an important signaling molecule that bound cAMP
and modulated the actin cytoskeleton. There was a 2.6-fold
upregulation of the regulatory subunit of protein kinase A
(PKA) (17) in toxin-treated M�s. The cAMP-dependent PKA
is involved in nearly every family of the cytoskeletal network,
including microtubules, intermediate filaments, and actin mi-
crofilaments. PKA plays a dichotomous role, as some hall-
marks of cell migration and cytoskeletal assembly require PKA
activity (activation of Rac, Cdc42, and microfilament assem-
bly), while others are inhibited by it (activation of Rho and
p21-activated kinase, VASP interaction, and actin polymeriza-
tion) (reviewed in reference 30).

Although the effects of cAMP were once thought to be solely
transduced by PKA, exchange protein activated by cAMP
(Epac) has recently been implicated as a member of the cAMP
signaling cascade that acts independently of PKA (20, 38).
Epac belongs to a family of guanine exchange factors that
directly activate the small GTPase Rap1 and participates in
versatile pathways, among which are modulation of integrins
associated with the actin cytoskeleton and regulation of actin
dynamics. Previous microarray analysis identified an 8.2-fold
downregulation of the Epac-related activator of Rap1, Rap
guanine nucleotide exchange factor 5 (RapGEF5), following a
6-h EdTx treatment in murine M�s (17). Furthermore, it was
recently shown that human endothelial cells treated with EdTx
underwent cytoskeletal changes and exhibited impaired che-
motaxis due to activation of the Epac pathway (28).

Thus, in order to further examine the role of EdTx during
anthrax pathogenesis in the human host, we explored the hy-
pothesis that EdTx treatment leads to alteration of the cAMP-
dependent PKA and/or Epac system, resulting in impaired
cytoskeletal functions of host M�s that are essential for their
migration and phagocytosis. Indeed, EdTx treatment elicited
cytoskeletal changes in human M�s, as well as suppressed
their phagocytic activity. The use of chemical cAMP analogs
with specificity for PKA or Epac showed that both pathways
were targeted in M�s by EdTx-generated cAMP. These results
identified a new role for EdTx and provided further evidence
that EdTx weakened the host immune response by impairing
one of the major players during anthrax pathogenesis, the M�.

MATERIALS AND METHODS

Cell line and reagents. Human HL-60 cells (ATCC, Manassas, VA) were
maintained in Iscove’s Modified Dulbecco’s medium with 20% fetal bovine
serum and penicillin/streptomycin. To differentiate these cells into M�s, 200 nM
phorbol 12-myristate 13-acetate (PMA) (Sigma, St. Louis, MO) was added where
indicated for 24 h. Differentiation was confirmed by adherence, morphological
changes, increased expression of CD11b, and phagocytosis of Escherichia coli-
conjugated particles (data not shown). Upon treatment with PMA, these cells
became terminally differentiated and no longer continued to divide.

Before each experiment, the PMA-containing medium was removed and the
cells were washed with phosphate-buffered saline (PBS). Purified B. anthracis EF
and PA were provided by the Biodefense and Emerging Infections Research
Resources Repository (Manassas, VA) and reconstituted with molecular-grade
water. Aliquots of the toxins were stored at �80°C, and the concentrations used
were 1.25 �g/ml EF and 5 �g/ml PA in all cases, unless otherwise indicated.
DHR 123 and Alexa Fluor 594 phalloidin were purchased from Molecular
Probes (Eugene, OR). PMA, lipopolysaccharide (LPS), cytochalasin B, phos-
phatase inhibitor cocktail 1, and protease inhibitor cocktail were purchased from
Sigma. Horseradish peroxidase (HRP)-conjugated GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) antibody and rabbit anti-Epac were purchased from

Santa Cruz (Santa Cruz, CA). Mouse anti-PKA RII� was from BD Biosciences
(San Jose, CA). 8-(4-Chlorophenylthio)-2�-O-methyladenosine-3�,5�-cAMP (8-
CPT-2Me), N6-benzoyladenosine-3�,5�-cAMP (6-Bnz-cAMP), and myristoylated
PKI (mPKI), each purchased from Biolog Life Sciences Institute (Bremen,
Germany), were reconstituted with molecular-grade water, and aliquots were
stored at �20°C (215 mM, 200 mM, and 1 mg/ml, respectively).

Isolation and culture of primary human M�s. First, monocytes were purified
from buffy coats as described previously (9). Briefly, human peripheral blood
monocytic cells were collected following Ficoll-Paque Plus (GE Healthcare,
Piscataway, NJ) density centrifugation. The monocytes were isolated by negative
selection using a magnetic-column separation system (StemCell Technologies,
Vancouver, Canada). The monocytes were then differentiated into alveolar-like
M�s as previously described (5, 40). The monocytes were resuspended in RPMI
1640 at a concentration of 2.5 � 105 per ml in six-well tissue culture plates and
cultured with granulocyte-M� colony-stimulating factor (GM-CSF) (500 units/
ml; PeproTech, Rocky Hill, NJ) and 10% heat-inactivated fetal bovine serum for
7 days at 37°C in a CO2 incubator.

Spore preparation. Spores were prepared as previously described (52). Briefly,
B. anthracis strain Ames was inoculated in Schaeffer’s sporulation medium (pH
7.0), consisting of 16 g Difco Nutrient Broth, 0.5 g MgSO4 � 7H2O, 2.0 g KCl, and
16.7 g MOPS (morpholinepropanesulfonic acid) per liter. Before inoculation, the
following supplements were added to the medium: 0.1% glucose, 1 mM
Ca(NO3)2, 0.1 mM MnSO4, and 1 �M FeSO4. Cultures were grown at 37°C with
gentle shaking (180 rpm) for 48 h, after which sterile distilled water was added
to dilute the medium and promote sporulation. After 10 to 11 days of continuous
shaking, sporulation was confirmed at �99% via phase-contrast microscopy and
a modified Wirtz-Conklin spore stain, and the spores were centrifuged at 630 �
g at 4°C for 15 min. The spore pellets were then washed four times in Cellgro
sterile water (Mediatech, Herndon, VA) and resuspended in sterile water. Sub-
sequently, the spore suspension was layered onto a cushion of 58% Hypaque-76
(GE Healthcare) at a ratio of 1:2.5 by volume. Without being mixed, the tubes
were centrifuged at 8,270 � g for 45 min at 4°C. The spore pellet was washed
twice with sterile water and finally resuspended in PBS. Aliquots of the stock
spore suspension were stored at �80°C and freshly diluted in PBS to the desired
number of CFU immediately before each experiment. The spore suspensions
were homogeneous when examined by phase-contrast microscopy.

