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Abstract
The anthrax toxins lethal toxin (LT) and edema toxin (ET), are essential virulence factors
produced by B. anthracis. These toxins act during two distinct phases of anthrax infection. During
the first, prodromal phase, which is often asymptomatic, anthrax toxins act on cells of the immune
system to help the pathogen establish infection. Then, during the rapidly progressing (or
fulminant) stage of the disease bacteria disseminate via a hematological route to various target
tissues and organs, which are typically highly vascularized. As bacteria proliferate in the
bloodstream LT and ET begin to accumulate rapidly reaching a critical threshold level that will
cause death even when the bacterial proliferation is curtailed by antibiotics. During this final phase
of infection the toxins cause an increase in vascular permeability and a decrease in function of
target organs including the heart, spleen, kidney, adrenal gland, and brain. In this review, we
examine the various biological effects of anthrax toxins, focusing on the fulminant stage of the
disease and on mechanisms by which the two toxins may collaborate to cause cardiovascular
collapse. We discuss normal mechanisms involved in maintaining vascular integrity and based on
recent studies indicating that LT and ET cooperatively inhibit membrane trafficking to cell-cell
junctions we explore several potential mechanisms by which the toxins may achieve their lethal
effects. We also summarize the effects of other potential virulence factors secreted by B. anthracis
and consider the role of toxic factors in the evolutionarily recent emergence of this devastating
disease.
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1. Historical Overview
Anthrax holds a unique place in the history of infectious disease. Named by Hippocrates for
the black skin lesions it causes in its cutaneous form, anthrax (Greek: “coal”) was well
known in antiquity (1190-1491 BC in Europe and perhaps as far back as 3000 BC in China)
and is featured in two of the ten plagues of the Old Testament (5-pestilence and 6-boils).
During the 1830s-1850s several observers, including Delafond and Davaine in France and
Pollender in Germany, reported small rods in the blood of anthrax-infected animals. In 1863,
Davaine suggested these were the cause of anthrax, following his reading of Pasteur's work
on the role of microorganisms in fermentation and putrification. In 1876, Robert Koch
applied for the first time his three postulates for an infectious agent to conclusively
demonstrate that B. anthracis was indeed the cause of anthrax disease [1]. Soon thereafter,
Louis Pasteur showed that a drop anthrax-infected blood serially passaged one hundred
times in culture (thus diluting out any other suspected factors from the original blood
sample), still retained full infectivity and caused the full range of symptoms typical of
anthrax. Further classic studies of Pasteur and colleagues provided compelling evidence that
buried cadavers of animals that succumbed to anthrax were a prominent source of new
infections and that spores were transported to the surface in great measure by the action of
earth worms, which he showed carried and released spores by defecation. These studies
culminated in one of the great moments for experimental medical science in which Pasteur
held a public demonstration in May, 1881 of an attenuated anthrax vaccine at a farm in
Pouilly-le-Fort [2, 3] providing unequivocal evidence for the protective effects of his
vaccination program against infection with a fully virulent form of B. anthracis. All
inoculated sheep survived (except for one which he showed died of complications associated
with pregnancy), while all unvaccinated control sheep died, the majority within one or two
days of challenge with virulent B. anthracis. These initial experiments and parallel findings
by Jean-Joseph Henri Toussiant and William Smith Greenfield (in England) were followed
by large scale inoculation programs by Pasteur in France over the next two years and then
by programs throughout Europe and America thereby ushering in the modern era of medical
microbiology (reviewed in [4-6], see also a full and lucid recounting of Pasteur's anthrax
experiments in [7]).

2. Identification and isolation of anthrax toxins
Pasteur was the first to show that filtered blood from animals infected with anthrax
contained substances that could reproduce an effect associated with infection, namely
agglutination of red cells in uninfected blood (Fig. 3A), although such filtrates were not
sufficiently concentrated to cause significant local disturbances when injected into animals
[8]. In the early through mid-1900s studies of Marmier, Bail, and Cromartie identified toxic
factors produced by B. anthracis in culture [9] and in extracts of anthrax lesions [10] that
could closely mimic the local effects of cutaneous infection with live B. anthracis [11]. Bail
also found these extracts could immunize animals against infection by B. anthracis [12] and
explicit recognition of protective antigen (PA) as a potent protective immunogen was made
by Gladstone [13], thus revealing an important role of secreted toxic factors in the etiology
of anthrax disease. Smith and Keppie then showed that guinea pigs infected with anthrax
bacteria and treated with antibiotics would still die once they had passed a critical juncture, a
conceptual advance indicating that secreted toxins were largely responsible for the systemic
and lethal effects of anthrax infection. Extensive analysis by the Smith and Thorne/Strange
groups led to the identification of three purified toxic factors corresponding to PA, lethal
factor (LF), and edema factor (EF) (reviewed retrospectively by Smith in [14]). These
studies provided the framework for anthrax toxemia by demonstrating that PA+LF (lethal
toxin, LT) caused lethality when injected into animals, while subcutaneous administration of
PA+EF (edema toxin, ET) caused edema. They also found that non-lethal doses of ET could
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nearly double the lethality caused by submaximal doses of LT [15] providing the first
evidence for synergy between the two toxins.

3. Basic Biochemistry and Structure of the Anthrax Toxins
LT and ET are A/B type exotoxins comprised of separate polypeptides specialized for
catalytic and toxic activities (A subunit = EF or LF) and for toxin delivery to cells (B
subunit = PA) (Fig. 1). PA is synthesized as an 83 Kd precursor polypeptide that can bind
two widely expressed cell surface receptors (TEM8 and CMG2). PA is cleaved by cell
surface Furin type proteases to generate an active 63 Kd product, which then assembles into
a heptameric ring and binds three subunits of EF and/or LF. The toxin complexes are
endocytosed and trafficked to late endosomes where a change in pH triggers a
conformational change creating a pore through which unfolded forms of EF and LF are
translocated into the cytoplasm (reviewed in [16]). Biochemical analysis and in vivo
imaging of toxin uptake into cells using GFP-tagged forms of LF and EF indicates that the
two toxins travel together to the late endosomal compartment, whereupon LF is ejected into
the cytoplasm, while EF remains associated with late endosomal membranes that surround
the nucleus in a perinuclear necklace [17, 18].

LF is a Zn++ metalloprotease that cleaves and inactivates nearly all members of the
MAPKK (or MKK/MEK) protein kinase family [19-21]. MEKs are linchpin upstream
regulators of the ERK, JNK, and p38 signaling pathways involved in diverse cellular
processes including growth, cell fate determination, apoptosis, and response to various
forms of cellular stress (Fig. 1). LF is comprised of four partially related domains (reviewed
in [22]): an N-terminal PA-binding domain (I) that is highly related to the PA-binding
domain of EF (much of which derives from an ancestral domain IV that has lost key
catalytic residues); a domain (II) involved in binding to residues in MEK substrates distant
from the cleavage site (which folds in a pattern similar to the catalytic domain of VIP2, a C2
type of ADP-ribosylase from the sister species Bacillus cereus, that lacks the catalytic
residues required for NAD binding) and contains an inserted helical domain (III) involved in
binding to the cleavage site of MEK substrates; and a catalytic domain (IV) related to
clostridial neurotoxins, which together with domain III binds to “D-motif” docking
sequences at the N-terminus of MEK substrates. LF cleaves these N-terminal sequences
from MEKs and inactivates them since the deleted D-motif domains are important for
binding to and activating their MEK targets proteins [23].

EF is a highly active calmodulin (CaM)-dependent adenylate cyclase [24] (Fig. 1) sharing
homology with adenylate cyclase toxins CyaA from Bordetella pertussis, and ExoY from
Pseudomonas aeruginosa [25]. EF is comprised of three primary domains, an N-terminal
PA-binding domain, which as mentioned above is highly similar to that of LF, a catalytic
domain consisting of two subdomains that form the active site at their interface, and a C-
terminal helical domain. In the absence of the host co-factor CaM, the helical domain
associates with the catalytic domain and blocks its activity. CaM binds to the N-terminal
portion of the helical domain of EF, causing a large conformational change that dislodges
the helical domain from the catalytic domain. Intracellular Ca++ levels also regulate EF
activity, but do so in a biphasic manner with low to moderate levels of [Ca++] activating EF
via CaM, and high levels reducing EF activity by competition between Ca++ and Mg++ ion
in the EF active site (reviewed in [25]). As a consequence of its perinuclear association with
later endosomal membranes [17, 18], EF generates a gradient of cAMP emanating from the
nucleus and diminishing toward the plasma membrane [26]. In contrast, endogenous host
adenylate cyclases are localized to the plasma membrane and generate an oppositely
oriented gradient of cAMP, which is highest at the cell surface [26, 27]. Further details
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regarding the structure and biochemistry of the anthrax toxins are provided in several
excellent recent reviews [22, 25, 28-31].

4. Toxins play important roles during two distinct phases of anthrax
infection

In phylogenetic terms, B. anthracis is a surprisingly recent pathogen, having diverged from
the parent B. cereus lineage as little as 17,000-26,000 years ago. A particularly successful
and globally dispersed clade of B. anthracis (A-clade) emerged contemporaneously with
human domestication of herbivores. Herbivores are thought to be the primary natural host of
this pathogen [32, 33], and anthrax ravaged livestock (sheep, cows, and horses) during the
18th and 19th centuries in Europe, killing up to 50% of animals in a herd during epidemics
and 10-15% of animals during endemic periods [7] . Anthrax is still a major concern to
livestock and wild herbivores in many areas of the world and can also infect other mammals
including rodents, rabbits, herbivores, carnivores and primates (reviewed in [7, 34]),
although the sensitivity to infection varies considerably among species [35].

Anthrax can infect hosts via cutaneous, intestinal, or pulmonary (inhalation) routes [34]. The
cutaneous form of the disease, typically initiated by bacteria gaining access to wounded
skin, causes initial swelling (edema) at the site of infection, which then progresses to the
formation of large painless sores that form large black “coal” scars. Although cutaneous
anthrax is usually limited to the dermis, like the other two forms, it can on occasion lead to
systemic infection, in which case the disease is often fatal. Systemic anthrax infection itself
involves two basic stages: a largely asymptomatic “prodromal” stage (generally 2-4 days,
but sometimes considerably longer) in which phagocytic cells engulf and transport bacterial
spores to lymph nodes (those nearest the port of entry), undergo apoptosis, and release
spores that germinate to produce vegetative rod-like bacteria [36], followed by a rapidly
progressing “fulminant” stage (often leading to death in 1-2 days) in which bacteria
proliferate and are systemically disseminated to nearly all organs via the bloodstream. This
sequence of events has been well documented in animals (e.g., see legend to Fig. 3A) and
human patients [37, 38].

