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The terrorism events of September 11, 2001, and the
subsequent B. anthracis spore attacks through the U.S. mail
system have demonstrated their feasibility as a bioterrorism
weapon.Moreover, they have shown that theWest needs tobe
prepared for an increasing number of terrorist attacks, which
may include the use of biological warfare. In the absence of
specific intelligence and integrated real-time detection sys-
tems, the unpredictable nature of bioterrorism events calls for
the development of medical countermeasures, which will
enable the authorities to treat the exposed individuals.1,2

Following a biological anthrax attack, vaccination in con-
junctionwith antibiotic administration appears to be themost
effective and economical form of mass protection. However,
such a countermeasure is not as effective as it may seem
because the current vaccines have drawbacks and the interval
between initial exposure and the onset of treatment can be
lengthy3 as well. For these reasons, therapeutic strategies that
emphasize toxin inactivation are seen to be worth pursuing.

At present, physicians have antibiotic options at their
disposal to eliminate an anthrax infection, but they have no
therapeutic options to combat the lethal factor (LFa) medi-
ated toxemia and tissue destruction or the residual toxemia
that persists even after the bacteria have been eliminated by
antibiotics.4 New details regarding anthrax pathogenesis and
host responses have emerged since the terrorist attack in 2001,
which demonstrate that not only a better understanding of the
biology of virulence factors but also their interaction with the
host during infection could lead to the development of
improved options against anthrax.5,6

Research efforts for the development of improved treat-
ment modalities have increased dramatically, leading to a
huge expansion in the existing literature, and it is precisely this

that makes reviewing such a topic so difficult. The present
study focuses on the most important medical countermea-
sures against inhalational anthrax that have been developed
mainly since 2001 and also highlights current problems and
the possible development of improved human anti-infective
strategies.

1. Bacillus anthracis as a Biological Weapon

In the early days of microbiology, about 130 years ago,
anthrax was a serious and damaging disease in domesticated
animals and the farming economy, but this problem was
realized and effective countermeasures with vaccines were
deployed. Once again, it is necessary to focus on anthrax
but this time as a bioterrorist agent.1,2,7

Primarily, anthrax is a zoonotic disease but it has long been
considered a potential biological warfare agent because it can
cause massive mortality through the intentional release of
aerosolized spores. Naturally present in soil, the B. anthracis
endospores can survive in a dormant state for decades and
their small size, about 1-2 μm in diameter, renders them
optimal for inhalation and deposition in the alveolar spaces.8

Resilient properties such as resistance to a wide range of
extreme environmental conditions (heat, desiccation, UV,
γ-irradiation, and oxidation), the efficiency with which
they infect via an aerosol route, and the potentially life-
threatening nature of the disease make spores an ideal bio-
logical weapon.9

Infective spores canbe obtained from fermentation cultures,
and after undergoing specific treatments, large quantities of a
purified powder are collected that are suitable for aerosol
disseminaton over a wide area from a flying aircraft.9,10 Data
from animal experiments show that 2500-55000 spores of
anthrax powder constitute the median lethal inhalation dose
(LD50) for humans.9 Although no official analysis of the
concentration of spores has been published, anthrax powder
has been reported to contain between 100 billion and 1 trillion
spores per gram; hence, an envelope similar to that sent to
SenatorDaschle in 2001, containing 2 g ofB. anthracis powder
spores properly distributed, could kill large numbers of peo-
ple.2 Depending on the weather conditions and means of
delivery, a kilogram of aerosolized spores has the potential
to eventually cripple a metropolitan area, killing hundreds
of thousands of people.11 For these reasons the organism and
the disease it causes have recently come under increased
scrutiny12 and the intelligence community and civilian experts
consistently rank anthrax spores as the leading bioweapon
threat.2
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Research on anthrax as a biological weapon began more
than 80 years ago, and various countries have developed
anthrax as a biological warfare agent, such as Japan, the
U.K., the U.S., the former Soviet Union, and more recently,
Iraq, which admitted to the United Nations in 1995 that
it fielded weapons containing Bacillus anthracis spores.8,11

Today at least 17 nations are believed to have offensive
biological weapons programs that include anthrax. More-
over, some independent terrorist groups have indicated their
intent to use anthrax spores as a biological weapon.2,7