cAMP ELISA. M�s (5 � 105/well) were seeded in triplicate wells per condition
and exposed to two concentrations of EdTx, either 0.625 �g/ml EF plus 2.5 �g/ml
PA or 1.25 �g/ml EF plus 5 �g/ml PA. Some wells were left untreated, while
others received 1 ng/ml LPS, to account for the low levels of LPS in the toxin
preparations, or EF or PA alone. A portion of the culture supernatant in each
well was saved at time points of 2, 6, and 24 h, followed by lysing of the M�s in
the well with 0.1 M HCl, and a portion of each intracellular lysate was saved.
Samples were stored at �80°C until the cAMP enzyme-linked immunosorbent
assay (ELISA) kit (Assay Designs, Ann Arbor, MI) was used to measure the
cAMP levels of intracellular lysates and extracellular supernatants. The total
protein concentration of each well was also measured from these samples in
order to express the final data as pmol of cAMP per mg of cellular protein. This
experiment was performed independently three times.

Phagocytosis assays. M�s (5 � 105/well) were seeded in triplicate using
24-well plates and exposed to EdTx for the indicated times. Simultaneously, the
cells were infected with Ames spores (multiplicity of infection [MOI] 	 5) for 1 h
at 37°C with 5% CO2. The cells were subsequently treated with 100 �g/ml
gentamicin for 30 min to kill extracellular bacteria. All wells then underwent
multiple washes with PBS to remove extracellular spores. The lysates were
serially diluted with PBS, immediately plated on blood agar plates, and incubated
at 37°C for 24 to 48 h. Colonies were counted the next day, and phagocytosis was
expressed as the number of viable intracellular B. anthracis CFU (both dormant
and vegetative) recovered per 5 � 105 M�s.

Additionally, the Vybrant Phagocytosis assay (Molecular Probes) was used and
was performed according to the manufacturer’s instructions. M�s (1 � 105/well)
were seeded in 96-well plates (quadruplicate wells per condition) and pretreated
with EdTx for 3, 6, and 24 h. Controls of untreated cells and LPS (1 to 100
ng/ml)- and cytochalasin B-treated M�s were also included. Furthermore, some
wells received 6-Bnz-cAMP (300 �M), mPKI (25 �M), or 8-CPT-2Me (100 �M)
for 1 h. Next, fluorescein isothiocyanate (FITC)-conjugated E. coli Bioparticles
(Molecular Probes; 100 �l) were added to each well and incubated for 1 h at
37°C. After removal of the Bioparticles, trypan blue was added to quench extra-
cellular fluorescence, and the plate was read with a SpectraMax M5e plate reader
(Molecular Probes) with settings of 480 nm (excitation) and 520 nm (emission).

F-actin content. Similar to the method of Hu et al. (33), 2.5 � 105 M�s were
seeded in quadruplicate wells of 96-well plates and left untreated or treated with
EdTx for 2, 6, or 24 h; cytochalasin B (10 �g/ml) for 2 h; or 6-Bnz-cAMP (300
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�M), mPKI (25 �M), or 8-CPT-2Me (100 �M) for 1 h. Some wells received a
combination of EdTx and mPKI simultaneously for 6 h. FITC-labeled E. coli-
conjugated particles were then added to each well for 1 h to elicit cellular motility
and phagocytosis. Host cells were subsequently washed, fixed with 3.7% para-
formaldehyde, and permeabilized with 0.1% Triton X-100. After the cells were
washed again, Alexa Fluor 594-phalloidin was added to the cells for 30 min
before several final washes. A small volume of PBS was left in each well, and the
plate was read on a plate reader with settings of 590 nm (excitation) and 617 nm
(emission). This experiment was repeated three times for each M� type, and one
representative experiment was graphed.

Immunofluorescence and cell spreading. The immunofluorescence and cell-
spreading experiment followed the protocol of Lasunskaia et al. (42). HL-60
M�s were seeded on glass coverslips and pretreated with EdTx (2, 6, 12, and
24 h), cytochalasin B (1 h), or EF or PA alone (24 h). Next, FITC-conjugated E.
coli particles were added as a phagocytic stimulus for an additional hour. Cov-
erslips were washed in PBS and then permeabilized with 0.1% Triton X-100 for
5 min. Following another PBS wash, host cells were fixed with 3.7% paraformal-
dehyde for 30 min at room temperature. Finally, M�s were washed and labeled
with Alexa Fluor 594-conjugated phalloidin for 30 min before being mounted
with SlowFade Gold with DAPI (4�,6�-diamidino-2-phenylindole) mounting so-
lution (Molecular Probes). The coverslips were viewed with an Axioplan II
fluorescence microscope, and the images were recorded using an Axiophot 2 dual
camera. For quantification of M� spreading, ImageJ v1.37 software (NIH, Be-
thesda, MD) (http://rsb.info.nih.gov/ij/) was employed to measure cellular di-
mensions. The perimeters of cells in at least five fields of view per slide were
manually traced, and the software calculated the area, perimeter, length, and
width of each individual cell. The spreading index was expressed as a relation of
a mean cell area of EdTx-treated cells compared to control, untreated cells. At
least 100 randomly selected cells of each slide were examined by the ImageJ
software.

PKA activity assay. For the PKA activity assay, following EdTx or cAMP
analog pretreatment, HL-60 cultures grown in 10-cm plates were lysed with the
lysis buffer provided with the Omnia PKA Assay (Invitrogen, Carlsbad, CA),
along with phosphatase and protease inhibitors. After clarification of the extracts
by centrifugation, the lysates were stored at �80°C until analysis. The bicincho-
ninic acid protein assay (Bio-Rad, Hercules, CA) was performed in order to
quantitate the protein levels of each sample, and the PKA assay kit protocol was
adhered to for subsequent assessment of kinase activity. Briefly, the reaction was
initiated by adding the master mix, i.e., appropriate buffers, ATP, the PKA
substrate, and a non-PKA inhibitor cocktail, to 1 �g total protein of the lysates.
Fluorescence intensity readings were collected every 2 min for at least 20 min
(360 nm [excitation] and 485 nm [emission]). For graphing purposes, the data
were expressed as a cell lysate PKA activity curve (relative fluorescence units
versus time). These experiments were performed independently three times, and
all showed the same trend. Each figure is representative of one particular ex-
periment of the set.