Human patients suffering from inhalation anthrax generally seek treatment during the onset
of the fulminant stage, and commonly present with flu-like symptoms, chest pain, labored or
irregular breathing, tachycardia, hypotension, headache or disorientation (a particularly bad
prognostic indicator often associated with bacterial infiltration of the brain or meninges)
([37-42]). During this stage bacteria proliferate and disseminate to vascularized tissues
throughout the body where they disrupt organ function, in part through secretion of LT and
ET. Frequently affected organs include secondary lymph nodes, lung, spleen, kidney, liver
(Fig. 3B), intestinal serosa, heart, meninges or the brain proper. Another common feature of
late anthrax infection is compromised vascular integrity resulting in low pressure
hemorrhage of the venous microvasculature (Fig. 3C) or high pressure hemorrhage of
arterioles and small arteries often accompanied by fluid edema (Fig. 3D), which aids in the
further dissemination of bacteria within the tissue, leading ultimately to death by
asphyxiation, heart failure, or cerebral/meningeal hemorrhage.

Comparative studies of the effects of infection with B. anthracis to those of injection of
anthrax toxins by intravenous, intraperatoneal, or subcutaneous routes various animals
including guinea pigs [43, 44], rabbits [45], rodents [46-59], and primates [60-66]
established that injection of anthrax toxins recapitulated many of the disease symptoms
associated with the fulminant stage of systemic anthrax infection in those animals and
paralleled those in infected humans [37-42]. In addition, these studies identified cases in
which EF and LF acted synergistically to produce their effects [15, 49, 67-69]. Injection of
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toxins obviously can only approximate the normal production of toxin from an advancing
wave of bacterial infection that progressively permeates the different organs and tissues of
the host. Thus, effects of the toxins have also been assessed through genetic studies, in
which mice are infected with wild-type versus mutant strains of B. anthracis, which lack
either or both toxins in encapsulated strains (pXO2+) [69, 70] or in capsule-deficient
mutants (Sterne, pXO2-) [67, 71]. In addition, mutant mice lacking the anthrax-receptor in
specific cell types have been infected with Sterne or toxin deficient mutants to identify host
cell types mediating different effects of the toxins [72, 73]. Cumulatively, these various in
vivo studies of toxin function have identified two constellations of activity that parallel the
two basic phases of systemic anthrax infection. First, during the prodromal establishment
phase, LT and ET act on phagocytic and migratory cells of the myeloid lineage
(macrophages, dendritic cells, and neutrophils) that engulf and transport bacterial spores
from the lung to the lymph nodes, altering their migratory behavior, inducing their cell
death, and dysregulating their production of immune cytokines. Then, during the fulminant
stage, the toxins play a key role in causing toxic-shock like symptoms that culminate in
death of the host. Here late stage antibiotic treatment is ineffective in humans, guinea pigs or
other animal models. During this final disease phase, the cardiovasculature is thought to be
the primary target of the toxins. We consider these two distinct roles of the toxins separately
below. As current reviews have covered the role of the toxins in immune cells in
considerable detail [74-77], we briefly summarize the key findings in this area and then
focus primarily on the more recent analysis of toxin effects on the cardiovascular system.

5. Toxins are required during the prodromal phase of inhalation anthrax
infection

The prodromal stage of inhalation anthrax infection can be subdivided into two phases
during which the toxins are essential for silencing and altering immune cell functions
wherein LT exerts the predominant effect and ET plays a contributing role, as observed in
the original experiments of Pezard et al. [67] and more recently dissected by Liu et al. [72]
(although a recent study using bioluminescent toxigenic encapsulated strains of B. anthracis
points to a more substantial contribution of ET than previously thought, and an important
role for this toxin in the dissemination of bacteria [70]). In the first phase, spores are
transported from the lungs via lymphatic vessels to the mediastinal lymph nodes [36], which
are located in the central chest between the lungs and drain lymph from the lungs. This
generally accepted model is based on the pioneering studies of Ross in guinea pigs [36] (Fig.
2A), but may be an oversimplification as more recent studies with bioluminescent B.
anthracis in mice [34, 70, 78] (Fig. 2B) indicate that spores may germinate earlier than
previously appreciated and that there are alternative paths of primary dispersal of spores or
vegetative bacteria to other lymph nodes. Thus, a component of spore transport to the
mediastinal lymph nodes may occur secondarily from a splenic reservoir [70]. During the
second establishment phase of infection, bacteria or germinating spores are transported to
the lymph nodes where they lead to massive apoptotic cell death of immune cells [38] and
hemorrhage of the lymph node [38, 42]. Macrophages and lymphocytes are among the few
cell types that can be killed by exposure to LF, while EF is generally not cytotoxic to
immune cells and seems to act primarily by altering their activation, migration, and/or
production of cytokines (reviewed in [76, 77]). Several of these toxin activities are
highlighted in the following sections and are treated more comprehensively in [74-77].

5.1 Myeloid cells are a critical target of anthrax toxins
Recent experiments using conditional knockout mice lacking the ability to import toxins into
cells of the myeloid lineage have cleanly delineated two distinct roles of anthrax toxins
during infection [72]. In these elegant experiments, investigators from the Leppla group first
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showed that anthrax toxins gain access to myeloid cells (which include monocytes,
macrophages and neutrophils) by binding to the CMG2 anthrax receptor and that the
alternative receptor (TEM8) played little if any role in these cells. Mice with selective
deletion of CMG2 function in myeloid cells were protected from doses of bacteria that were
lethal to receptor-expressing control mice. Importantly, these mice were as susceptible as
control mice to the individual and combined effects of LT and ET injection, indicating that
the final lethal activities of the toxins were independent of their inhibition of immune cell
function. This experiment (and others cited below) exclude the possibility that the fatal
shock caused by the administration of toxins is merely a secondary consequence of a
“cytokine storm” generated by infected monocytes/macrophages or released as a result of
their lysis. However, the interaction of the two toxins to subvert the normal innate immune
defense function of myeloid cells is central to the successful establishment of infection with
B. anthracis.

5.2 Sensitivity of macrophages to LT killing
Perhaps one of the most complex and befuddling areas of anthrax research has been
unraveling the mechanism and significance of macrophage sensitivity to killing by LT. This
problem was first framed in rodents where it was observed that macrophages from certain
inbred strains were highly sensitive to being killed by LT whereas those obtained from other
strains were highly resistant. After a long pursuit of the genetic basis for this divergence, it
was established that differing Nlrp1b (Nalp1b) alleles [79] were playing a central role.
Nlrp1b is a component of the inflammasome pathway, which mediates cell death in LT
sensitive macrophages through a rapid non-apoptotic mechanism known as pyroptosis.
Cleavage of MEKs by LF still proceeds with equally efficiency in macrophages from both
sensitive and insensitive mice [20, 80], provoking a slower classical apoptotic cell death
pathway.

Another interesting finding is that different strains of mice exhibit varying sensitivities to
systemic infection by B. anthracis, and surprisingly that this trait is generally inversely
correlated to the in vitro susceptibility of their macrophages to killing by LT [35, 81, 82].
This observation has lead to the suggestion that premature killing of macrophages and
associated inflammasome activation in Nlrp1b-sensitive strains may lead to a reduced
dissemination of spores/bacteria due to killing of bacteria by neutrophils recruited in
response to the IL1 release associated with inflammasome activation. Thus, macrophage
sensitivity to toxin in mice is actually a host defense mechanism [83, 84]. Recently, the
variable sensitivity of rats to LT, (sensitive strains can be killed in under 1 hour), was
mapped to a Nlrp1b-homolog [85]. The linkage of rapid LT-mediated death to Nlrp1 in rats,
which also controls rat macrophage sensitivity, may imply a direct relationship between
macrophage sensitivity and animal death. Alternatively, rat Nlrp1 may control functions in
cell types other than macrophages that are required for survival [85]. The relevance of Nlrp1
mediated killing of macrophages or other cells to anthrax disease in humans remains to be
determined, however, since macrophages in monkeys [86] and all humans examined to date
are insensitive to rapid LT-dependent killing, (i.e., this occurs only via the relatively slow
apoptotic mechanisms). Thus, it will be interesting to examine whether other cell types
relevant to anthrax pathogenesis in humans and animal models display Nlrp1b-dependent
variations in sensitivity to LT killing.

5.3 ET alters immune cell migration
Many cellular processes are altered by ET as a result of the greatly increased levels of
intracellular cAMP. Relevant to spore transport during the prodromal phase of infection, ET
can increase the overall motility of infected macrophages [87]. This effect is mediated at
least in part at the transcriptional level by cAMP-dependent protein-kinase-A

Guichard et al. Page 6

Microbes Infect. Author manuscript; available in PMC 2013 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation and activation of the transcription factor CREB. Key genes induced by ET
included vascular endothelial growth factor (VEGF) and Syndecan-1, which are both also
induced by host G-protein coupled receptor (GPCR)-dependent activation of cAMP
synthesis by endogenous adenylate cyclases. ET therefore mimics normal chemotactic
signaling in which GPCR activation by ligands such as prostaglandins or adenosine induces
macrophages to migrate rapidly to lymph nodes near foci of infection. In this case, ET seems
to have co-opted a host signaling pathway, facilitating transport of B. anthracis spores from
portals of entry such as the lung to nearby lymph nodes during the early establishment phase
of the disease [87] (Fig. 2C). Live imaging of bioluminescent toxigenic encapsulated strains
of B. anthracis support a role of ET in increasing dissemination of bacteria since strains
expressing only ET but not LT do not accumulate as they otherwise would in intermediate
locations such as lymph nodes in transit to final target organs [70]. However, in other model
systems ET has been found instead to inhibit directed chemotaxis of macrophages,
neutrophils [88], and endothelial cells [89] toward defined attractants, or to act in concert
with LT to perturb chemokine signal reception in T cells and macrophages [90]. Further
research is required to clarify these contrasting results.

5.4 Combinatorial effects of LF and EF on immunity
Anthrax toxins also alter the response of immune cells to cytokines as well as their
production of immune signals and bactericidal factors such as reactive oxygen species
(ROS) and secreted phopholipase-A2 during bacterial infection (reviewed in [74-77]).
Reported effects of the two toxins have varied on the cell type tested and on whether they
are generated in vivo by B. anthracis bacteria or delivered as purified factors. In general,
however, both toxins tend to suppress immune cell cytokine signaling and/or reduce
expression of cell surface activation markers [52, 68, 69, 86, 91-94]. Typically the toxins act
additively [52, 94], although there are instances in which they interact synergistically or in
opposition. In this latter case, the opposing actions of LT and ET either cancel each other
out, or the activity of one toxin dominates the other. One interesting example of such
opposing toxin activities involves apoptosis of macrophages. As discussed above, all
macrophages undergo a relatively slow apoptotic cell death in response to LT cleavage of
MEKs, the delayed kinetics of which allows vegetative bacteria to be released following
arrival at lymph nodes, from where they can ultimately disseminate. ET seems to play an
important role in slowing the macrophage cell death by temporarily suppressing apoptosis
[95] that would otherwise result from LT inactivating the MEK3,6/p38 pathway [20]. This
mitigating effect of EF is mediated at least in part by CREB-dependent activation of the cell
survival factor plasminogen activator 2 (PAI-2) [95] (Fig. 2D).

