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Abstract. Though its lethal effects were ascribed to an pathway. Edema factor, so named for its ability to induce
exotoxin almost half a century ago, the pathogenesis of edema, is a Ca2+/calmodulin-dependent adenylate cy-
anthrax has yet to be satisfactorily explained. Subsequent clase. Lethal factor, the dominant virulence factor
work has led to the molecular identification and enzy- associated with the toxin, proteolytically inactivates mi-

togen-activated protein kinase kinases, key players inmatic characterization of three proteins that constitute
signal transduction. We describe the fascinating work thattwo anthrax toxins. Protective antigen binds an as yet

unknown cell receptor and mediates the entry of the other has led to these discoveries and discuss their relevance to
our understanding of the pathogenesis of anthrax.two components to the cytoplasm via the endosomal
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The identification of anthrax toxins

Bacillus anthracis is a large Gram-positive bacterium
responsible for the disease anthrax. Though its spores
cannot usually infect healthy tissues, it can gain entry
into a host via an abrasion or cut [1]. Left untreated,
the bacteria may proliferate, become invasive, spread to
the lymph nodes, and promote a systemic infection that
rapidly leads to death of the host. The disease can be
induced experimentally in animals by injecting spores
subcutaneously. In such animals, lesions form at the site
of injection, characterized by a swelling in the skin and
subcutaneous tissues as they are infiltrated by a pale
gelatinous exudate [2]. The skin in the central portion of
the lesion later becomes necrotic, forming a blackened
eschar from which anthrax derives its name (Gr. an-

thrakos, coal). Susceptibility to infection by anthrax
varies from species to species with monkeys, mice,
guinea pigs, and rabbits being less resistant and dogs,
rats, and swine being relatively resistant to infection.
Thus, the LD50 for subcutaneous injections into mice or
guinea pigs is on the order of 10–30 spores, whereas
that in rats or dogs is greater than 105 spores [1].
Resistance to experimental infection by spores may be
related to the host’s ability to respond to invasion, since
Cromartie et al. [2] noted that in resistant animals, the
site of infection becomes infiltrated with large numbers
of leukocytes, whereas in susceptible animals, only a
small number of leukocytes are present. In either case,
many of the infiltrating leukocytes were observed to be
necrotic, suggesting that these cells may be targets of
anthrax activity.
The mechanism by which anthrax kills its host is as yet
unknown. Some evidence suggested B. anthracis may
produce a toxin. Subcutaneous injections of sterile
crude extracts of skin lesions resulted in the production
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of similar lesions [3] and crude extracts of bacteria had
been found to contain ‘aggressions,’ so called because,
when mixed with sublethal doses of spores, they could
cause death and in vitro were found to inhibit phagocy-
totic activities of polymorphonuclear leukocytes [4].
However, analyses of blood cultures of infected rabbits
[5] and guinea pigs [6] indicated that levels of bacteria
in the blood rise steadily until the final hours of life
when they undergo a marked increase, reaching levels
of 107 and 109 organisms/ml of blood, respectively.
This, coupled with repeated failures by many to iden-
tify lethal endo- or exotoxins associated with the bacte-
ria or the fluids of an infected animal [4] led early
workers to hypothesize that death was a consequence
of mechanical obstruction caused by such a large num-
ber of organisms. Paradoxically, Bloom et al. [5] found
in their analysis of blood cultures of infected rabbits
that approximately 15% of injected animals had less
than 103 bacteria/ml at the time of death.
This enigma led Smith and Keppie [6] to reexamine
whether B. anthracis causes death through overprolifer-
ation. When they measured the number of bacteria in
the blood of infected guinea pigs they found that it
increased from approximately 106 to 109 bacteria/ml in
the 12 h preceding death. By treating infected guinea
pigs with streptomycin, they were able to prevent bac-
teremia and if the antibiotic was administered before
the number of bacteria increased beyond 107/ml, then
the animals could be saved. Interestingly, if strepto-
mycin was administered after this critical threshold,
then death was invariably the outcome. These results
clearly indicated that bacteremia was essential for
death, but they also showed that the fate of the infected
animals was determined when the number of bacteria
present in the blood was two orders of magnitude
lower than at the time of death (a point which will be
returned to later). Thus, mechanical blockage could not
adequately explain why infected animals died. Rather,
a chain of events set in motion at an earlier stage of the
infection led to death independent of bacterial
proliferation.
Smith and Keppie [6] then went on to demonstrate that
sterile-filtered serum derived from infected guinea pigs
could induce edema, when injected subcutaneously, or
death when injected intravenously. Thus, the deadly
effects of anthrax were in fact mediated by an exotoxin.
They attributed previous failures to demonstrate the
existence of an exotoxin to the higher concentration of
toxin present in plasma versus peritoneal exudates,
which they had previously used as a source of the
toxin, and to the greater effectiveness of intravenous as
opposed to intraperitoneal injection of the toxin.
A preliminary characterization of anthrax toxin sug-
gested that it consisted of two components, since the
addition of anti-serum raised to a previously identified