Rap1 pull-down assay and Western blot analysis. To assess Rap1 activation, a
pull-down assay followed by Western blot analysis was performed. Heavily
seeded HL-60 cultures were grown in 10-cm plates, treated with EdTx or the
cAMP analogs for appropriate times, washed once with PBS, and then lysed with
small volumes of lysis buffer included in the EZ Detect Rap1 kit (Pierce, Rock-
ford, IL). Following a high-speed spin to pellet cell debris, supernatants were
collected and protein quantitation was performed on each sample. Following the
manufacturer’s instructions, the samples were incubated with glutathione S-
transferase (GST) fusion protein RNA binding domain (RBD) of RalGDS, a
downstream effector of Rap1, immobilized to glutathione beads for 1 h at 4°C
with gentle agitation to specifically isolate active (GTP-bound) Rap1. The resin
was washed several times with wash buffer before final collection of the sample
by centrifugation. Proteins were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (25 �g protein/lane) and transferred to a nitrocellulose
membrane. The latter was probed with a rabbit anti-Rap1 antibody (Pierce;
1:1,000 dilution) overnight at 4°C, followed by the appropriate HRP-conjugated
secondary antibody for 1 h at room temperature. Finally, SuperSignal chemilu-
minescence detection reagent (Pierce) was applied. To ensure that equal
amounts of protein were loaded in each lane, cell lysates were also immuno-
blotted with anti-GAPDH antibodies. In some cases, densitometry (Quantity
One; Bio-Rad) was utilized to quantitate each band, and the data were expressed
as the change compared to untreated controls. The experiment was performed
two times, and the graph shown is an average of the two experiments.

To examine PKA RII� and Epac levels, Western blot analysis was performed
similarly to that described above. However, the treated cells were lysed with
RIPA buffer containing phosphatase and protease inhibitors for 1 h on ice.
Samples were then subjected to sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (20 �g protein/lane) and transferred to nitrocellulose membranes.
Next, the membranes were probed with primary antibody for 1 h (1:500 dilution
of PKA RII� or Epac), followed by incubation with the appropriate HRP-
conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 h. The mem-
branes were developed as described above, densitometry was performed, and the
data were expressed as the change compared to untreated controls. Again, the
GAPDH levels of the host cells were examined to ensure equal protein loading.
This experiment was performed three times for each antibody, and the average
of the three experiments was graphed.

MTT assay. Differentiated HL-60 cells or primary cells were seeded in 96-well
plates (2.5 � 105/well) and treated with EdTx (1.25 �g/ml EF plus 5 �g/ml PA)
for 2, 6, and 24 h. Controls consisting of untreated cells and those receiving EF
or PA alone were included. Next, 10 �l of MTT reagent (3-[4,5-dimethylthiazoyl-
2]-2,5-diphenyltetrazolium bromide), included in the MTT Cell Proliferation
Assay (ATCC), was added to each well, and the plate was incubated for 2 h at
37°C. Subsequently, 100 �l of the detergent reagent was added per well, and the
plate was incubated at room temperature overnight in the dark. Finally, the
absorbance was read at 570 nm. Internal controls included wells with no cells
(only medium plus MTT reagent and detergent) to detect background absor-
bance levels. A decrease in absorbance indicated a reduction in cell viability, and
the experiment was performed independently three times.

Statistics. As indicated, experiments were performed in either triplicate or
quadruplicate and repeated at least three times to ensure reproducibility, or as
indicated. Data were expressed as the mean 
 standard deviation of the repli-
cates. Differences were considered statistically significant when the P value was
�0.05 as determined by one-way analysis of variance (ANOVA), using Sigma-
Plot software, followed by the Dunnett test, the Student-Newman-Keub test, or
Dunn’s test where indicated.

RESULTS

EdTx increases cAMP levels in HL-60 M�s. Experiments in
this study were performed with both human primary alveolar-
like M�s and the human promyelocytic cell line HL-60. Hu-
man monocytes cultured with GM-CSF differentiated into cells
closely resembling alveolar M�s with respect to morphology
(48), expression of cell surface antigens (4, 7), and function
(40, 49, 46). Alternatively, HL-60 cells could be differentiated
into various cell types depending on the treatment (15). PMA
was added for 24 h to differentiate the nonadherent HL-60
cells into adherent M�-like cells capable of phagocytosis and
bacterial killing (15, 24).

To verify that both M� types were susceptible to the activity
of EdTx, a cAMP ELISA was performed. HL-60 cells and
primary M�s were exposed to EdTx at two concentrations
(either 0.625 �g/ml EF plus 2.5 �g/ml PA or 1.25 �g/ml EF
plus 5 �g/ml PA) for 2, 6, and 24 h before extracellular super-
natants and intracellular lysates were collected. Both pools
were evaluated in order to determine whether the majority of
cAMP evoked by EdTx treatment was secreted or contained
intracellularly. The phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX, 50 �M) was applied during the incu-
bations to prevent intrinsic phosphodiesterase activity from
degrading the cAMP. Figure 1 shows that the higher concen-
tration of EdTx significantly increased total cAMP production
in both cell types at 6 h, and this effect was further enhanced at
24 h. Therefore, this concentration of EdTx was chosen for all
subsequent studies presented here. Controls consisting of EF
and PA alone did not evoke significant cAMP production. E.
coli LPS (1 ng/ml) was also applied to mimic the low levels of
LPS contamination found in the toxin; however, it did not elicit
cAMP production.

To determine whether EdTx was cytotoxic to the HL-60 and
primary M�s, the MTT assay was used to monitor cell viability
following toxin treatment for 2, 6, and 24 h. The results showed

2532 YEAGER ET AL. INFECT. IMMUN.



that EdTx (1.25 �g/ml EF plus 5 �g/ml PA), EF, and PA
treatment did not decrease M� survival at any of the tested
time points (data not shown). Additionally, protein levels were
measured in M�s treated with EdTx for 0, 2, 6, and 24 h.
Protein levels did not change despite exposure to EdTx, fur-
ther verifying that cell viability was not altered and thus allow-
ing subsequent investigation of M� functions without having
to correct for a reduction in the cell number over time (data
not shown).