6. Anthrax toxins disrupt the cardiovascular system and endothelial barrier
integrity

Death of the host during the fulminant stage of anthrax infection is often associated with
toxic shock-like symptoms typified by severe respiratory dysfunction and hypotension
followed by cardiac failure. These symptoms are similar in certain respects to those caused
by cytokine storms such as those resulting from a runaway histamine response and
anaphylactic shock. Thus, a prevalent proposal was that macrophages were a source of
proinflammatory cytokines and that anthrax toxins induced expression of these factors to
indirectly produce systemic shock.

A different view of late stage of anthrax pathogenesis has emerged over the past decade
based on a variety of new evidence suggesting that anthrax toxins kill the host by direct
actions on the cardiovascular system. Several excellent recent reviews summarize the
evidence for this new view in detail [75, 76, 96-99] and highlight on the following
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observations: 1) LT and ET in general reduce the secretion of cytokines [52, 68, 92-94] and
therefore oppose rather than induce a cytokine storm, 2) TNF-receptor, Caspase-1, and IL-1
receptor knock-out mice deficient in key inflammatory pathways are not resistant, but rather
more sensitive, to anthrax infection than parental mouse strains [83, 100, 101], 3) agents
used to treat inflammatory shock such as corticosteroids [102], vasopressive drugs [103], or
volume replacement [40, 104] have proven ineffective in treating anthrax toxemia, 4) LT
[51, 105, 106] and ET [56, 71]) directly decrease barrier integrity of vascular endothelial
cells (VEC) in vivo and in cell culture (LT has also been reported to induce apoptosis in
these cells [107, 108], although in vivo infection with B. anthracis or injection of LT into
animals typically is not characterized by overt VEC death), 5) ET as well as LT cause severe
cardiovascular dysfunction leading to death with ET primarily causing hypotension through
increasing vascular permeability and inducing vasodilatation [48, 52, 56, 58, 59, 71, 76,
109-111] (Fig. 3 E,F) and LT acting directly on the heart to compromise cardiac structure
[55] (Fig. 3H) and performance [50-55, 58, 59, 71, 76, 105, 106, 109-113] (there is an older
alternative view, however, in which cardiovascular dysfunction is proposed to be a
secondary consequence of a primary effect of anthrax toxins on the CNS in both rats and
primates [114, 115]), and perhaps most conclusively, 6) selective elimination of toxin entry
into myeloid cells, which prevents establishment of infection by B. anthracis (see above),
does not protect against the lethal effects of LT and ET [72].

According to the new model, an important effect of LT and ET during the fulminant phase
of infection is to breach the vascular barrier between the bloodstream and tissues, thereby
leading to a variety of systemic effects that contribute to fatal outcomes including
hypotension, tachycardia, hemoconcentration, coagulopathy, anoxia, cardiac failure,
meningitis (or direct effects on CNS function). In the context of natural bacterial infection,
LT and ET also contribute to the dissemination of bacteria into target organs (e.g., spleen,
kidney, heart, adrenal gland, intestine, and brain) as well as penetrating highly vascularized
membranes such as the pulmonary pleura and cerebral meninges. Proliferation of bacteria in
the circulation and in tissues during this stage will also induce classical host sepsis
pathophysiology that contributes to disease progression and adverse outcome [63]. Indeed in
certain animal models, challenge with lethal toxin-deficient B. anthracis is sufficient to
produce septicemic mortality [116]. This interplay between the effects of the toxins and the
invading bacteria that produce them is highly coupled both spatially and temporally.
Depending on the primary organ systems affected in specific individuals death can therefore
result from vascular leakage induced respiratory shock, brain hemorrhage, or possibly
disruption of autonomic CNS functions.

In this following section, we first summarize the basic cell biology underlying the formation
of cell-cell junctions, then examine how LT and ET act in concert to breach these junctions,
leading to increased vascular endothelial permeability in both cell culture and in vivo
systems. Studies from various models including human cell culture, mice, zebrafish, and
Drosophila have contributed to an emerging picture in which anthrax toxins disrupt
intercellular junctions. Although the two toxins compromise intercellular junctions by
several mechanisms, one point of convergence is inhibition of endocytic recycling, which
normally plays a central role in targeting adhesion molecules and cell-cell signaling
components to sites of cell-cell contact. We also address an intriguing unresolved paradox
regarding the role of cAMP in promoting versus disrupting endothelial barrier function.
Finally, we consider other vascular cell types and processes that may be involved in the
barrier disrupting effects of anthrax toxins.
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7. Cell-cell junctions
Polarized sheets of epithelial and endothelial cells are held together by an elaborate system
of cell-cell junctions that form at discrete positions along the apical to basal axis of these
cells. Cell polarity is initiated by the polarity proteins Par3 (Bazooka in Drosophila) and
Par6 and atypical protein kinase C (aPKC), which were originally identified as being
essential for establishing cell polarity in early C. elegans embryos (reviewed in [117]).
These proteins interact with a complex of cytoplasmic scaffolding proteins including Pals,
and Patj and the transmembrane protein Crumbs to define the most apical domain of the cell,
and to exclude apical accumulation of proteins that act more basally such as Par1 [reviewed
in [118, 119]]. In vertebrate cells, this most apical zone ultimately forms the zonula
occludens or tight junction (TJ), which surrounds the cell as a continuous gasket limiting the
exchange of small molecules between apical and basal domains of the cell (Fig. 4A). The
key proteins of TJ regulating paracellular permeability (flow between cells) are
transmembrane proteins in the Claudin family that form homodimeric and heteromeric
complexes between adjacent cells and determine the size and charge of molecules that can
cross the TJ. In addition, TJs include the transmembrane adhesive proteins Occludin and
JAMs as well as intracellular scaffolding proteins such as ZO-1, that link membrane
components of the TJ to the underlying actin cytoskeleton (Fig. 4B).

Just basal to the TJ, or intermingled with it in VEC, is the adherens junction (AJ), which
plays a central role in establishing and maintaining adhesion between cells [reviewed in
[120]] (Fig. 4A,B). The structure and composition of AJs has been well conserved between
vertebrates and invertebrates and depends primarily on the activity of cadherins, a highly
conserved family of Ca++-dependent homophylic transmembrane adhesion proteins.
Cadherins are localized to the AJ via interactions between their cytoplasmic tails and a
complex of cytoplasmic scaffolding proteins including β-catenin, α-catenin, Plakoglobin,
and p120. In addition, another cytoplasmic scaffolding protein Afadin links the AJ to the
circumferential actin cytoskeleton via a second set of supporting homophylic molecules
(e.g., Nectin in vertebrates and Echinoid in Drosophila). An apical circumferential band of
actin helps stabilize both the TJ and AJ complexes, while actin/myosin based contraction of
a perpendicularly arranged set of radial actin stress fibers, weakens cell junctions. The
balance between these two actin superstructures is determined in part by the competing
activities of the small GTPases Cdc42 and Rac1, which favor assembly of circumferential
actin cables, versus RhoA, which promotes centripetal stress fiber formation. One
mechanism dampening RhoA activity at the AJ is binding of the inactivating RhoGAP to
p120 (which in turn is bound to the cytoplasmic tail of VE-Cad). RhoA is also involved,
however, in targeting proteins to the AJ, so it's role in AJ assembly and maintenance is
complex (reviewed in [121]). Finally, the basal region of the cell below the AJ is defined by
the transmembrane proteins Neurexin IV and NRG, the scaffolding proteins Scribble, Dlg,
Lgl, and Coracle, and the kinase Par1, which opposes recruitment of apical components such
as Par3 to this zone [117]. Drosophila cells lack apically localized TJs and instead have
basally located septate junctions that include Claudins and form a tight seal between apical
and basal paracellular compartments [reviewed in [122]].

7.1 Establishment and maintenance of adherens junctions
Key AJ proteins such as cadherins are targeted to the appropriate location in the plasma
membrane via vesicle trafficking and the stability of junctions is determined in part by the
rate of cadherin endocytosis (reviewed in [120, 123, 124]). AJ-bound vesicles are comprised
of late recycling endosomes fused to vesicles carrying primary Golgi cargo. The final step in
this endocytic recycling process is mediated by a complex of eight proteins known as the
exocyst, which was originally identified based on its requirement for secretion in yeast
(reviewed in [125, 126]). Vesicle fusion with the plasma membrane is initiated by
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interaction between the small GTPase Rab11 (which is present on membranes from the late
recycling endosome), and Sec15 from the exocyst complex (which connects via other
components of the complex to the plasma membrane). These docked vesicles then fuse to
the plasma membrane in a SNARE-dependent fashion delivering their cargo to the AJ.
Delivery of cargo to the AJ may involve two distinct, albeit coupled, targeting mechanisms
involving: 1) tethering of the exocyst components to interacting proteins at membrane
delivery sites, and 2) actin mediated tracking of Rab11 tagged membrane vesicles to the
membrane (which involves complexes with Af6/Cno at the AJ) [127] (Fig. 5E).

In addition to mediating adhesive interactions between adjacent cells in epithelial or
endothelial sheets, AJs provide an important site of cell-cell communication. For example,
activity of the VEGF-2 receptor tyrosine kinase (VEGF-R2) is inhibited by association with
VE-cadherin at the AJ, while signaling by VEGF-R2, mediated by Src phosphorylation of
VE-cadherin, negatively regulates VE-cadherin mediated adhesion and leads to barrier
disruption (reviewed in [123, 128]). Another signaling system for which both the ligand and
receptor are localized to the AJ is the Notch signaling pathway (reviewed in [129]). Notch
signaling is involved in many binary cell fate choices during development and plays a
central role in vertebrate vascular development both during embryogenesis (reviewed in
[130]) as well as in vascular remodeling in the adult (reviewed in [131]). In this latter
capacity, Notch signaling favors maintenance of the tight patent vasculature over the
formation of new microvascular growth induced by tumors via VEGF signaling (reviewed in
[132]).

Although beyond the scope of the current review, there are important interactions between
proteins defining the various junctional domains (as well as the reciprocal inhibitory
interactions between apically versus basolaterally localized Par protein complexes
mentioned above [117]). For example, in MDCK cells, AJ assembly precedes that of TJs
and AJs are required to initiate formation, but not maintenance of TJs [133]. One
mechanism underlying cross-talk between the AJ and TJ has recently been elucidated in
VEC [134]. When these cells undergo VE-cadherin-dependent contact, they induce
expression of Claudin-5, which plays an essential role in maintaining vascular integrity at
the blood-brain barrier. This activation occurs at the level of transcription of the cld5 gene,
and is mediated by regulating the PI(3)K/AKT/FoxO pathway and sequestering the cadherin
scaffolding protein/nuclear transcriptional cofactor β-catenin to the plasma membrane (Fig.
5F).