immunizing agent (protective antigen, PA) [7] could
prevent the production of edema and abolish its killing
power. Since PA by itself was non-toxic, it followed
that it must associate with a second, toxic component.
This conclusion was later confirmed when Smith et al.
[8] found that if they ultra-centrifuged plasma from
infected guinea pigs, the lethal activity of the resulting
fractions was diminished when compared to the origi-
nal plasma preparation. However, if the supernatant
was mixed with the pellet then the toxic activity was
restored. The pellet and the supernatant, therefore,
contained two components, named factors I and II,
respectively, which synergistically united to form an-
thrax toxin. Interestingly, PA was also synergistic with
preparations of factor I, though not to the same extent
as factor II, suggesting that it may be related to, or a
component of factor II. The later development of me-
dia and techniques that allowed the production of toxin
in vitro [9, 10] greatly aided the subsequent purification
and characterization of each of these factors [11–13].
In an elegant series of experiments, Stanley and Smith
[14] found that while crude preparations of factor I
plus purified factor II or purified factor I plus crude
factor II caused skin edema in rabbits and were toxic
when injected into mice, purified factor I plus purified
factor II could cause skin edema but was not lethal.
Thus, a third factor, or factor III, was lost during
purification. In fact, factor III was found to be retained
on a chromatographic column during purification of
factor I as well as in fractions discarded during the
purification of factor II. Factor III alone or in combi-
nation with factor I was shown to be non-toxic. How-
ever, when combined with factor II it was toxic for
mice but produced no skin edema in rabbits. Prepara-
tions consisting of all three factors were synergistic for
toxicity but produced edema of decreased size, indicat-
ing that factor III could competitively inhibit factor I
in the production of edema. Shortly thereafter, similar
results were obtained by Beall et al. [15] using different
methods of purification.
Although these three factors have come to be equated
with anthrax toxins, it is noteworthy that toxin pro-
duced in vivo differs from that produced and purified
from cultures of B. anthracis in vitro in that it causes
death more rapidly [16, 17]. Thus, additional factors
produced during the course of infection may enhance
the lethal effects of anthrax toxins.
In the years following this work, the previous terminol-
ogy was supplanted by another to reflect the activities
of these factors; factor I became known as edema fac-
tor (EF), factor II came to be equated with PA, and
factor III was referred to as lethal factor (LF). More
recently, the combination of EF plus PA has been
referred to as edema toxin (EdTx), and that of LF plus
PA as lethal toxin (LeTx) [18].



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999 1601Review Article

The components of anthrax toxins

Protective antigen
PA (Swiss Prot accession number P13423, Gen Bank
accession number M22589), previously referred to as
factor II, is the most extensively characterized compo-
nent of anthrax toxin. The gene for PA is encoded at
the pag locus on the plasmid pXO1 (formerly known as
pBA1) [19]. The gene has been cloned [20] and se-
quenced [21] and found to contain a 2319-bp-long open
reading frame of which 2205 bp encode an A/T-rich
(69%) cysteine-free, 735-amino-acid (83-kDa) secreted
protein.
Although PA is a component of anthrax toxin, by itself
it is not toxic (see above). The earliest indication of its
function came from a series of experiments performed
by Molnar and Altenbern [22] using partially purified