EdTx reduces the phagocytic capacity of human M�s. When
encountering microorganisms, M�s undergo a rapid course of
action consisting of chemotaxis, phagocytosis, and intracellular
killing via oxygen-independent and oxygen-dependent (oxida-
tive burst) mechanisms. Consequently, the effect of EdTx on
M� phagocytosis of virulent B. anthracis Ames spores was
investigated. Primary alveolar-like and HL-60 M�s were pre-

treated with EdTx for 2, 6, or 24 h before being cocultured with
spores at an MOI of 5 for 1 h. Control wells were left un-
treated, while other wells were treated with cytochalasin B
before the addition of spores. This agent is a fungal toxin that
disrupts actin filaments and was used as a positive control in
this experiment and others in this study. All M�s were then
lysed and plated to quantify the number of organisms success-
fully phagocytosed in each well.

Figure 2 shows that the uptake of spores by both M� types
was significantly inhibited following 6 and 24 h of EdTx expo-
sure. Toxin treatment for 24 h exhibited a level of phagocytosis
inhibition similar to that elicited by cytochalasin B treatment.
Furthermore, M� phagocytosis of FITC-labeled E. coli-conju-
gated particles following EdTx treatment was analyzed. Similar
to the spore uptake results, EdTx pretreatment for 3, 6, and
24 h significantly lowered human primary and HL-60 M�

FIG. 1. EdTx increases cAMP levels in human M�s. HL-60 (A) and primary (B) M�s in triplicate wells per condition were treated with EdTx
at two concentrations (0.625 �g/ml EF plus 2.5 �g/ml PA [Low] and 1.25 �g/ml EF plus 5 �g/ml PA [High]), LPS (1 ng/ml), EF alone (1.25 �g/ml),
or PA alone (5 �g/ml) or left untreated. At each time point, extracellular and intracellular samples were collected and analyzed by cAMP ELISA.
EF and PA treatments did not result in high levels of cAMP production in either cell type. Each graph shows the averaged results of three
independent experiments carried out on triplicate wells 
 standard deviations. The asterisks indicate statistical significance (P � 0.05) using
ANOVA and Dunnett’s tests.
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phagocytosis of the E. coli particles (Fig. 3). To verify that LPS
contamination from the purified toxin components was not
responsible for this impaired phagocytosis, LPS (ranging from
1 to 100 ng/ml) was added to some wells for 24 h before
exposure to the E. coli particles. However, phagocytosis was not
altered post-LPS exposure, verifying that the impaired response

was a result of EdTx itself. Only the 100-ng/ml group is shown in
Fig. 3.

To explain the mechanism responsible for the decreased
phagocytosis (as described above) exhibited by M�s, it was
hypothesized that two cAMP-binding signaling molecules,
PKA and Epac, would likely be targeted by EdTx-generated
cAMP. Therefore, cAMP analogs with specificity in their acti-
vation toward Epac or PKA were included to determine if
stimulation of one or both pathways would mimic the results
observed in response to EdTx treatment. 6-Bnz-cAMP is an
activator of PKA, while 8-CPT-2Me is a selective Epac activa-
tor. Initially, a range of concentrations of these activators were
chosen based on previous reports in the literature (8, 11, 28),
and the effectiveness of compounds at these concentrations
and their specificities for the respective molecules were veri-
fied with HL-60 M�s (Fig. 4).

As expected, 6-Bnz-cAMP at all tested concentrations sig-
nificantly enhanced PKA activity compared to untreated M�s
(Fig. 4A). Importantly, the Epac-selective analog 8-CPT-2Me
did not alter PKA activity. We also treated cells with a highly
specific myristoylated peptide PKA inhibitor, mPKI14-22

(mPKI). As noted in Fig. 4A, mPKI treatment severely inhib-
ited PKA activity. Because 300 �M 6-Bnz-cAMP activated
PKA to a much greater extent than concentrations of 30 and
100 �M, we chose the 300 �M concentration for subsequent
experiments.

To test the effectiveness and specificity of 8-CPT-2Me, Epac
activation was assessed via a pull-down assay that examined its
downstream target, Rap1. Treatment of HL-60 M�s with
8-CPT-2Me increased levels of GTP-bound Rap1, indicating
Epac activation, while 6-Bnz-cAMP had no effect on GTP-
Rap1 expression (Fig. 4B). We noted that HL-60 M�s treated

FIG. 2. EdTx pretreatment reduces uptake of B. anthracis Ames
spores by human M�s. Primary alveolar-like and HL-60 M�s (5 �
105/well) were seeded in triplicate and pretreated with EdTx (1.25
�g/ml EF plus 5 �g/ml PA), EF (1.25 �g/ml), or PA (5 �g/ml) for 2 to
24 h. The cells were then infected with Ames spores (MOI 	 5) for 1 h.
Following gentamicin treatment and PBS washes, the cells were lysed
and plated on blood agar plates. The colonies were counted, and the
graph shows the combined results of three separate experiments per-
formed with triplicate cultures 
 standard deviations. *, P � 0.05
versus untreated primary cells; **, P � 0.05 versus untreated HL-60
cells (using ANOVA and Dunnett’s tests).

FIG. 3. Phagocytosis of FITC-conjugated E. coli particles by human M�s is reduced after EdTx treatment. Primary alveolar-like and HL-60
M�s (1 � 105/well) were seeded in quadruplicate and exposed to EdTx (1.25 �g/ml EF plus 5 �g/ml PA), EF (1.25 �g/ml), PA (5 �g/ml),
cytochalasin B (10 �g/ml), LPS (100 ng/ml), or the cAMP analogs alone (300 �M 6-Bnz-cAMP, 25 �M mPKI, and 100 �M 8-CPT-2Me). One
group received a combination of EdTx plus the PKA inhibitor mPKI for 6 h [EdTx (6h) � mPKI(6h)]. An aliquot (100 �l) of FITC-conjugated
E. coli particles was then added for 1 h, and the fluorescence was measured. *, P � 0.05 versus untreated primary cells; **, P � 0.05 versus
untreated HL-60 cells (using ANOVA and Dunnett’s tests). One representative experiment of three is shown. The data are expressed as the mean
plus standard deviation of the replicates.
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with a 100 �M concentration of 8-CPT-2Me activated Epac to
a greater degree than the 3 and 30 �M concentrations. Con-
sequently, in our later experiments, we used a 100 �M con-
centration of this Epac activator.