8. Anthrax toxins are active in flies
As mentioned above, studies of confluent VEC in culture have revealed that both LT [105]
and ET [71] can act directly on these cells to increase barrier permeability. Consistent with
the important role that cadherins play in adhesion between VEC [124], studies with LT
revealed a decrease in VE-cadherin levels at the cell surface following toxin treatment [105].
In the case of LT, known MEK targets may mediate some but not all effects of this toxin,
since small molecule inhibitors blocking various MEKs only partially reproduced the effect
of LF. In vivo studies on mice [51] and zebrafish [106] also found that LT can trigger
vascular leakage, and LT-induced leakage in zebrafish could be largely rescued by stage
specific expression of an activated form of MEK1 [112]. MEK-dependent signaling has also
been shown to play an important role in neovascularization [135]. While these studies
provided strong evidence for a direct role of anthrax toxins in compromising vascular
integrity the mechanism(s) by which the toxins achieved this effect remained unresolved.

To address the cell biological mechanism by which anthrax toxins compromise barrier
integrity, experiments were conducted using the genetic model system Drosophila

Guichard et al. Page 10

Microbes Infect. Author manuscript; available in PMC 2013 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



melanogaster, which offers many advantages for studying host-pathogen interactions [136].
These studies in the fruit fly revealed that LF and EF act convergently to block a common
step in protein trafficking to AJs. As technical background for these experiments, transgenes
encoding the catalytic moieties LF and EF can be expressed directly in the cytoplasm of
Drosophila cells using the conditional GAL4/UAS transactivation system [137] (Fig. 5A). In
this method, cDNAs encoding the toxins are placed under the control of a cis-acting element
from yeast called the upstream activator element (UAS), and transgenic flies are obtained
carrying insertions of these UAS-toxin constructs into their genomes. A large variety of fly
stocks exist that express the yeast transactivating transcription factor GAL4 in various cell-
type specific patterns. One can then cross such a GAL4 “driver” stock with fly stocks
carrying UAS-LF or UAS-EF constructs, and the progeny of such a cross will express the
toxin transgene in the same cells as the GAL4 driver. For example, the wg-GAL4 driver
expresses GAL4 selectively in cells of the developing wing. If one crosses wg-GAL4 flies to
flies carrying a UAS-LF transgene, their progeny express LF specifically in the wing (Fig.
5A), causing nicks to form along the edges of adult wings (Fig. 5B, see below).

When LF and EF were expressed in flies, phenotypes were observed in various tissues and
stages of development that were consistent with their known biochemical mechanisms of
action [138]. Moreover, genetic epistasis experiments indicated that the toxins acted at the
predicted step in the various pathways (e.g., LF acted at the level of MEKs in the JNK and
ERK pathways and EF activated PKA signaling by relieving PKA-R inhibition [138]).
These experiments validated the fly as a system for examining the effects of anthrax toxins
and opened the way to exploring for new and/or cooperative effects of these toxins.

9. Anthrax toxins cooperatively inhibit endocytic recycling to cell-cell
junctions

In the course of analyzing the effects of expressing LF and EF in flies, a novel unexpected
phenotype was observed upon expression of either toxin, which closely resembled the effect
of mutations compromising activity of the Notch signaling pathway (e.g., notches in the
edge of the wing and thickened wing veins) [71] (Fig. 5B). Moreover, LF and EF acted in a
highly synergistic fashion to elicit this phenotype suggesting that these two toxins disrupted
a common process [71]. Further analysis of these toxin effects pointed to defects in
endocytic trafficking of the Notch ligand Delta to AJs (Fig. 5C) [71], consistent with
previous studies showing that Delta must undergo endocytic recycling to activate Notch
signaling [139]. Consistent with their genetic synergy, LF and EF interfered at the same step
in the recycling process wherein late endosomal vesicles interact with the exocyst complex
to tether cargo laden vesicles to the plasma membrane in preparation for vesicle fusion. EF
reduced the level and activity of Rab11 (associated with late recycling endosomes), while
LF disrupted cell surface expression of its exocyst partner Sec15 [71] (Fig. 5C). Inhibition
of the exocyst by EF or LF also reduced junctional expression of E-cadherin (which was
more severe in EF than LF expressing flies), consistent the known role of the exocyst in
cadherin trafficking to the AJ [140].

The trafficking effects of LT and ET were also examined in mammalian VEC and, as in
flies, they inhibited the exocyst and cadherin transport to the AJ [71] (Fig. 5D). ET also
increased the permeability of confluent human VEC monolayers measured by transepithelial
resistance (TER) [141] or dye leakage in transwell assays [71], and infection of mice with B.
anthracis Sterne caused toxin-dependent pleural effusions in the lung (Fig. 3E) as well as
vascular dye leakage at the site of subcutaneous inoculation in the Miles assay (Fig. 3F)
[71], with EF having the primary effect and LF providing a supporting role. These findings
contrast with a study in which purified toxins were injected subcutaneously in mice [51]
where it was found that LT, but not ET, caused leakage in the Miles assay. In another study,
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however, purified ET did cause leakage using the Miles assay in rabbits [56], although in
these experiments leakage was assayed after a longer period of time following the injection
of toxin than in the mouse experiments. Whether these various results reflect differences in
delivery (bacterially produced versus purified toxin), species differences (mice versus
rabbits), or time course of the experiments requires further analysis. Different effects of LT
treatment on permeability of endothelial cells in culture have also been reported. Thus, in
one study, LT treatment decreased TER and increased albumin flux across primary lung
microvascular endothelial cell monolayers [105], whereas LT did not decrease TER [141] or
increase transwell dye permeability in brain microvascular endothelial cells [71]. These
divergent responses may reflect cell type differences as cadherin levels were only modestly
decreased in HBMECs by LT, whereas primary dermal microvascular endothelial cells
displayed more substantial decreases in cadherin levels upon LT treatment [71]. None-the-
less, in aggregate, these experiments provide strong evidence for ET and LT compromising
endothelial barrier integrity, albeit with the two toxins contributing to varying degrees
depending on the experimental setting and/or cell type tested.

9.1 Potential molecular mechanisms of LF and EF actions on the exocyst
A key issue regarding the inhibition of exocyst-mediated endocytic recycling by LF and EF
is the precise molecular mechanism by which these two toxins act. Based on their known
biochemical activities, several plausible pathways could be involved in their interference
with exocyst trafficking. In the case of LF, Warfel and colleagues showed that known MKK
targets of LF could be involved since small molecule inhibitors of ERK and JNK signaling
caused a decrease in TER in confluent VEC cultures, which although weaker than LT
treatment, had similar time courses [105]. However, inhibition of the p38 pathway had an
opposite effect of increasing TER and counteracted the effect of ERK and JNK inhibitors
rendering a cocktail containing all three inhibitors virtually neutral with regard to altering
TER. In addition, treatment with the single inhibitors of ERK and JNK differed from LT in
that they did not lead to significant barrier permeabilization to larger molecules. The authors
thus speculated that LF might be working in part via non-MKK targets to increase barrier
permeability. A role of MEKs in promoting vascular integrity is supported by experiments
in zebrafish embryos, in which conditional expression of an activated form of MEK1
rescued vascular barrier disruption in vivo caused by LT treatment [112]. There also are
links between MEKs and the exocyst pertaining to its various roles in JNK-dependent cell
migration [142], cell survival [143], and ERK-dependent epithelial permeability in MDCK
cells [144]. In the latter instance, it was found that Sec10 overexpression strengthened the
epithelial barrier and increased ERK activation, while inhibition of ERK increased the
barrier disrupting effect of hydrogen peroxide. In addition, the MEK1 binding protein p18
anchors the MEK-ERK pathway to Rab11 positive late endosomes [145]. Whether the
primary effect of LT in VEC is to disrupt ERK/JNK signaling is an important unresolved
issue for future investigation. If novel LT targets are involved in this process, it will be
interesting to know whether they may also participate in Nlrp1/inflammasome activation by
LF where non-MKK targets may mediate rapid cell death in macrophages and possibly other
cell types.

There are also several strong connections between ET induced cAMP production and the
exocyst. With regard to the classic cAMP effector PKA, the Rab11 binding protein Rip11
binds to PKA (which can phosphorylate Rip11), as well as the motor proteins myosin V and
kinesin II. Indeed motor proteins have been suggested to play a role in transporting exocyst
components to cell junctions [127], consistent with Rip11 being required for protein
trafficking to the cell surface [146]. In addition, the AKAP-anchoring protein MyRip acts as
a perinuclear scaffold to interact with PKA and the exocyst components Sec6 and Sec8
[147]. The second cAMP effector EPAC (a cAMP-dependent Rap1 GEF) is concentrated in
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a perinuclear pattern, and this localization is increased by cAMP [148]. When cAMP binds
to EPAC it activates its primary known effector Rap1, which plays an essential role in re-
establishing cellular junctions following cell division [149]. Activation of Rap1 (Rap1*) can
be detected in vivo using a FRET construct [150] revealing two prominent pools of Rap1* in
VEC. One Rap1* pool, present in cells undergoing VE-cadherin mediated adhesion, is
located at the AJ where Rap1 interacts with the RAL-GDS, which activates the exocyst
associated small GTPase RalA (reviewed in [151, 152]), as well as the scaffolding proteins
Cno/Afadin [153, 154], MAG-1 [150] or CCM1, which is activated by PDZ-GEF or Tiam,
and recruits KRIT1 [155] to stabilize AJ-dependent barrier formation [150, 156] (reviewed
in [124, 152]). The majority of Rap1*, however, is localized in a perinuclear pool [150],
which coincides with the site of high levels cAMP production by EF [26] (recall that
following its translocation into the cytoplasm EF remains associated with perinuclear late
endosomal membranes [146], as is EPAC [148], the cAMP-dependent GEF for Rap1). It
will be interesting to determine whether these two pools of Rap1* exert different influences
on AJ integrity or exist in a balanced equilibrium that may be altered by localized
perinuclear production of cAMP by EF. Examining these and other possible scenarios
should provide fertile grounds for future studies on how EF and LF collaborate to inhibit
endocytic recycling.

9.2 The cAMP paradox
As summarized above, abundant in vivo and cell culture evidence suggests that ET causes
vascular leakage (e.g., Fig. 3E,F). There is an important paradox hidden in these results,
however, which is that an extensive prior literature suggests that increased levels of cAMP
in various epithelial and VEC has the opposite effect of increasing in barrier function (for
example, Fig. 3G, [157, 158] and reviewed in [159]). This barrier protective effect of cAMP
elevation, which has been suggested to be mediated at least in part by a direct interaction
between the EPAC effector Rap1 [150, 155, 156], has also been shown to counteract the
effect of inflammatory agents such as TNF-α that decrease barrier integrity [159]. Several
non-exclusive explanations may reconcile this apparent paradox including: 1) the peak
levels of cAMP generated by endogenous pathways versus EF, 2) kinetics and/or duration of
cAMP production, 3) subcellular localization of cAMP synthesis, which may differentially
activate the effector molecules PKA and EPAC anchored to specific subcellular
compartments by scaffolding proteins such AKAPs, 4) interaction of toxin generated cAMP
with cellular machinery regulating endogenous cAMP levels, and 5) different cell types
responding differently to a given cAMP stimulus based on expression of different effectors.
There are known examples where each of these parameters has been implicated in
determining the response of a specific cell to a particular mode of cAMP production, which
are briefly summarized below.