toxin components. They noted that PA was removed
from the circulation within 1–2 h of its injection into
Fischer rats. By contrast, LF remained in the blood-
stream for at least 4 h following its injection. If LF or
PA+LF was injected shortly after PA then the injected
animal died within 70 min. However, if LF or PA+LF
were injected 1 h after PA, then the time to death after
injection of the toxic component was delayed. More-
over, if LF was injected more than 2 h after PA, it
exhibited no toxicity. A similar result was obtained if
PA+LF was injected 4 h after PA. These results indi-
cate that PA is bound and sequestered by a component
of the host tissues and that, to exert its toxic effects, LF
must interact with PA prior to its sequestration. This
mode of action closely resembles that of A-B binary
toxins in which the component having the enzymatic

Figure 1. An outline of anthrax toxin activity. Protective antigen (PA) binds an unidentified, cell surface receptor where it is
proteolytically modified by a furin-like protease leaving PA63 still bound to the cell. This allows PA63 to heptamerize and bind either
edema factor (EF) or lethal factor (LF). Entry of this complex into the cell is mediated by the endosomal pathway. Exposure of PA63

to the acidic endosomal environment causes it to undergo a conformational change, resulting in the formation of a channel through
which EF and LF may gain entry to the cytoplasm. EF is a Ca2+/calmodulin (CaM)-dependent adenylate cyclase that rapidly converts
ATP to cyclic AMP (cAMP). One of the principal cellular roles of cAMP the regulation of protein kinase A (PKA) activity. Inactive
PKA is a tetramer composed of two regulatory (PKAR) and two catalytic (PKAC) subunits. The binding of four cAMP molecules to
the regulatory subunits causes dissociation of the PKA tetramer and consequently the activation of PKAC. By contrast, LF
proteolytically inactivates mitogen-activated protein kinase (MAPK) kinase (MAPKK), thereby preventing the activation of the MAPK
pathway.
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activity (‘A’ domain) gains entry to the cytosol via a
cell-binding component (‘B’) [23]. Thus, PA is envi-
sioned to bind a cell surface receptor and translocate
LF (or EF; see below) to the cytosol (fig. 1). Direct
evidence for this hypothesis was not obtained until 1982
when Leppla [24] showed that PA was required for
entry of EF into the cytosol of Chinese hamster ovary
cells.
Before it is able to translocate EF or LF to the cytosol,
PA must first be proteolytically modified. Cleavage oc-
curs at the sequence RKKR167, resulting in the removal
of a 20-kDa fragment, likely by furin or a similar
cell-surface-associated protease [25, 26], yielding PA63.
Deletions of or mutations at this site render PA resis-
tant to proteolysis and consequently non-toxic in com-
bination with LF or EF [25, 27]. Removal of the
NH2-terminal fragment is apparently necessary to ex-
pose a region of PA which can bind to the other toxin
components, since uncleaved PA can bind the cell but is
unable to associate with EF or LF [25, 27]. Analysis of
COOH-terminal truncations of PA63 indicate that the
COOH terminus is necessary for cell binding [28]. Simi-
larly, using fragments of PA generated by chymotrypsin
and trypsin treatment, Novak et al. [29] were also able
to show that the COOH terminus of PA was necessary
for cell binding.
PA63 can form cation-selective channels in planar phos-
pholipid bilayers whereas intact PA cannot [30]. Obser-
vations by non-denaturing gel electrophoresis [31] and
electron microscopy [32] indicate that seven molecules
of PA63 are required to form each channel (32). More
recently, X-ray crystallographic analysis of PA has
shown that heptamerization is sterically blocked until
the removal of the NH2-terminal 20-kDa fragment [33].
Several experiments indicate that PA mediates entry of
LF and EF into the cell via the endosomal pathway.
Friedlander [18] showed that by pre-exposing mouse
peritoneal macrophages to agents which can dissipate
intracellular proton gradients (such as ammonium chlo-
ride), it was possible to render them resistant to LeTx.
This effect was not caused by a block in toxin internal-
ization, since bound PA was not accessible to antibod-
ies. Subsequent exposure of these cells to an acidic
environment could reverse this inhibition. Furthermore,
the uptake of EF by cells can be blocked by treatment
with the microfilament inhibitor cytochalasin D and
this effect may also be overcome via acidification [34].
Thus, it may be concluded that LeTx must pass through
an acidic, endocytic vesicle to exert its toxic effects
within the cytosol.