Similar to the EdTx groups, 6-Bnz-cAMP and 8-CPT-2Me
significantly suppressed the phagocytic uptake of E. coli parti-
cles by primary alveolar-like and HL-60 M�s (Fig. 3). Because
PKA and Epac activation mimicked the EdTx-induced inhibi-
tion of uptake, it suggested that both pathways were potentially
involved in the effects elicited by EdTx. As shown in Fig. 3,
mPKI did not cause phagocytosis inhibition like that elicited by
EdTx. A final group was exposed to EdTx and mPKI simulta-
neously for 6 h in order to prevent potential PKA activation by
EdTx. In both M� cell types, phagocytosis was still reduced,
suggesting this was not a process solely dependent on PKA.
Because EdTx elicited similar levels of impairment of phago-
cytosis in both the primary and immortalized HL-60 M�s, the

latter cell type was determined to be a suitable model of pri-
mary human M�s and was used in all subsequent experiments.

Since it appeared that both the PKA and Epac pathways
might be responsible for the observed phagocytosis impair-
ment in EdTx-treated human M�s, we next verified that the
concentration of the cAMP analogs utilized in Fig. 3 was not so
high that it might have possibly masked any differential effects
between the two signaling molecules. Therefore, the concen-
tration dependence of the two analogs in regard to phagocy-
tosis inhibition was then tested (Fig. 5). For this experiment,
HL-60 M�s were treated with the indicated concentrations of
6-Bnz-cAMP, 8-CPT-2Me, or a combination of the two before
phagocytic uptake of FITC-labeled E. coli Bioparticles was
assessed. As Fig. 5 shows, even 100 to 200 �M concentrations
of 6-Bnz-cAMP and 30 to 100 �M 8-CPT-2Me significantly
impaired phagocytosis. Further, phagocytosis was also signifi-
cantly lowered when 100 to 300 �M of 6-Bnz-cAMP and 30 to

FIG. 4. Verifying the effectiveness and specificities of the cAMP analogs. Following treatment with various concentrations of 6-Bnz-cAMP,
8-CPT-2Me, or mPKI, HL-60 M�s were lysed. (A) Samples (1 �g total protein each) were incubated with appropriate buffers, ATP, PKA
substrate, and non-PKA inhibitor cocktail, and the fluorescence was collected every 2 min for 30 min. One representative graph of three
independent experiments is shown. Asterisks mark the beginning and end of significance for each curve (P � 0.05 as determined by ANOVA and
Dunnett’s tests). The slope of each curve is also shown. The data are expressed as the mean 
 standard deviation of the replicates. (B) Lysates
were incubated with the GST fusion protein RBD of RalGDS immobilized to glutathione beads to specifically pull down the GTP-bound forms
of Rap1. Next, samples were subjected to Western blot analysis using an anti-Rap1 primary antibody and an HRP-conjugated anti-rabbit secondary
antibody. After being stained, the membranes were incubated in a chemiluminescence reagent and immediately exposed to X-ray film. The
membranes were also immunoblotted with an HRP-GAPDH antibody to verify equal protein loading among lanes.
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100 �M of 8-CPT-2Me were tested in combination (Fig. 5).
Uptake of E. coli Bioparticles did not appear to be lessened at
30 �M 6-Bnz-cAMP and 3 to 10 �M 8-CPT-2Me. Likewise,
activation of their respective molecules (PKA and Epac) at
these low concentrations of 6-Bnz-cAMP and 8-CPT-2Me was
not as enhanced as that achieved by the higher concentrations
of analogs (Fig. 4B). Thus, we continued using the 300 �M
6-Bnz-cAMP and 100 �M 8-CPT-2Me doses for subsequent
experiments because they activated PKA or Epac to the great-
est degree while providing a level of phagocytosis suppression
similar to that caused by EdTx.

Overall, these experiments indicated that EdTx impaired
human M� phagocytosis. Application of selective PKA and
Epac activators caused a similar reduction in phagocytosis,
implicating both of the pathways as potential mediators in
EdTx-induced cAMP signaling. The suppressed phagocytosis,
together with the previously reported impairment in M� mi-
gration following EdTx treatment (56), raised the possibility
that the actin cytoskeleton was involved.

Treatment with EdTx reduces M� cytoskeletal spreading
and F-actin levels. To examine the possibility of EdTx-induced
cytoskeletal changes, the effect on M� cell spreading was next
examined. M�s were exposed to EdTx for 2, 6, 12, and 24 h.
FITC-labeled E. coli particles were then added for 1 h to
stimulate cellular movement. Following staining with phalloi-
din, a fluorescence microscope was used to view and capture
images of cells under each condition. In the untreated group
exposed to the E. coli particles, the majority of M�s displayed
a spread-out morphology with numerous actin-rich membrane
protrusions called filopodia (Fig. 6A). EdTx treatment for 6
and 24 h caused reorganization of the actin cytoskeleton so
that the cells appeared less spread out and displayed a reduced
number of filopodia (Fig. 6C and D). Cytochalasin B also
altered the morphology of the cells and reduced the number of
filopodia, as shown in Fig. 6B. Manually tracing the footprints
of the cells with ImageJ software (see Materials and Methods)

allowed calculation of the mean cellular area (Fig. 6E), which
was then converted to the spreading index. The spreading
index of toxin-pretreated M�s dropped significantly at 6, 12,
and 24 h compared to untreated cells (spreading indexes of 0.8,
0.6, and 0.6, respectively, compared to an untreated-cell index
of 1). The cell elongation index, defined as the length/width
ratio, did not change among the groups (data not shown).