With regard to levels, kinetics, and localized production of cAMP, comparative studies in
which cells were treated with various cAMP elevating agents have reported marked
differences in a variety of cellular responses including morphological transformation (e.g.
cell rounding), transcriptional effects (e.g., CREB mediated gene expression), altered cell
migration or chemotaxis, and induced ion fluxes (e.g., Cl-secretion mediated by the Cystic
Fibrosis Transmembrane Receptor - CFTR - ion channel). These cAMP inducing agents
include cAMP analogues such as 8Br-cAMP, agents inducing endogenous cAMP production
(e.g., forskolin), or different cAMP producing toxins (reviewed in [160]) such as EF, CyaA
toxin from Bordetella pertussis (also a CAM-dependent AC), pertussis toxin (an ADP-
ribosylase that inactivates the Gαi, relieving inhibition of endogenous AC), and cholera
toxin from Vibrio cholerae (an ADP-ribosylase that constitutively activates endogenous Gαs
proteins, which in turn activates endogenous ACs).
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One noteworthy study of T-cell activation suggested that cAMP levels were more critical
than the subcellular or temporal patterns of cAMP production [161]. The authors found that
low levels of the EF or CyaA toxins promoted differentiation of T-cells along the Th2 versus
the Th1 lineage while high levels of either toxin blocked T-cell activation by antigen
receptor ligation, which was dependent on a strong burst of endogenously produced cAMP.
These investigators further proposed that high, but not low, levels of cAMP produced by the
AC toxins swamped the incoming endogenous burst of receptor mediated cAMP production.
Although EF and CyaA have different kinetics and subcellular distributions, these
parameters did not have appreciable effects (EF is internalized slowly and remains
associated with the late endosomes creating a gradient of cAMP that is highest in a
perinuclear pattern [17, 18, 26], whereas CyaA is translocated directly across the plasma
membrane where it rapidly begins producing cAMP near the cell surface [161, 162]).
Another potential consideration regarding toxins generating high levels cAMP is that
synthesis of this second messenger may deplete ATP pools and thus have indirect
consequences on cell metabolism or signaling mediated by AMPK or other effectors.

Another study of T-cells treated with ET emphasized a kinetic contribution of delayed but
maintained cAMP production and a potential contribution from the perinuclear source of
cAMP [162]. The authors suggested that cAMP acts in a two-step process wherein a first
phase of CREB activation is followed by a refractory period in which cells are unresponsive
to inducing factors such as T-cell receptor cross-linking agents. Treatment of these same
cells with CyaA, cholera toxin, or forskolin, all of which have rapid kinetics building
quickly to peak cAMP levels (but decaying with differing kinetics), lead to a more transient
activation of CREB phosphorylation and did not block activation in cells treated later with
T-cell activators.

Studies performed with the cytoplasmically delivered ExoY toxin from Pseudomonas
aeruginosa directly addressed the cAMP paradox [163]. In lung endothelial cells forskolin
and ExoY lead to comparable high levels of cAMP production (≈ 800× normal) and both
agents have similar rapidly peaking kinetics [162], yet only ExoY decreased barrier
function. The most obvious difference between these two agents is the subcellular
compartmentalization of cAMP production, which is cytoplasmic for ExoY and
juxtamembranous for forskolin. Consistent with its effects on lung endothelial cells in
culture, infection of mice with ExoY+ but not ExoY- strains of P. aeruginosa caused lung
edema [163].

Cell type is also likely to play an important role in the response to cAMP. Thus, even within
the relatively narrow category of VEC, which include macrovascular endothelial cells (e.g.,
human umbilical cord endothelial cells HUVECs) as well as venous or arterially derived
microvascular endothelial cells, important differences have been reported depending on the
precise derivation of the cell. For example, barrier function measured by TER is 10-fold
greater for microvascular versus macrovascular endothelial cells in culture [164] and is also
greater for lung arteriole versus venous microvascular endothelial cells in vivo [165],
consistent with the higher density of tight junctions observed in these cells by EM [166].
Perhaps most importantly regarding the effect of EF, there are profound differences in both
resting and induced cAMP levels in different VEC. Ca++-inhibited cAMP synthesis
dominates in macrovascular cells whereas phosphodiesterase-dependent degradation of
cAMP plays the key regulatory role in microvascular cells [167]. Variations in Ca++ sources
and levels would also be expected to influence EF activity in various cells given that EF
activity has a biphasic dependence on [Ca++] (see above). Indeed, there is evidence that the
response to ET is cell type dependent. Thus, ET or CyaA treatment of macrovascular
HUVECs leads to decreased transmembrane conductance [56], whereas ET treatment of
human brain microvascular endothelial cells results in decreased TER [141], disruption of
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junctional ZO1 staining [141], increased dye permeability [71], and reduced cadherin levels
[71], the latter also being observed in primary lung microvascular endothelial cells [71]. It is
possible that the duration of toxin treatment also played a role in the latter experiments since
decreases in cadherin expression were only observed after 48 hours of exposure to ET [71].
The opposing effects of EF versus the EPAC specific cAMP analog 8CPT in generating
versus reversing vascular infusion, respectively (Fig. 3F,G), may also be related to timing
since the former experiments [71] assayed leakage after six hours versus one hour for the
latter [157].

Finally, ET may act by other mechanisms to increase ion flux across the vascular
endothelium. In analogy to the action of cholera toxin in intestinal epithelial cells, the edema
forming activity of ET may in part be mediated by the cAMP-dependent chloride secretion
pathway. Although ET has been shown to act like Ctx to promote Cl- secretion in intestinal
epithelial cells [168], surprisingly the edema-inducing activity of ET has not yet been
scrutinized in VEC or pursued mechanistically.

Further studies are clearly needed to tease apart how various pathways such as exocyst
mediated trafficking and Cl- secretion as well as cell type specific differences and temporal
factors contribute to the effects of ET on permeability of the vascular endothelium. Such
research will hopefully illuminate the different integrated facets of ET function and resolve
the cAMP paradox.

10. Interactions between vascular endothelial and mural cells
When considering the actions of anthrax toxins on the vasculature, interactions between
VEC and other cells including blood cells (e.g., platelets and neutrophils, which accumulate
at points of barrier disruption) and mural cells (pericytes surrounding microvessels and
smooth muscle cells surrounding larger vessels) also warrant attention (reviewed in [128]).
For example, in capillary beds, where anthrax toxins are likely to exert their strongest effects
on barrier integrity, there is an important interaction between endothelial cells and pericytes,
which is particularly relevant in maintaining an intact blood-brain barrier. N-cadherin plays
a key role in the adhesive interaction between cerebro-microvascular endothelial cells and
pericytes and down-regulation of this adhesion molecule disrupts the functional interaction
between these cell types leading to vascular leakage and hemorrhage. It has recently been
shown that TGF-β and Notch signaling (mediated by Notch1 and Notch 4) coordinately
activate N-cadherin expression in endothelial cells, and that blocking either pathway
disrupts the interaction between endothelial cells and pericytes (reviewed in [130, 169])
(Fig. 5F). There is also a reciprocal interaction between these two cell types mediated by
Notch that may be relevant wherein Notch3 signaling in mural cells is activated by the Dll4
ligand expressed in endothelial cells and leads to differentiation and maturation of mural
cells as well as maintenance of Notch3 and Jagged1 expression (Fig. 5F). Given the ability
of ET and LT to disrupt trafficking of Notch ligands (e.g., Dll4) and cadherins to the surface
of microvascular endothelial cells, these toxins might be expected to interfere with
reciprocal Notch signaling and adhesion between endothelial cells and pericytes, which
could contribute importantly to vascular effusion and hemorrhage in vivo. VEGF produced
at sites of vascular barrier breakdown (by platelets, neutrophils, or interstitial cells such as
fibroblasts) may also contribute to disrupting interactions between pericytes and VEC since
VEGF signaling negatively regulates PDGF activity, which is required for pericyte coverage
of neovasculature [170]. As meningitis and cerebral hemorrhaging occurs in a large fraction
of anthrax patients, and can be modeled in mice by infection with B. anthracis [57, 141],
examining interactions between VEC, mural cells and other cell types during the fulminant
stage of infection will be an interesting avenue of future investigation.
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11. Interactions between paracellular and transcytosis permeability
pathways

VEC permeability is determined by two seemingly distinct mechanisms -- namely regulation
of transport of small molecules via the paracellular route as discussed above, and transport
of bulk luminal contents and selected macromolecules such as proteins via vesicular
transcytosis or the generation of transcellular channels or fenestrations of the vascular
endothelium (reviewed in [121, 128]). Although detailed discussion of these various
transcellular transport mechanisms is beyond the scope of the current review, we briefly
summarize key features of transcytosis since this endocytic process might, in principle, be
affected by anthrax toxins. Transcytosis is a caveoli-dependent form of endocytic transport
of material from the apical luminal surface of VEC to the basal interstitial surface and is
thought to contribute substantially to trafficking of large molecules across the endothelium
since as much as 20% of the membrane in these cells is devoted to caveolar trafficking
(reviewed in [121]). Caveoli carrying captured vascular fluid and/or ligands bound to
receptors on lipid-raft microdomains pinch off from the luminal surface, move the short
distance to the opposing basal surface, fuse to the plasma membrane via a SNAP/SNARE
mechanism, and deliver their cargo to internal tissues by exocytosis of the caveolar contents.
One highly relevant protein transported via the transcytosis pathway is albumin since the
relative concentration of this multifunctional delivery protein is to determine the direction
and extent of fluid flow into or out of the vasculature. Excessive albumin transport across
VEC leads to fluid loss from the vasculature and hence to hypotension.

There is a strong coupling between the transcytotic and paracellular routes of transport as
revealed in mouse cav-1 mutants lacking Caveolin-1, which is essential for transcytosis in
VEC. In cav-1 mutants, paracellular permeability is greatly increased leading, paradoxically,
to elevated overall transport of fluid and protein out of the vascular lumen into tissues. This
compensatory coupling of the transcytotic and paracellular permeability pathways is
mediated, at least in part, by eNOS that is sequestered by binding to Cav-1 in an inactive
form and is released dynamically in response to caveolar trafficking. NO produced by the
elevated levels free NOS present in Cav-1 mutant VEC covalently nitrosylates RhoGap
bound to p120/VE-Cad at the AJ. This inhibition of RhoGap leads to increased RhoA
activity, which in turn promotes stress fiber formation thereby weakening cellular junctions
(reviewed in [121]). Since transcytosis may be inhibited by factors such as EF and LF that
interfere with exocyst mediated trafficking (i.e., by blocking SNAP/SNARE-dependent, and
possibly exocyst-dependent, docking of caveolar cargo to the basal cell surface) it will be
interesting to examine whether such an effect could contribute to the increase in VEC
paracellular permeability caused by these toxins. The increase in protein leakage from the
vasculature resulting from inhibition of transcytosis, should also directly contribute to
hypotension as indicated above. This loss of proteins such as albumin from the serum may
be further aggravated by direct or indirect effects of LF on the liver that cause a decrease in
albumin levels to a third of the normal levels [50]. Finally, it will be important to determine
whether components of the transcytotic machinery contribute to the ability of B. anthracis to
penetrate VEC barriers by crossing through the cells, a process that depends critically on
production of LF [141]. Since components of the exocyst have been identified in genome-
wide RNAi screens for host factors required for bacterial phagocytosis in Drosophila cells
[171], it will also be valuable to examine the role of the exocyst in B. anthracis invasion of
VEC.