Edema factor
EF (Swiss Prot accession number P40136; Gen Bank
accession number M24074), previously referred to as

factor I, is encoded at the cya locus on the pX01
plasmid [19]. The gene has been cloned [35, 36] and
sequenced [37] and found to contain a 2400-bp-long
open reading frame of which 99 bp encode a hydropho-
bic 33-amino-acid signal sequence, and 2301 bp encode
an A/T-rich (71%) cysteine-free, 767-amino-acid (88.8-
kDa) mature secreted protein.
Sequence analysis of EF indicates that residues 1–250
at the NH2 terminus share homology with the corre-
sponding region of LF. This region of LF has been
demonstrated to mediate binding to PA [38] and when
fused to heterologous proteins is sufficient to allow their
translocation to the cytosol via PA [38].
EF was the first component of anthrax toxin that was
shown to have an enzymatic activity. Leppla [24] noted
that cholera toxin (CT), which activates eukaryotic
adenylate cyclase by ADP-ribosylation, can cause the
formation of skin edema similar to that formed by
EdTx when injected subcutaneously into rabbits [39].
The effects of CT are readily assayed in CHOK1A cells
that undergo characteristic morphological changes
shortly after toxin treatment [40]. Leppla [24] observed
that EF plus PA induced a similar morphological re-
sponse. This could be competitively inhibited by the
addition of LF [24], reflecting the fact that EF and LF
bind the same site on PA. Direct measurement of
cAMP in the cells indicated that the addition of EF plus
PA could cause as much as a 200-fold increase over
non-stimulated levels and that this increase could be
prevented by the simultaneous addition of an excess of
LF. However, unlike CT, EF appeared not to ADP-ri-
bosylate adenylate cyclase, but was instead found to
possess adenylate cyclase activity [24]. In vitro, purified
EF has no activity. However, the addition of nanomo-
lar levels of calmodulin can activate EF in a Ca2+-de-
pendent fashion [41].
Analysis of deletion mutants of EF indicate that the
first 261 NH2-terminal residues are dispensable for
calmodulin binding and activity [42]. These results are
in accord with sequence analyses, which show that
residues 265–570 of EF share homology with the cata-
lytic domains of adenylate cyclases of Bordatella pertus-
sis [43] and Bordatella bronchiseptica [44].