Similarly, the F-actin content of the M�s was significantly
lowered in response to EdTx treatment, as determined by an
immunofluorescence assay that labeled actin with phalloidin.
Cells were treated with toxin for 2, 6, and 24 h before being
cultured with FITC-labeled E. coli-conjugated particles and
labeled with phalloidin. The cells pretreated for 6 and 24 h with
EdTx contained approximately 1.6-fold less F-actin than un-
treated cells (Fig. 7). This was almost as great a reduction in
F-actin levels as that evoked by the positive control, cytocha-
lasin B (a 1.7-fold drop). Treating groups with 6-Bnz-cAMP
and 8-CPT-2Me (Fig. 7) revealed that activating both the PKA
and Epac pathways mimicked the EdTx-induced effects. Inhib-
iting PKA with mPKI did not have an effect on F-actin levels
compared to those in untreated cells. Similar to results in the
phagocytosis experiment, wells that received a combination of
PKA inhibitor and EdTx simultaneously showed reduced F-
actin content. Because the actin reduction was still seen, even
when PKA was not allowed to become activated (the inhibitory
activity of mPKI is shown in Fig. 4A), it implied that another
pathway, in addition to PKA, was involved.

Together, these experiments indicated that EdTx interfered
with cytoskeletal rearrangements, as detected by inhibition of
the cell-spreading response, reduced filopodia, and lowering of
F-actin content. The results also provided further evidence to
support a role for both pathways (PKA and Epac) in down-
stream EdTx-generated cAMP signaling.

M� PKA/Epac-1 protein levels and activity are altered fol-
lowing EdTx treatment. Due to the targeting of the PKA and
Epac pathways by EdTx-generated cAMP in M�s, the effect of

FIG. 5. Examining the effect of the cAMP analog concentration on phagocytosis. HL-60 M�s (1 � 105/well) were seeded in quadruplicate and
pretreated for 1 h with the indicated concentrations of the cAMP analogs, cytochalasin B (10 �g/ml), or EdTx (1.25 �g/ml EF plus 5 �g/ml PA
for 24 h). FITC-conjugated Bioparticles were then added for 1 h, and the intracellular fluorescence was measured. *, P � 0.05 versus untreated
cells (ANOVA and Dunnett’s tests). One representative experiment of three is shown. The data are expressed as the means 
 standard deviations
for the quadruplicate wells.
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FIG. 6. The morphological responses and spreading index of EdTx-treated M�s differ from those of untreated cells. HL-60 M�s on glass
coverslips were treated with EdTx (1.25 �g/ml EF plus 5 �g/ml PA), cytochalasin B, EF alone (1.25 �g/ml), or PA alone (5 �g/ml) (not
shown) for various times. FITC-labeled E. coli particles were added for 1 h, and then the cells were permeabilized, fixed, and stained with
phalloidin. (A) Untreated cells (the arrow points to filopodia). (B) Cells treated with cytochalasin B for 2 h. (C) Six-hour EdTx treatment.
(D) Twenty-four-hour EdTx treatment. (E) Images containing at least 100 randomly selected cells in five fields of view were captured, and
ImageJ software was used to calculate the area of each cell. The graph shows the combined results of three independent experiments carried
out on duplicate wells 
 standard deviations. The asterisks indicate statistical significance (P � 0.05) using ANOVA and the Student-
Newman-Keub method.
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EdTx on the production of the two molecules was next exam-
ined. Western blot analysis of PKA protein levels in toxin-
treated M� lysates revealed a time-dependent alteration of the
regulatory type II subunit of PKA (RII�). Compared to un-
treated M�s, PKA RII� levels initially increased after a 2-h
treatment but then dropped below normal levels after a 6- to
24-h toxin exposure (Fig. 8A). Contrary to the depressed ex-
pression of PKA RII� observed at time points beyond 2 h,
Epac-1 showed increased production at all tested time points.
Protein levels were enhanced between 2.4- and 3.4-fold after 2
to 24 h of toxin treatment (Fig. 8B). These data indicated that
M�s were responding to the increased cAMP production in-
duced by EdTx by altering production of the two signaling
proteins that directly bound cAMP molecules.

Because PKA RII� levels were altered during the toxin
treatment time course, the enzymatic activity of PKA as a
whole was evaluated with a fluorescence-based kinase assay.
Similar to the protein production results, the 1- and 2-h EdTx
treatment significantly increased PKA activity compared to
untreated cells (Fig. 9). However, the 6-h pretreatment re-
sulted in activity very similar to that of untreated control cells,
and PKA activity among the 24-h samples was significantly
lower than among samples of the untreated group.

To address the effect of EdTx on Epac-1 activity in HL-60
M�s, the activity of Rap1, the small GTPase directly activated
by Epac-1, was used as an indicator of Epac activation. Detec-
tion of GTP-bound Rap1 after toxin treatment times of 2, 6,
and 24 h was evaluated. As Fig. 10 shows, GTP-Rap1 levels

were increased (approximately two- to threefold) compared to
that for untreated cell lysate, and the levels remained elevated
even 24 h post-toxin treatment.

DISCUSSION

EdTx is one of several powerful weapons utilized by B.
anthracis to thwart host immune defenses and establish a suc-
cessful infection. It belongs to the same class of adenylate
cyclases as Exo Y of Pseudomonas aeruginosa, adenylate cy-
clase of Yersinia pestis, and adenylate cyclase toxin of Bordetella
pertussis (reviewed in reference 3). The intrinsic adenylate cy-
clase activity of EdTx upsets the delicate physiological equilib-
rium inside a wide variety of cells. For years, it was speculated
that this would lead to a suppressed immune response, but only
recently has this prospect started to be explored. It is now
known that EdTx disrupts cytokine networks in monocytes
(29), inhibits platelet aggregation (6), reduces M� and T-cell
migration (56), and disrupts T-cell functions (16, 51), to list just
a few examples.