In summary, several synergistic effects of EF and LF may contribute to the profound
collaborative effect they have on increasing vascular permeability that result in fatal
hypotension including: 1) inhibition of trafficking of cadherins to the AJ which directly
weakens cell junctions, 2) inhibition of signaling mediated by Notch and other pathways
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(e.g., resulting in disruption of the interaction between VEC and mural cells), 3) potential
disruption of transcytosis that could lead to compensatory increases in paracellular
permeability and protein loss from the circulation, and 4) direct or indirect effects of toxins
on liver cells leading to decreased production of serum proteins such as albumin).

12. Other candidate virulence factors secreted by B. anthracis
It is generally accepted that in addition to LT and ET, which are encoded on the same
bacterial plasmid pXO1, the other primary virulence factor of B. anthracis is its poly-D-
glutamate capsule, the synthesis and secretion of which is accomplished by proteins encoded
by an operon carried on the pXO2 plasmid. Nonetheless, there are several other factors
secreted by B. anthracis that may contribute to pathogenicity including an outer wall
constituent of the bacterium (BslA), a pore forming toxin (anthrolysin O), and neutral
proteases. We briefly summarize the known and proposed contributions of these additional
candidate virulence factors.

12.1 Capsule
The Sterne strain of B. anthracis lacks the pXO2 plasmid and as a consequence has greatly
attenuated virulence. Indeed this crippled strain has been used extensively for immunization
of livestock worldwide and even for humans in Russia. The capsule is thought to act
primarily by reducing phagocytosis of B. anthracis by monocytes thus allowing the bacteria
to establish infection. Another recently proposed function of the capsule is to target the
bacteria to the hepatic VEC wall [172] (Fig. 3B), where they presumably secrete EF, LF,
and PA. Pretreatment of mice with isolated capsule material prior to infection with
encapsulated (but not unencapsulated) B. anthracis bacteria significantly reduced the number
of adherent bacteria in the liver [172]. Finally, the capsule has been found to form a complex
with LT in the circulation of infected rabbits, guinea pigs and monkeys [173] and may
modify the effect of LT or provide a protected reservoir of this toxin.

12.2 BslA
BslA, encoded on the pXO1 plasmid, is an S-layer surface protein that promotes B. anthracis
adhesion to mammalian cells including HeLa [174] and brain microvascular endothelial
cells. Infection of mice with BslA-deficient B. anthracis resulted in reduced mortality in
guinea pigs [174] and decreased CNS infection in mice [141] compared to the parent strain.
Analysis of the endothelial cell invasion phenotype showed the BslA adhesin promoted
disruption of the tight junction protein ZO-1 [175].

12.3 Anthrolysin
Pore-forming toxins are produced by many bacterial pathogens and lead to severe cellular
stress and activation of the JNK and p38 defense pathways [176]. B. anthracis produces one
such pore forming toxin, anthrolysin O (ALO), which activates the TLR4 receptor in
macrophages and induces apoptosis in conjunction with LF mediated inactivation of p38
[177]. Similarly, in one study, ALO activated ERK and p38 signaling in NMuMG epithelial
cells, reducing junctional expression of cadherins [178]. In a second study, however, ALO
altered the expression pattern of the TJ protein Occludin, but not E-cadherin in intestinal
Caco-2 cells [179].

In addition to the known stress pathway responses, endocytic recycling has been shown to
play an important role in clearing pore-forming toxins from the membrane [180]. Membrane
recycling provides another potential point of convergence of ALO activity with EF and LF
since clearance of pore-forming toxins depends critically on Rab11 as well as Rab5 activity
[180]. An interesting prediction from these findings is that the effect of ALO should be
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highly dependent on EF and LF activity since these toxins would be expected to greatly
retard elimination of the pore forming toxin from the plasma membrane by blocking Rab11/
Sec15-dependent endocytic recycling.

12.4 Neutral proteases
Proteomic analysis of proteins secreted by B. anthracis have identified a variety of novel
candidate virulence factors [181]. Two such proteins, which were purified from the culture
supernatants of non-virulent pXO1-, pXO2- bacteria, are extracellular proteases [182]. Both
of these proteases induce shedding of cell surface glycoproteins such as Syndecan, which
often accompanies infection with a variety of bacterial pathogens. One of these proteases,
InhA, disrupted barrier integrity of brain microvascular endothelial cells when they were
infected with a strain of B. subtilis expressing InhA [183]. Associated with this reduction in
barrier function, levels of the cytoplasmic TJ protein ZO-1 were significantly reduced by
exposure to InhA. Furthermore, deletion of the inhA gene from an encapsulated (Ames)
strain of B. anthracis resulted in a delay in the time to death of mice infected by the mutant
versus wild-type strains, indicating that this factor contributes to pathogenesis in vivo [183].

Another potential role for neutral proteases such as InhA is to trigger the host coagulation
cascade, which occurs in vivo surrounding clusters of B. anthracis bacteria [184]. InhA-
mutant strains of B. anthracis lack the ability of the parental strain to induce clotting of
human blood plasma [184], suggesting that neutral proteases may contribute to
coagulopathy in anthrax patients, harkening back to original observations of Pasteur (Fig.
3A).

The relevance of these and other possible contributing virulence factors in anthrax
pathogenesis merits further investigation. In particular, it will be interesting to determine
whether there are interactions between factors acting in similar capacities. For example, are
there cooperative interactions between the capsule and BslA for bacterial targeting to
endothelial membranes? Similarly, does inhibition of the exocyst by LF and EF enhance the
effect of anthrolysin, and do proteases disrupting TJ stability such as InhA act in concert
with EF and LF to promote vascular leakage?

13. Summary and perspectives
13.1 Two phases of anthrax toxin function

A variety of converging evidence points to two major biological effects of anthrax toxins as
essential virulence factors of B. anthracis. The toxins first help establish infection by
inhibiting the function of myeloid cells while at the same time hijacking these cells as
vehicles for delivery of bacterial spores and germinating vegetative bacteria to lymph nodes.
Accordingly, mice lacking monocyte/macrophage/neutrophil-specific expression of the
anthrax toxin receptor CMG2 are protected from infection by B. anthracis. During this initial
phase of the disease, LT playing a primary role acts via inhibition of MKK pathways to
induce apoptosis and/or rapid cell death mediated by the Nlrp1/inflammasome pathway of
macrophages (and perhaps other cells via Nlrp1), while EF acts to delay cell death and
promote migration, thereby allowing macrophages to transport and deliver their bacterial
cargo to distributing lymph nodes where the bacteria are then released following cell death
of the host vehicles. This process is highly coordinated as revealed by the inverse
relationship in mice between the sensitivity to Nlrp1b/inflammasome mediated cell death
and systemic virulence. Throughout this early establishment phase of anthrax infection, the
host typically displays few if any symptoms of disease.

The host first begins to experience symptoms at the onset of the second fulminant phase of
anthrax infection, often involving the respiratory, cardiovascular, and gastrointestinal
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systems. Vegetative bacteria released from dying monocytes in lymph nodes begin to
proliferate and then disseminated via a hematological route to various target tissues and
organs, which are typically highly vascularized such as the lung, pulmonary parenchyma,
cerebral meninges, spleen, liver, and intestine. The secreted LT and ET toxins begin to
accumulate in the blood as bacteria proliferate and disseminate where they rapidly reach a
critical threshold level that will cause death even when the bacterial proliferation is curtailed
by antibiotics. During this final phase of infection the toxins cause an increase in vascular
permeability and a decrease in function of target organs including the heart, spleen, kidney,
adrenal gland, and brain. It has been proposed that ET plays a lead role with support from
LT in inducing vascular leakage primarily by compromising the barrier function of VEC
since these toxins have been shown to increase vascular permeability both in cell culture and
in vivo. The primary late target of LT may be the heart itself and this effect, combined with
compromised vascular integrity by ET and LT, may lead to the cataclysmic collapse of
cardiovascular function leading to death. Barrier disruption in VEC is associated with a
decrease in cadherin levels at the AJ and consequent reduction in expression of the TJ
barrier protein Claudin-5. An important contributing role of other cells types, particularly
vascular mural cells, has also been suggested in maintaining vascular integrity. Whether
anthrax toxins disrupt critical interactions between the vascular endothelium and mural cells
is likely to be a fruitful area for further investigation.

One way that anthrax toxins synergize to reduce barrier function of VEC is to inhibit
endocytic membrane recycling mediated by the exocyst complex. An important challenge
will be to delineate the precise mechanisms by which EF reduces the level and activity of
Rab11 on late recycling endosomes and how LF blocks the function of Sec15, the exocyst
component that binds Rab11. Another remaining question of fundamental importance is why
cAMP-producing bacterial toxins such as EF result in increased vascular permeability while
endogenous cAMP signaling has been tied to the opposite effect of barrier tightening. Issues
to consider regarding this cAMP paradox include the subcellular distribution, magnitude,
and kinetics of toxin induced cAMP synthesis as well as apparent cell-type specific
responses that likely arise from differences in endogenous cAMP regulation (e.g., whether
synthesis or degradation of host produced cAMP are limiting) and differences in the make
up and organization of cell-type specific AJ and TJ associated factors.