Lethal factor
LF (Swiss Prot accession number P15917; Gen Bank
accession numbers M29081, M30210), previously
known as factor III, is encoded on the pXOI plasmid
[19]. The gene, called lef, has been cloned [45] and
sequenced [46], and found to contain a 2427-bp open
reading frame of which 99 bp encode a 33-amino-acid
signal peptide and 2328 bp encode an A/T-rich (70%),
cysteine-free, 776-amino-acid (90.2-kDa) mature,
secreted protein.
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The LF protein may be divided into three domains. As
discussed earlier, the NH2 terminus of LF shares se-
quence homology with that of EF. Arora and Leppla
[38] have demonstrated that amino acids 1–254 are
sufficient to mediate the entry of fused proteins of
different origins via PA, regardless of whether this
region is fused at the NH2 or COOH terminus. Follow-
ing the PA-binding region, there is a series of five
imperfect repeats of 19 amino acids each [47]. The
remaining portion of LF shows no sequence homology
with known proteins, a fact which hindered the elucida-
tion of the activity of LF for some time.
Studies of LF activity rely, for the most part, upon an
in vitro assay developed by Friedlander [18], who found
that several macrophage-derived cell lines were particu-
larly sensitive to LeTx and underwent lysis following its
application. Different cell lines display different sensi-
tivities to LeTx. For instance, it causes the lysis of
J774A.1 cells, but not IC21 cells [48]. Each of these cell
lines can bind PA and proteolytically modify it to PA63,
but when LF is directly introduced to the cytoplasms of
each cell line by osmotic lysis of pinosomes, only
J774A.1 cells lyse [48]. This result has two implications.
First, it shows that neither binding of PA nor process-
ing through the endosomal pathway is necessary for LF
activity. This was later confirmed when it was shown
that the addition of LF to the cytoplasm by Sendai
virus envelope fusion [49] or by microinjection, or its
addition directly to cytoplasmic extracts is sufficient for
its full activity [50]. Secondly, the result suggests that
the cell line differences in susceptibility lie downstream
of LF entry into the cell and may reflect a differing
sensitivity to the enzymatic activity of LF. Similar ob-
servations have been made with macrophages isolated
from LeTx-sensitive or -insensitive mice [51].
A preliminary determination of the functional domains
of the LF protein was performed by Quinn et al. [52]
using insertional mutagenesis and the macrophage lysis
assay. As expected, they found that insertions in the
NH2 terminus reduced PA-binding activity. Insertions
in the repeat region yielded unstable proteins that could
not be used for further analyses. However, insertions in
the carboxy terminus eliminated toxicity without alter-
ing PA binding, suggesting that the catalytic regions are
located at the COOH terminus. Careful analysis of the
amino acid sequence at the carboxy terminus revealed
that amino acids 686–692 (HEFGHAV) contained a
motif characteristic of metalloproteases (HEXXH,
where X is any amino acid) [53]. The hypothesis that
LF was a metalloprotease was supported by observa-
tions that (i) protease inhibitors such as bestatin, and
chloromethyl ketones of leucine and phenylalanine pre-
vented LeTx induced lysis of J774A.1 cells [53], (ii) LF
was found to bind approximately one [53, 54] or more
[55] 65Zn atoms per molecule, (iii) substitution of ala-

nine for potential zinc-binding residues histidines 686 or
690, reduced zinc binding as well as toxicity of LF [53],
and (iv) substitution of cysteine for glutamine 687
(E687C), an amino acid that forms part of the catalytic
site, reduced LF toxicity but not zinc binding [53].
Despite the suggestive hint that LF might be a metallo-
protease, the enzymatic substrate of LF remained un-
known for several years. Then in 1998, Duesbery et al.
[50], and later Vitale et al. [56], identified mitogen-acti-
vated protein kinase (MAPK) kinases 1 and 2
(MAPKK1, 2) as substrates for LF.
The MAPK pathway is a key regulatory signal trans-
duction pathway present in eukaryotic cells. Typically,
in such pathways, ligand binding at the cell surface
initiates a signal, which is then relayed to intracellular
effector molecules via a series of phosphorylation reac-
tions [reviewed in 57]. One pathway that activates
MAPK was outlined years ago in frog oocytes [58].
Oocytes of frogs undergo oogenesis and initiate meiosis
while in the ovaries, but then arrest at prophase of the
first meiotic division. Before they may be fertilized they
must ‘mature’ into eggs, i.e., complete the first meiotic
division and then arrest again at metaphase of the
second meiotic division. This series of events is triggered
by the hormone progesterone, which binds an as yet
unidentified cell surface receptor [59, 60]. Receptor
stimulation leads to the polyadenylation [61–63] and
translation of mRNA encoding the c-mos proto-onco-
gene [64]. Mos is a serine/threonine kinase [65] that
phosphorylates and activates MAPKK1 (Mek1) at
Ser218 and Ser222 [66–69]. MAPKK1 in turn activates
MAPK2 by phosphorylation at Thr188 and Tyr190. In
frog oocytes the activation of MAPK2 ultimately pro-
motes the activation of p34cdc2/cyclin B, otherwise
known as maturation-promoting factor (MPF), the key
regulator of the transition from prophase to metaphase.
Recent evidence suggests that MAPK2 does so by phos-
phorylating and activating p90rsk [70], which in turn
inhibits the activity of Myt1, a negative regulator of
MPF [70, 71].
In addition to its role in MPF activation during meiosis,
the MAPK pathway has been demonstrated to play
additional roles in cell cycle progression. MAPK activa-
tion plays a role in G1 progression [72–74] as well as in
both meiotic and mitotic M phase where it is hypothe-
sized to be involved in spindle assembly [75–83], and
regulation of the metaphase to anaphase transition [84–
89]. Given its key roles in cell division, it is perhaps not
surprising that MAPK activation also plays roles in
tumorigenesis. Thus, constitutively active MAPKK1 or
2 can transform mammalian cells [90, 91] and are essen-
tial for ras-mediated experimental metastasis [92].
Multiple variations of this signaling pathway are
present in all eukaryotic cells. Thus far, 7 different
MAPKKs and 11 different MAPKs have been iden-
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Figure 2. NH2-terminal alignment of human MAPKK1–6. The 60 NH2-terminal amino acids of human MAPKK 1–6 were aligned
using the MULTALIN alignment program (accessable via the Internet at http://w3.toulouse.inra.fr/multalin). Conserved elements
found proximal to the identified cleavage sites in MAPKK1 and 2 are indicated in black (proline residues) and gray (basic residues).