The M� actin cytoskeleton is a highly dynamic structure that
rapidly adapts to the cells’ demands in order to successfully
utilize two of its powerful weapons: motility and phagocytosis.
Each of these processes is highly complex, but continuous
feedback from the extracellular milieu and surrounding cells
allows the M� to be a quick responder during a microbial
invasion. During B. anthracis infection, human monocytes and
murine M�s are subject to the adenylate cyclase activity of

FIG. 7. EdTx treatment reduces the F-actin content of human M�s. Primary alveolar-like and HL-60 M�s (2.5 � 105/well) in 96-well
plates were pretreated with EdTx (1.25 �g/ml EF plus 5 �g/ml PA), EF (1.25 �g/ml), PA (5 �g/ml), or cytochalasin B (10 �g/ml). Some
groups were pretreated with 6-Bnz-cAMP (PKA activator; 300 �M), mPKI (PKA inhibitor; 25 �M), or 8-CPT-2Me (Epac activator; 100 �M)
alone for 1 h. Additionally, one treatment group received a combination of EdTx and mPKI for 6 h [EdTx (6h) � mPKI (6h)]. FITC-labeled
E. coli-conjugated particles were added for 1 h to provide phagocytic stimuli. The cells were then fixed, permeabilized, and actin labeled with
Alexa Fluor-conjugated phalloidin. Fluorescence was measured with a plate reader, and the graph shows the results of one of three repeats.
*, P � 0.05 versus untreated primary cells; **, P � 0.05 versus untreated HL-60 cells (using ANOVA and Dunnett’s tests). The data are
expressed as the means 
 standard deviations for the quadruplicate wells.
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EdTx (29, 41). As predicted, EdTx generated a strong surge of
cAMP in the human HL-60 and primary M�s in a dose- and
time-dependent manner. For instance, after a 6-h exposure of
HL-60 cells to EdTx, combined intracellular and extracellular
cAMP levels were 38-fold greater than in untreated HL-60
M�s. We assessed intracellular levels of cAMP because some
signaling can result from the intracellular pool; however, we
also examined extracellular levels because cAMP can diffuse
into neighboring cells and modulate their effects.

The levels of cAMP secreted by EdTx-treated HL-60 M�s
were much higher than those produced by EdTx-treated pri-
mary M�s. This might be due to the differing methods of M�
differentiation used to prepare the two cell types (PMA treat-
ment versus GM-CSF). Also, the amount of cAMP evoked by
EdTx appeared to be highly dependent upon the cell type. For
example, human neutrophils and RAW 264.7 murine M�s
were not particularly sensitive to EdTx, while Chinese hamster
ovary (CHO) cells and human lymphocytes were extremely
sensitive (41). It was demonstrated that injecting mice intra-
venously with EdTx resulted in organ lesions and the death of
the animals (23). Although we could not directly compare the
toxin doses administered in vivo (100 �g EF plus 100 �g PA)
with the concentration used in these in vitro experiments (1.25
�g/ml EF plus 5 �g/ml PA), it is important to note that neither
the primary nor the HL-60 M�s were susceptible to killing
following exposure to EdTx. It appeared that cells varied in
their susceptibility to EdTx-induced lethality, as CHO cells

were not killed by the toxin, while RAW 264.7 murine M�s
were susceptible to the effect of the toxin (61).

The ability of EdTx, as well as LeTx, to inhibit migration of
human M�s by downregulating chemokine receptor signaling
was recently discovered (56). However, the effect of EdTx on
M� phagocytosis remained unknown. Our study is the first to
report the ability of EdTx to reduce the phagocytosis of both
virulent Ames spores and E. coli particles by human primary
cells and a human cell line. Uptake inhibition was observed
after all toxin pretreatment times, ranging from 3 to 24 h. The
reduction in phagocytosis was not an artifact due to depletion
of the M� population, as M� survival was not affected by
EdTx exposure. Although M�s are considered a favorable site
for spore germination and a mechanism of transportation to
the lymph nodes, it has been shown that M�s kill the majority
of intracellular spores and vegetative cells (32, 35, 62). These
data also correlated with our observation that human mono-
clonal antibody to PA blocked dissemination of B. anthracis
Ames spores to the bloodstream from the lungs (52).

The ability of EdTx to reduce the likelihood of spore/bacillus
phagocytosis by M�s is likely important during later stages of
infection, particularly when large volumes of EdTx are being
secreted by rapidly multiplying extracellular vegetative cells. At
this time, EdTx-induced suppression of M� phagocytosis
would be of tremendous benefit to the survival of the bacteria
and any viable dormant spores and would likely increase the
host’s susceptibility to fulminant anthrax disease. Similar to

FIG. 8. EdTx alters the expression of PKA RII� and Epac. Following toxin treatment (1.25 �g/ml EF plus 5 �g/ml PA), HL-60 M�s were lysed
and samples were subjected to Western blot analysis with antibodies against PKA RII� (A) and Epac-1 (B). Densitometry was performed for each
band, and the data are expressed as the change compared to untreated control cells. The experiment was performed independently three times,
and the graphs depict the averages from all three experiments performed with duplicate cultures 
 standard deviations. Below each graph is an
image of the Western blot against PKA RII� (A) and Epac-1 (B), along with the results of blotting against GAPDH to verify equal protein loading.
*, P � 0.05 by ANOVA and Dunn’s test.
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our findings, a previous publication showed that EdTx-treated
human neutrophils exhibited impaired uptake of Sterne spores
(50). Thus, the ability of EdTx to lower phagocytic uptake by
two types of the host’s professional phagocytes, M�s and neu-
trophils, may explain how quickly the organism begins to mul-
tiply systemically and infiltrate numerous host tissues.

To explain the lowered phagocytic activity, we hypothesized
that impairment of the actin cytoskeleton may be a down-
stream effect elicited by such high production of EdTx-gener-
ated cAMP. Indeed, our studies demonstrated that EdTx treat-
ment brought about morphological changes in the actin
cytoskeleton of HL-60 M�s. Cells contained fewer filopodia
than untreated cells, even in the presence of FITC-conjugated
E. coli particles, and although the cytoskeleton appeared intact
and complete, EdTx exposure reduced the cell spreading index
of M�s in a time-dependent manner. Formation of pseudop-
odia and filopodia during phagocytosis requires actin nucle-
ation, which is formation of new actin filaments, along with an
increase in the length of existing filaments (47). Along with the
reduced filopodium response observed in this study, the F-
actin contents of both M� types were also significantly im-
paired as early as 6 h post-toxin treatment, and the impairment
was sustained even at 24 h.