A current challenge in the anthrax field is to understand more fully how LT, ET, and other
potential secreted and membrane-associated virulence of B. anthracis contribute in vivo to
the natural course of infection during the fulminant phase of the disease. A recurring theme
at the organism level is that different cell types respond differently to the toxins and that
such differences also vary based on the genotype(s) of the host. Thus, cells in the myeloid
lineage (particularly macrophages) are most sensitive to the cytotoxic effects of LT, which is
also species- and strain-dependent, and vascular endothelial barriers in general are much
more prone to disruption than epithelial barriers (e.g., the intestine). Even among endothelial
cells, there appear to be important differences in how they respond to anthrax toxin
exposure. Presumably cell-type specific differences including the precise complement of
synthetic and degradative enzymes involved in cAMP metabolism that are present, different
combinations of scaffolding proteins (e.g., AKAPs or AJ associated proteins), varying
combinations of receptors recruited to sites of cell-cell contact (e.g., Notch or RTKs), and
differing neighboring cell types (e.g., mural cells interacting with VEC) contribute to
different cellular responses to the toxins. An integrated understanding of bacterial
dissemination and toxemia based on contributions from diverse cell specific characteristics
and their responses to infection should help formulate a coherent integrated picture of
disease pathogenesis.
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13.2 The potential roles of anthrax toxins in the recent emergence of the B. anthracis
lineage

Another fascinating question pertaining to anthrax toxins is how they may have contributed
to the rapid evolution of B. anthracis from its closely allied ancestor, B. cereus [32].
Comparative evolutionary studies have raised several intriguing issues including the
sequence of events leading to the assembly of the pXO1 and pXO2 plasmids and the key
virulence factors they carry, and how these plasmids have apparently moved horizontally
between B. anthracis, which is present only as spores outside of its hosts, and B. cereus,
which can exist in a vegetative phase in the soil. Does plasmid transfer only occur during
joint infection of a host with both bacterial species when vegetative forms of both bacteria
can meet? Alternatively, are there other hosts in the soil such as the rhizosphere of grasses
[185] (a primary food for herbivores) or other circumstances permitting at least brief
vegetative contact of B. anthracis with B. cereus in the soil? These issues raise the related
question of what are the key natural hosts of B. anthracis that have contributed to its
evolution. There is strong evidence that herbivores, which are readily infected by B.
anthracis, served as important primary hosts since co-evolution of B. anthracis with
domesticated herbivores is strongly suggested by the coincidence of human dispersal and
trade routes with fine structure geographical patterns of anthrax strain distributions [33,
186]. Such a link between humans and anthrax evolution is also consistent with the similar
time scales for human domestication of sheep and cattle and the emergence of the
particularly successful A-subtype of B. anthracis [186]. Given that migratory patterns of
herbivores follow co-varying ecological trends such as the presence of grasslands, it is
possible that soil organisms growing in the grass rhizosphere, such as protozoa that may
feed on vegetative forms of the bacteria [185], could also have contributed evolution of B.
anthracis pathogenesis strategies. Another interesting comparative evolution question is why
the plcR master regulator of virulence factors in B. cereus has been mutated (in two separate
events) in B. anthracis and in an anthracised strain of B. cereus that gained the pXO1 and
pXO2 [32]. It has been suggested that conflicts may exist between the infectious programs
of these two bacteria such as plcR mediated inhibition of pXO1-dependent sporulation [187]
or plcR-dependent killing of macrophages [188], but further studies into this question are
clearly warranted. Another intriguing discovery is that of Certhrax toxin in an isolate of B.
cereus that caused fatal pneumonia in an otherwise healthy welder [189]. This strain of B.
cereus also carries many genes from pXO1 encoding LF, EF and PA (but not pXO2) [190].
Certhrax toxin, a novel C2-toxin family member, consists of two domains related to the PA
binding and ADP-ribosylation domains of LF, but lacking the metalloprotease domain of
LF. In addition, the ADP-ribosylation domain of Certhrax is catalytically active unlike in LF
in which critical residues have been mutated. The C2 A/B class ADP-ribosylases most
closely related to Certhrax, such as iota and VIP2 toxin, ADP-ribosylate G-actin causing F-
actin polymers to disassemble by mass action. It is also intriguing that the B-subunits of C2
toxins share sequence and structural similarity PA and, like PA, following proteolytic
processing form heptameric prepores attached to host cell receptors.

Finally, a broader comparative question is whether there are common thematic grounds
relating ET and LT as virulence factors in B. anthracis to cAMP producing toxins, MKK
inhibiting factors, and additional barrier compromising factors (e.g., often inhibiting the
activity of Rho family GTPases) in other pathogens such as V. cholerae (Ctx), B. pertussis
(CyaA and Ptx), toxigenic E. coli (ExoY), and Y. pestis (secreted AC and YopJ)? Since
these bacterial pathogens share a general strategy of colonizing and altering the barrier
functions of various epithelia or endothelia (e.g., primary targeting of the vascular
endothelium by B. anthracis, the airway epithelium by B. pertussis, and the secretory
intestinal epithelium by V. cholerae) one may glean additional insights by comparing the
specialized activities of the various toxins in the contexts of their primary cellular targets
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and final phenotypic effects (e.g. barrier permeabilization versus invasion). For example,
why is profuse diarrhea resulting from stimulated fluid secretion from intestinal epithelial
cells a primary characteristic of cholera, whereas only modest diarrhea accompanies anthrax
infection in some patients, even though anthrax often results in massive submuccosal
bacterial invasion of the intestine with associated edema? Reciprocally, despite the intestine
being a highly vascularized tissue, why doesn't cholera toxin induce massive edema and
vascular hemorrhage in the dense intestinal capillary beds underlying the intestinal
epithelium?

Although great progress has been made in understanding anthrax pathogenesis since the
pioneering studies of Delafond, Koch, and Pasteur, there are clearly many important
questions remaining. Indeed the many fascinating facets of this disease and its relevance to
broader questions of primary biological interest may have been sensed by the penetrating
intuition of Pasteur, leading him to devote such a long period of his career to studying this
pathogen. One might hope that these pioneers would have been gratified by current progress
in the field. Hopefully, this new understanding will guide development of additional
therapeutic strategies targeting specific cellular responses, which in principle should have
fewer off-target effects. Pasteur's ultimate triumph would indeed be a translation of our
current basic understanding of anthrax pathogenesis into an effective means of combating
infection during the highly refractory and often fatal final phase of “le charbon”.
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Figure 1. Anthrax toxins: Entry into host cells and mechanism of action
The enzymatic toxin moieties LF and EF associate with a proteolytically cleaved fragment
of PA (PA 63Kd) and bind to host transmembrane anthrax receptors (CMG2 or TEM8) at
the cell surface with a stoichiometry of 3 EF/PA or LF/PA per heptamer of receptor.
Numbers in the diagram indicate the following: 1) Receptor-mediated endocytosis of the
receptor toxin complex and trafficking into early endosomes (EE), 2) transport of the toxin-
receptor complex into late endosomes, 3) a drop in pH in the late endosome leads to
cytoplasmic translocation of the enzymatic portions of the toxins through the receptor pore
(receptor toxin complexes actually reside in multivesicular bodies within the endosomal
compartment which then fuse with endosomal membrane to liberate their contents into the
cytoplasm), 4) following cytoplasmic translocation, the EF toxin remains associated with
late endosomal membranes which are localized in a perinuclear pattern and via its highly
active Calmodulin dependent adenylate cyclase activity generates a high local concentration
of cAMP near the nucleus, 5) the catalytic subunit of protein kinase A (PKA) is one cAMP
effector, which prior to activation resides in an inactive complex with a regulatory subunit
(cAMP binds to the regulatory subunit releasing the active catalytic subunit that then
phosphorylates downstream target proteins to alter their function), 6) a second cAMP
effector is EPAC, a guanine nucleotide exchange factor (GEF) for the small RAS-related
GTPase Rap1, 7) Rap1 once activated by EPAC binds to various effectors in the cell
including RalA and proteins associated with the adherens junction (AJ) such as the Maguk
protein MAG-1, the cAMP-independent Rap1 GEF Tiam, or CCM1 which when mutated in
humans causes cerebral cavernous malformations (CCM) and forms a complex with other
CCM proteins, 8) LF is a Zn++ metalloprotease that cleaves MEKs (also known as
MAPKKs or MKKs) acting upstream of ERK mediated signaling (MEK1,2) and the JNK
(MEK4,7) and p38 (MEK3,6) stress signaling pathways. Question marks indicate that links
between the effectors of EF (PKA and EPAC) and LF (MEKs or possibly yet unknown

Guichard et al. Page 31

Microbes Infect. Author manuscript; available in PMC 2013 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effectors) and the exocyst remain to be determined. Abbreviations not defined above are:
LRE = late recycling endosome and TJ = tight junction.
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Figure 2. The prodromal phase of the disease: EF and LF help establish infection
A) B. anthracis bacteria are transported from the lung to mediastinal lymph nodes in the
guinea pig following infection by inhalation (Fig. 18 from [36]). B) Direct in vivo
bioluminescence imaging of mice with a non-encapsulated strain of B. anthracis injected
cutaneously into the ear reveals subsequent colonization of the lymph nodes, lung, and
spleen (portion of Fig. 1C from [78]). C) EF mimics the anti-inflammatory activation of
GPCRs in macrophages to induce migration of these cells, which in conjunction with the
delay it creates in apoptosis (panel D), contributes to the “Trojan horse” delivery of spores
and bacteria by macrophages to the lymph nodes (minor modification of Fig. 5 from [87]).
D) A model for the coordinated effects of the pore forming toxins anthrolysin (ALO), LF
and EF in inducing delayed apoptosis of infected macrophages (adapted and modified from
Fig. 7 of [95]) in which ALO activates the TLR4 receptor which sends conflicting signals to
induce (via PKR) and inhibit (via MEK3,6) apoptosis (by cleaving and inactivating MEKs,
LF blocks the protective effect of MEK3,6 signaling shifting the balance of TLR4 signaling
to cell death, but this effect is delayed by EF which acts via PKA/CREB to inhibit cell death,
which presumably allows macrophages to migrate to lymph nodes where they then die and
liberate their bacterial cargo).