tified. Functional separation of the components of these
pathways in mammalian cells is complicated by their
extensive interactions. Elements of each pathway are
retained in ‘modules’ that are coordinated by scaffold-
ing proteins such as MP1 or JIP1 [93–95]. Typically,
stimulation at the cell surface activates a module, caus-
ing translocation of the MAPK component to the nu-
cleus where it regulates the activities of various
transcription factors. However, it should be kept in
mind that MAPKs also act at a post-translational level
since translation is not required for oocyte maturation.
When LF was injected into oocytes, their maturation in
response to progesterone was prevented. Analysis of
oocyte extracts indicated that LF prevented the activa-
tion of MAPK, suggesting that it acted ‘upstream’ in
the pathway [50]. Similar results were obtained for
MAPK activity in transformed NIH3T3 cells. However,
Vitale et al. [56] have reported that treatment of
J774A.1 macrophages with LeTx leads to the transient
phosphorylation of MAPK. The reasons for this dis-
crepency are not apparent.
Subtle changes in the electrophoretic mobility of
MAPKK from both oocytes and transformed NIH3T3
cells suggested that LF may proteolytically modify its
NH2 terminus. This hypothesis was confirmed using an
in vitro approach with purified, recombinant proteins
[50]. Subsequent analysis indicated that LF removed
residues 1–7 of MAPKK1 (PKKKPTP) [50]. Similarly,
LF was found to cleave MAPKK2 between residues 9
and 10, resulting in the loss of NH2-terminal residues
LARRKPVLP [50]. These results were independently
confirmed shortly thereafter by Vitale et al. [56] using a
yeast two-hybrid approach. Apparently, the removal of
this short sequence is sufficient to inactivate MAPKK1
since recombinant MAPKK1 lacking the same seven
amino acids also lacked activity [50].
A comparison of the NH2-terminal sequences of
MAPKK1 and 2 shows each contains two proline
residues that are interspersed by one or two amino acids
and preceded by a series of basic residues (fig. 2). The
importance of the basic residues in substrate recognition
has not yet been determined. However, site-directed