The observed defects in actin rearrangement and F-actin
content were supported and possibly explained by the striking
downregulation of multiple genes related to the cytoskeleton
that was published previously by our laboratory (17). Microar-
ray analysis revealed, for instance, that the gene encoding PDZ

and LIM domain protein 2 (PDLIM2) was downregulated
6.8-fold in murine M�s after 6 h of EdTx treatment. This
adaptor protein, located on the actin cytoskeleton, promotes
cell attachment by interacting with extracellular matrix pro-
teins (45). Formin-binding protein-1 like (FNBP1L) is a mi-
crotubule-associated protein that is predicted to function as a
scaffolding protein for microtubules, Rho family GTPases, and
WASP family proteins (37). FNBP1L can also promote actin
nucleation (27), and the gene encoding the protein was down-
regulated 8.9-fold in EdTx-treated RAW 264.7 cells. Addition-
ally, switch-associated protein 70 (SWAP-70) interacts with
Rac and mediates signaling leading to membrane ruffling (58).
This protein can also bind F-actin directly, and mutant cells
exhibited abnormal actin rearrangement and migration defi-
ciencies (34). The gene for SWAP-70 was downregulated 3.6-
fold post-toxin treatment (17).

Due to their abilities to directly bind cAMP and participate
in cAMP signaling cascades, we determined whether the PKA
pathway alone, the Epac pathway alone, or a combination of
the two pathways was responsible for translating the large
accumulation of intracellular cAMP into the altered M� phe-
notypes and inhibited functions described in this study. M�s
treated with EdTx for 2 h exhibited increased expression of
PKA RII�, corresponding to the beginning of the increase in
intracellular cAMP caused by the adenylate cyclase activity of
EdTx. This early time point of toxin treatment also led to
significantly greater PKA activity than samples collected from
untreated M�s. PKA activation at 2 h was previously observed

FIG. 9. PKA activity is altered by EdTx in a time-dependent manner. Following EdTx treatment (1.25 �g/ml EF plus 5 �g/ml PA), HL-60 M�s
were lysed. Samples (1 �g total protein each) were then incubated with appropriate buffers, ATP, PKA substrate, and non-PKA inhibitor cocktail,
and fluorescence was collected every 2 min for 20 min. Controls consisting of EF (1.25 �g/ml) and PA (5 �g/ml) alone did not influence PKA
activity. One representative graph of three independent experiments is shown. The asterisks mark the beginning and end of significance for each
curve (P � 0.05 as determined by ANOVA and Dunnett’s tests). The slope for each curve is also shown. The data are expressed as the mean 

standard deviation of the replicates.
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in EdTx-treated rabbit platelets (6). After 6 to 24 h of EdTx
treatment, however, PKA RII� expression levels were down-
regulated. These data corresponded to time points when
cAMP levels were significantly higher in toxin-treated cells
versus untreated cells. Similar to the protein expression trends,
it was determined that at 6 h, EdTx-treated M�s showed a
PKA activity curve very similar to that of untreated cells, and
the 24-h toxin treatment produced an activity curve signifi-
cantly lower than that of untreated M�s. Downregulation of
the regulatory subunit of PKA, which contains cAMP-binding
sites, at the later time points, as well as impaired PKA activity,
may represent the target cell’s strategy to compensate for the
flood of cAMP produced by EdTx and an attempt to return the
cell to a basal state.

Epac-1 protein levels, on the other hand, remained elevated
throughout the time course of toxin exposure. The activity
pattern of Epac, assessed by examining levels of activated
Rap1, also resembled the expression data, as the amount of
GTP-bound Rap1 became elevated 2 h post-toxin exposure
and remained high for as long as 24 h. Because the effects of
EdTx on M� function were stronger at 6 h and beyond, when
PKA expression/activity were downregulated and Epac expres-
sion/activity were upregulated, perhaps Epac is principally re-
sponsible for the effects of EdTx at the later time points. It was
next considered that the disruption in the balance of PKA/

Epac protein production and activity initiated by EdTx was
ultimately responsible for the reduced phagocytosis, F-actin
content, and cell spreading observed in toxin-treated cells.

Phosphodiesterase-resistant cAMP analogs that are highly
specific in their activation of either PKA or Epac have been
developed in recent years (14). We incorporated the best char-
acterized of these compounds (6-Bnz-cAMP, mPKI, and
8-CPT-2Me) to determine which pathway the EdTx-generated
cAMP targeted to in order to cause the observed inhibition of
phagocytosis and cell spreading.

Pretreatment of cells with 6-Bnz-cAMP and 8-CPT-2Me,
activators of PKA and Epac, respectively, during phagocytosis
of FITC-conjugated E. coli particles resulted in inhibition of
uptake by both types of M�s. The inhibition mimicked the
conditions of toxin-treated cells, suggesting that EdTx-gener-
ated cAMP likely targeted both the PKA and Epac-1 pathways
in order to cause such a decline in phagocytosis. These results
were in agreement with a previous report showing that activa-
tion of the PKA and Epac pathways was capable of reducing
the phagocytic activity of human monocyte-derived M�s (11)
and rat alveolar M�s (8).

These compounds were also included in the F-actin content
experiments. Similar to the phagocytosis experiments, pretreat-
ment with 6-Bnz-cAMP revealed that activation of PKA was
likely involved in EdTx-related events. An additional treatment
group suggested that another pathway was participating in the
cAMP signaling events, and pretreatment with 8-CPT-2Me im-
plicated the Epac-1 pathway as a likely candidate. Experiments
involving short interfering RNA approaches with PKA and Epac
are currently under way in our laboratory to provide further
evidence of the roles of the two molecules following EdTx treat-
ment. It is important to note that although PKA and Epac seem
to play major roles with regard to EdTx signaling in M�s, par-
ticipation by other signaling proteins cannot be excluded.

Though they were once believed to play only a moderate
role during anthrax infection, mounting evidence of sporicidal
and bactericidal behavior exhibited by M�s is shifting this view
(13, 35, 62). Mice depleted of M�s before challenge with
Ames spores were more susceptible to infection and exhibited
higher bacterial loads than saline-treated mice (18). Although
it was once only speculated, it has become clear, through this
study and others, that the high quantity of cAMP produced by
the intrinsic adenylate cyclase nature of EdTx does indeed
allow it to disrupt key functions of M�s, thus crippling an
important arm of the host’s innate immune system. In addition
to EdTx impairing M� chemotaxis (56) and disturbing mono-
cyte cytokine signaling (29), the decrease of the phagocytic
activity and cell-spreading response of human M�s through
targeting of the PKA and Epac pathways provides further
evidence of the powerful activity of EdTx.
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