Guichard et al. Page 33

Microbes Infect. Author manuscript; available in PMC 2013 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. The fulminant phase of anthrax infection
A) Left panel: drawing of a blood smear from an uninfected animal showing stacks of red
cells (Fig. 1 from “Le charbon et la vaccination charbonneuse d'apres les traveau recents de
M. Pasteur by C.H. Chamberland, 1883 [7]). Right panel (Fig. 2 from same source): Blood
smear from an animal infected with B. anthracis showing aggregated masses of material and
rod shaped bacteria. This phenotype could be reproduced by adding a drop of filtered cell-
free liquid from blood of an anthrax infected animal to normal blood may be related to
hemoconcentration or coagulopathies that have been reported in human cases of anthrax
indicating the activity of a secreted substance. In Pasteur's own words: “Also, the filtered
blood could be injected with impunity into the body (of a second animal) without producing
anthrax or any local disturbance. However, this filtered anthrax blood, when placed in
contact with fresh blood, rapidly generated agglutinated globules in as great or larger
number than observed in (animals with) anthrax disease, possibly due to the presence of an
enzyme formed by the bacteria.” The basis for this agglutination phenotype and whether ET
or LT or neutral proteases such as InhA [184] contribute to it remains unknown. In his great
summary of Pasteur's work, C.H. Chamberland also included a detailed description of the
stages of anthrax disease provided by Delafond and Pasteur, which is remarkably similar to
modern descriptions of the disease course in humans. These passages have been translated
and condensed as follows: Delafond: “The earliest disease symptoms in a flock, which
curiously would first appear in animals in their prime, were a more pronounced pink tinge of
the nose and ear and small hemorrhages of blood vessels deep in the eye. During this phase
lasting 2-4 days animals typically still ate and behaved normally. Blood drawn from the
jugular vein as such symptoms appeared was black (a sign of anoxia), thick and
agglutinated, and clotted more rapidly than normal blood (3-4 minutes versus 6-7 minutes).
Next, signs of malaise were manifest: outstretched necks, dilated nostrils, difficulty
breathing (dyspenea), bloody urine and moist sometimes bloody stool, and bloated stomachs
after eating. The behavioral symptoms would generally subside temporarily during which
time sheep would lick the rails of their enclosures or consume salt. After this short respite,
disease symptoms would typically return, animals would stop eating, become lethargic, have
rapid labored breath, look wild-eyed, discharge blood from their nostrils, fall to the ground,
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experience convulsions of all four members, and expel bloody urine and stool. Once such
serious symptoms became evident, animals would expire within 5 minutes to three hours.
Not all animals followed this progressive course, however. In some cases, animals that
appeared to be in fine health with vigorous appetite would suddenly stop eating, lie or fall
down, suffer convulsions, bleed profusely from the nose, and die in a period as brief as five
minutes, seemingly by asphyxiation.” Chamberland: “In uninoculated animals similar overt
signs of illness became manifest with death invariably following rapidly. In some cases,
however, edema at the point of inoculation would resolve, body temperature would drop
back to normal and the animals would make a full recovery, in which case the animals were
almost always immune to reinfection, even with much larger doses of bacteria. The
immunity of these surviving animals inspired Pasteur to conceive of vaccinating animals
against anthrax with attenuated strains of bacteria.” As anthrax infected animals died,
Pasteur and colleagues noted that “the cadavers had bloated abdomens, fluids leaked from
all body orifices, and that they rapidly decomposed. Upon dissection of the cadavers they
found lesions and hemorrhage in nearly all tissues and organs including the skin,
subcutaneous tissues, lymphoid ganglia, intestinal mucosa, lungs, pancreas, kidneys,
thymus, brain, choroid plexus, region surrounding the parotid and viscera cerebellum, had
become swollen and gelatinous, having lost the normal morphological organization.
Furthermore, all these organs while largely normal in gross structure were swollen by edema
and their capillary vessels were filled with blood cells or distended with liquid. Blood leaked
from larger vessels filling spaces under membranes surrounding organs such as the bronchia,
intestinal mucosa, kidney, and bladder while in highly vascularized organs such as the
spleen, kidney, lung, lymphoid ganglia, pancreas, thymus and choroid plexus, blood not
only distended the organs engorging its vessels but escaped from the interior forming brown
stains, bruises, effusion, and hemorrhaging rendering the organ a consistency of molasses
that was easily torn and rent apart by pressure, oozing a dark thick blood.” B) Encapsulated
B. anthracis adhere tightly to the wall of a blood vessel in the liver of an infected mouse
(Fig. 3F from [172]). C) Invasion of B. anthracis into the subarachnoid space of meninges in
an infected human brain (Fig. 14 from [38]). D) Gelatinous edema spreading from the
mediastinum along the dorsal costal parietal pleura (Fig. 9A from [38]). E) Pleural effusion
in lungs of CD-1 mice infected by IV infection with the Sterne strain of B. anthracis. Left
panel WT B.a.; right panel, B.a mutant deleted for the gene encoding EF (Supp. Fig. 11C,D
from [71]). F) Vascular effusion in response to subcutaneous infection with wild-type (WT)
Sterne strain B. anthracis or mutants lacking the genes encoding LF (ΔLF) or EF (ΔEF)
(Fig. 3p from [71]). G) Vascular effusion induced by subcutaneous injection of VEGF is
reversed by activating the EPAC branch of the cAMP response revealing an in vivo barrier
promoting role of cAMP. (Fig. 7D from [157]). H) Pathological changes in the hearts of LF
treated mice. Left panel: EM section of heart from an untreated mouse with intact myocytes
and endothelium (E = erythrocyte, N= myocyte nucleus). Right panel: Heart from an LT
treated mouse (55 hours after treatment) exhibiting endothelial cell swelling, mitochondrial
degeneration (arrows), and multiple swollen SR cisternae (*); M= mitochondria and e =
endothelial cell. (Fig. 7A,J from [55]).
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Figure 4. The endothelial barrier
A) Diagram indicating the locations of the vertebrate tight junction (TJ) or its equivalent in
Drosophila and other invertebrates (septate junction - SJ) relative the adherens junction (AJ).
Key homophylic adhesion factors are also depicted (Claudins for the TJ and Cadherins for
the AJ) as well as transport of cadherins and Notch ligands such as Delta to the AJ via the
late recycling endosome (LRE). B) A more detailed diagram of the primary components of
the AJ and TJ in VEC, which are not always restricted to distinct domains as in epithelial
cells e.g., as depicted in panel A) but are intermingled in some VEC (reviewed in [124]).
The TJ contains three adhesion molecules, Claudins (e.g., Claudin-5 in VEC), Occludin, and
JAMs, which are linked via Claudins to the scaffolding protein ZO-1 and circumferential
Actin cables. The AJ includes cadherins (e.g., the type-II VE-Cad in vascular endothelial
cells) which bind linking proteins of the Armadillo family (β-catenin, Plakoglobin, p120)
and α-catenin, as well as supportive adhesion factors (e.g., Nectin in vertebrate cells and
Echinoid in Drosophila cells) and signaling components such as Delta-like4 (Dll4) and
Notch1/Notch 4, the VEGF-Receptor2 (not shown in this figure, but see Fig. 5F). α-catenin
(α-cat) can either bind to VE-CAD via an interaction with β-catenin (β-cat) or can form
dimers that bind to and stabilize actin cables, but it cannot bind to both actin and cadherins
at the same time. β-catenin that is not bound to cadherins can migrate to the nucleus where
is acts as a transcriptional mediator of the WNT pathway. High levels of clustered cadherin
expression at the AJ sequester nearly all available β-catenin, thus prevent it from
participating in transcriptional regulation. Decreased barrier function, however, can result in
a release of β-catenin that is then can translocate to the nucleus. Also shown is the adaptor
protein Afadin 6 (Af6), known as Canoe (Cno) in Drosophila, which links Nectin or
Echinoid molecules respectively to ZO1 and the actin cytoskeleton. In addition to
circumferential actin cables that stabilize apical junctions, actin is also organized in
perpendicular stress fibers (actin stress fibers) that may participate in membrane trafficking
of cargo to the cell surface (see Fig. 5A).
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Figure 5. Anthrax toxins inhibit exocyst mediated trafficking to the AJ
A) A schematic summary of GAL4/UAS expression system [137]. Flies (left) carrying a
transgenic construct (wg-GAL4) express the yeast GAL4 transactivator protein selectively
in the wings. These flies have a normal phenotype, as do flies carrying a transgenic construct
in which a cDNA encoding the enzymatic portion of LF has been placed under the control of
the Up-Stream-Activating (UAS) sequence (middle). When these two strains of flies are
crossed to each other, their progeny (right) inherit both the wg-GAL4 construct and UAS-LF
construct to which GAL4 protein can bind and activate transcription of the UAS-LF
transgene in the wing, resulting in a notched wing phenotype. B) Wings from adult fruit
flies: Left panel, wild-type; second panel, a heterozygous Notch mutant with 50% of wild-
type activity displaying a weak notching phenotype in which sections of the edge of the
wing are missing (arrowheads); third panel, fly expressing LF in wing cells has gaps in the
edge of the wing (arrowheads) similar to those observed in Notch mutants; right panel, fly
expressing EF in wing cells also has gaps in the edge of the wing (arrowheads). C) Fields of
developing cells in the Drosophila wing primordium from wild-type flies (WT, left panels),
flies expressing EF in the wing (+EF, middle panels), and flies expressing LF in the wing
(+LF, right panels). Cells were stained for expression of the endogenous Rab11 or Delta
proteins or for expression of a GFP-Sec15 fusion protein associated with large secretory
vesicles as indicated in the figure. EF reduces the levels and activity of Rab11 resulting in
loss of cell surface Sec15-GFP expression, whereas LF does not affect Rab11, but does
eliminate Sec15-GFP expression at the cell surface. Thus, EF acts by blocking Rab11
function (and indirectly Sec15-GFP expression), while LF blocks Sec15-GFP expression
more directly. Inhibition of exocyst activity results in greatly reduced transport of the Notch
ligand Delta and Drosophila E-cadherin (not shown here, but see [71]) to the cell surface. D)
ET and LT inhibit exocyst mediated trafficking in human brain microvascular endothelial
cells. Pan-cadherin (blue) and Sec15-GFP (green) staining are greatly reduced by treating
cells with either ET or LT. Panels A-C are assembled from figures in [71]. E) Diagram
summarizing the effects of EF and LF on the exocyst. Abbreviations are as in previous
figures. F) Known roles of cadherins and Notch signaling in VEC that might be disrupted as
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a result of anthrax toxins inhibiting exocyst mediated trafficking of these proteins to the cell
surface. The first Notch-dependent interaction involved vascular remodeling in which vein
inducing signals such as VEGF acting via the VEGF-R2 RTK induce expression of the
DLL4 ligand in microvascular endothelial cells leading these cells to initiate formation of a
new vascular outgrowth. These DLL4 expressing cells become tip cells, disengage
themselves transiently from their neighbors to organize vasculogenesis, and signal to their
neighbors via Notch1/Notch4 to remain as existing stalk cells. One important element of
Notch signaling in stalk cells is to repress expression of VEGF-R2, since signaling via this
RTK activates DLL4 expression and induces the alternative tip cell fate. In addition, VEGF-
R2 activity can be inhibited post-translationally in these cells by binding to VE-Cad at the
AJ, which sequesters VEGF-R2 in an inactive form. Notch signaling is also important in a
reciprocal form of signaling between vascular endothelial cells and mural cells (smooth
muscle cells surrounding veins, venules, arteries and arterioles, or pericytes sealing
junctions between microvascular cells in impermeant capillary beds such as those
constituting the blood-brain-barrier). Adhesion between VEC and mural cells depends on
the type-I N-cadherin, which is not clustered in at the AJ (in distinction to VE-Cad) but
rather is distributed broadly over the cell surface. N-cadherin expression in VEC depends on
Notch signaling (most likely mediated by the Jagged1 expressed in mural cells activating the
Notch1/Notch4 receptors in VEC). Notch signaling is also required in mural cells to
promote their differentiation and is mediated by the Jagged (Jag1) or Delta-like1 (Dll1)
ligands expressed in VEC signaling via the Notch3 receptor in mural cells. One effect of this
signaling is to maintain the Notch signaling network by activating expression of both the
Notch3 and the jagged1 genes. There is also important cross-talk between the AJ and TJ in
VEC. One well documented example of this type of junctional interaction is the VE-Cad-
dependent activation of Claudin-5, an essential barrier component of the VEC TJ. Clustering
of VE-Cad at the AJ, which provides a strong coordinated signal, results in activation of the
PI(3)K/AKT phosphorylation cascade that terminates in inactivation of the transcriptional
repressor FoxO. One target gene that is otherwise repressed by FoxO in VEC is the
claudin-5 (cld5) gene. VE-Cad also relieves a second form of constitutive repression of cld5
expression mediated by β-catenin, which as indicated above is accomplished by VE-Cad
sequestering this potential transcriptional co-repressor at the cell surface. Blocking both
FoxO and β-catenin mediated repression of cld5 is then sufficient for activation of this gene
in VEC.
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