mutagenesis at the cleavage site indicates that both
prolines play an important role in cleavage site recogni-
tion, since mutation of either Pro5 or Pro7 to Ala
renders MAPKK1 resistant to cleavage [50] while the
combined mutation of both residues to Ala prevents its
cleavage. The importance of proline residues at the
cleavage site was underscored by Hammond and Hanna
[96] who, at the same time, found that LF preferentially
acted upon proline-containing peptides. It is interesting
to note that in their yeast two-hybrid assay, Vitale et al.
[56] identified a cDNA for MAPKK2, which encoded
amino acids 31–400, a sequence that lies outside the
cleavage site. Thus, additional elements will likely play
a role in LF substrate recognition.
Further comparison of the amino acid sequences of
MAPKK1 and 2 to those of MAPKK3–6 (fig. 2) shows
that there is limited homology between these proteins at
their NH2 termini. However, each contains a pair of
proline residues separated by zero to four amino acids,
while MAPKK1, 2, 3, and 6 also contain a series of
basic residues preceding the prolines. Thus, it is con-
ceivable that additional members of this protein family
besides MAPKK1 and 2 may also serve as substrates
for LF. MAPKK3, 4, and 6 have been implicated in
regulation of p38 (HOG) MAPK [97, 98], which medi-
ates cellular response to stimuli such as osmotic shock
or cytokines [99–102] and may also play a role in
monitoring spindle assembly during mitosis [103].
MAPKK4 regulates the activity of stress-activated
protein kinase (SAPK), which in turn regulates jun [98],
while MAPKK5 regulates the activity of erk5 [104] and
is activated in response to oxidative stress, hyperosmo-
larity, and serum treatment [105, 106]. However, the
close similarities of the activity profiles of LeTx and
PD098059 in the National Cancer Institute’s anti-neo-
plastic drug screen [50] indicate that in tumor cells, the
predominant target of LF activity is MAPKK1.

Pathogenicity, a molecular understanding

Despite our detailed understanding of the anthrax
toxin, we are unable to fully explain its pathogenicity. It
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is known that anthrax LeTx is the dominant virulence
factor produced by B. anthracis. This was demonstrated
by Mock and colleagues [107–109] who showed that
strains of B. anthracis deficient in the production of LF
or PA are not lethal in mice, whereas strains deficient in
the production of EF are. However, this should not be
interpreted as an indication that EF does not play a role
in the pathogenesis of anthrax. Indeed, EdTx has been
found to inhibit phagocytosis of opsonized, avirulent B.
anthracis by polymorphonuclear neutrophils [110] and
more generally, elevated cAMP levels have long been
noted to inhibit macrophage phagocytosis [111, 112].
Thus, EdTx might be expected to promote bacterial
survival during the early stages of infection. Further-
more, Mock’s EF- and LF-deficient strains were less
able to induce lethality and edema, respectively, than
the parental EF/LF-producing strain, a finding which is
in agreement with an earlier study [14, 113], and which
suggests that EdTx and LeTx may act synergistically.
This is perhaps not surprising since elevated cAMP
levels have often been noted to antagonize MAPK
activation. For instance, following progesterone treat-
ment in frog oocytes, cAMP levels undergo a rapid,
transient decrease [114–117]. The resulting decrease in
cAMP-dependent protein kinase A (PKA) activity is
necessary for the synthesis of Mos protein and the
activation of MAPK [118–121]. Similar observations of
interaction between PKA and MAPK have been made
in a variety of cell types [e.g., 122–126].
During the course of infection, the levels of bacteria in
the blood rise steadily until a few hours before death
when the numbers of bacteria increase dramatically [5,
6]. Detectable levels of toxin in the blood are not found
until late in the infection and appear to be proportional
to the number of bacteria present [17]. Physiological
observations of the response of a variety of species to
infection show few commonalities except that immedi-
ately prior to death there is a marked anoxia and
respiratory failure [summarized in ref. 17). These obser-
vations suggest that, up to a point, the host is able to
hold the infection in check. However, hours prior to
death, the host undergoes a crisis in which this ability is
lost. What follows is a massive bacteremia that results
from unabated bacterial proliferation and ultimately
respiratory failure. It is important to note that at the
time of this crisis, the fate of the host has already been
determined since removal of the bacteria will not pre-
vent its death. What, then, has occurred at this crisis
point?
The principle target of LeTx is presumed to be
macrophages. The evidence for this is as follows. As
noted earlier, histopathology of skin lesions induced by
injection of spores shows evidence of infiltration with
leukocytes, many of which appear necrotic [2]. Also, as
first demonstrated by Friedlander [18], macrophages

and certain macrophage-derived cell lines abruptly lyse
upon treatment with LeTx. The threshold amount of
toxin required to lyse murine macrophages (approxi-
mately 0.1–1 mg/ml PA, 0.01–0.1 mg/ml LF) [18, 48, 51]
is comparable to what one might expect to find in a
dying mouse, based upon an estimated LD50 of 11 mg
PA and 2.2 mg LF [127] and a blood volume of 3–5 ml
per mouse. Finally, Hanna et al. [128] have found that
mice depleted of macrophages by repeated injections of
silica become resistant to LeTx. Susceptibility to the
toxin may be restored by the injection of an LeTx-sensi-
tive macrophage-derived cell line but not an LeTx-resis-
tant cell line. These results would seem to indicate that
a substance produced by macrophages in response to
LeTx and released upon their destruction may be the
cause of host death. The destruction of the host’s
macrophages may form the physiological basis of the
crisis mentioned above. In this regard it is extremely
important to determine the fate of macrophages during
an in vivo infection.
As noted earlier, different animals show varying degrees
of susceptibility to anthrax spores. Interestingly, the
amount of toxin present in the blood at the time of
death (or the amount of injected toxin required for
death) appears to be inversely correlated with the ability
of that animal to resist infection by spores [reviewed in
ref. 17). Thus, guinea pigs, which are relatively suscepti-
ble to infection, were found to contain 50 units of
toxin/ml blood at the time of death (lethal injection=
1000 units/kg), whereas Fischer rats that are relatively
resistant to infection were found to contain less than 8
units of toxin (lethal injection=15 units/kg) [see ref. 17
for a review]. Similarly, inbred strains of mice, which
die quickly following injection of anthrax spores, are
relatively resistant to the LeTx, while spore-resistant
mice are sensitive to LeTx [127]. These differences are
also apparent at the cellular level, as macrophages
derived from spore-resistant, toxin-sensitive mice lyse at
lower concentrations of LeTx than those derived from
spore-sensitive, toxin-resistant mice [[51]]. These obser-
vations suggest that macrophages may play a dual role
in anthrax infection. Animals resistant to anthrax infec-
tion mount a stronger primary defense at the onset of
infection. However, this strength will later prove to be
the animals’ weakness, as lower levels of anthrax toxins
will induce lysis of macrophages and release of toxic
substances.
Hanna et al. [129] found that cultured macrophages
treated with LeTx release superoxide anion at about the
time that cell lysis begins, and that macrophage lysis
could be prevented by the addition of anti-oxidants.
When LeTx resistant cell lines were examined, they were
found to be deficient in the production of reactive
oxygen intermediates (ROIs). Thus, these observations
suggest that the production of ROIs may be involved in
the lysis of macrophages.
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What is the nature of this toxic substance(s) that is
released by macrophages upon their lysis? Noting the
similarities between systemic shock caused by anthrax
and lipopolysaccharide-mediated bacterial sepsis,
Hanna et al. [128] have suggested that the host’s re-
sponse may be a result of cytokine overexpression. In
support of this, they have found that treatment of
macrophages with sub-lytic doses of LeTx will induce
the expression of interleukin (IL)-1 and tumor necrosis
factor (TNF-a) in vitro and that passive immunization
against IL-1 or injection of human IL-1 receptor into
mice protected them from the effects of LeTx. TNF-a
was found to be released from the macrophages while
IL-1 was retained. Hanna [54] hypothesized that during
an infection, IL-1b and other cytokines might accumu-
late to high concentrations within macrophages at sub-
lytic levels of LeTx, and then when the concentration of
toxin reaches a maximum, the macrophages lyse, result-
ing in a massive release of cytokines into the body.
It is not immediately evident how inactivation of any of
the MAPKKs might lead to the pathogenesis observed
during anthrax infection. In addition to its role in cell
division, MAPK has been suggested to function in
immunological responses. Thus, lipopolysaccharide has
also been shown to induce activation of the MAPK
pathway [130–133]. More recently, activation of the
MAPK pathway has been implicated to be essential for
phagocytosis in macrophages [134]. Proteolytic inactiva-
tion of MAPKK by LF would thus be expected to
inhibit the ability of macrophages to defend against
bacterial infection. Such an activity may play an impor-
tant early role in establishing an infection by promoting
bacterial proliferation; however, its importance at later
stages remains to be demonstrated.
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