The Sverdlovsk accident in 1979 provides data on the only
known aerosol release of B. anthracis spores resulting in an
epidemic.13 In 1970, the World Health Organization (WHO)
provided a grim estimate of the numbers of casualties that
there would be if dried anthrax were released in aerosolized
form on large cities; it estimated that 50 kg of B. anthracis
released over an urban population of 5 million would sicken
250 000 and kill 100 000.14 Moreover, in 1993 the U.S. Con-
gressional Office of Technology (COT) analyzed the potential
scope of larger attacks; it calculated that between 130 000 and
3 million deaths would follow the release of 100 kg of
B. anthracis, a lethality matching that of a hydrogen bomb.
It is anticipated that anthrax would be unlikely to cause
severe disruptions in a military operation, although residual
contamination of the ground would occur. In the U.S.,
New York City, with one of the most advanced detection
and response systems in the country, is at the forefront of
confronting an anthrax threat. It is using the next generation
of sensors that the federal BioWatch program hopes to
distribute nationwide by 2010. Most of the devices require
up to 34 h to detect a lethal bug. However, experts in the field
say that the nation’s ability to detect biological weapons is
still inadequate. Hospitals warn that the volume of casualties
from an effective attack could simply overwhelm facilities.15

The use of aerosol-delivery technologies inside buildings or
over large outdoor areas is another method that has been
studied. The relatively small-scale dissemination of anthrax
spores in a few paper envelopes that may have exposed as
many as 30 000 people could only indicate that a more
organized attack focused on delivering spores by aerosoliza-
tion could result in a proportionately larger number of deaths
and social and political chaos.

Concerning the legal aspect of this bioterrorism event,
on August 7, 2008, the FBI released a wealth of new informa-
tion about the troubled life of Bruce E. Ivins: Scientist
Bruce E. Ivins, 62 years old, apparently killed himself on July
29, 2008, after learning that federal prosecutors were prepar-
ing to indict him on murder charges in the 2001 anthrax
attacks that left five people dead. He had worked on the
investigation of the anthrax attacks, although this meant that
he, like other scientists at the Army’s defensive biological
laboratory at Fort Detrick, was scrutinized as a possible
suspect.

Most experts agree that the ability to manufacture anthrax
aerosol is beyond the capacity of individuals who lack access
to advanced biotechnology laboratories. However, since the
attacks on the World Trade Center on September 11, 2001,
and the subsequent 11 cases of inhalational anthrax, concerns
have been raised that these events mask the beginning, rather
than the end, of terrorism.

2. Consideration of the Organism and the Disease

2.1. Historic Data.B. Anthracis holds a special place in the
history of medicine and biology because its study has re-
sulted in the foundation of medical microbiology.

Anthrax is a virulent and highly contagious disease2

caused by Bacillus anthracis, an aerobic, Gram-positive,
spore-forming, and large, nonmotile, rod-shaped bacterium.

Figure 1. Typical black eschar of a cutaneous anthrax lesion on the neck of amale patient as a result of LT action. The term anthrax is derived
from the Greek word anthracites and refers to coal-like, cutaneous lesion. The eschar dries, loosens, and falls off during the following 2-4
weeks, often resulting in complete healing with minimal or no scar formation. The photograph is Public Domain. Courtesy of CDC/Public
Health Image Library (http://phil.cdc.gov/phil/home.asp).
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It is primarily a disease of herbivores, which are infected by
ingestion of spores from the soil. Humans can become
infected either by handling products from contaminated
animals or by inhaling spores as a purified powder. The term
anthrax is derived from theGreek word anthracites, meaning
coal-like, referring to the typical black eschar formation
seen in the cutaneous form of the disease as a result of the
toxin action in the primary lesions7,16 (Figure 1). Although
anthrax can be found globally in temperate zones, it is more
often a risk in countries with less standardized and
less effective public health programs (South and Central
America, Southern and Eastern Europe, Asia, Africa, the
Caribbean, and the Middle East).

The first recorded description of anthrax is in the Book of
Genesis, where the disease was referred to as the fifth plague
(1491 B.C.) and was responsible for killing Egyptian cattle.
Additional descriptions of anthrax affecting both animals
and humans have been recorded in the early literature of the
Hindus, Greeks, and Romans. The first reports of outbreaks
associated with occupational cutaneous and respiratory
anthrax occurred in the mid-1800s in the industrialized parts
of Europe, namely, England and Germany. A pandemic,
referred to as the “black bane”, swept through Europe at
that time and was responsible for many animal and human
deaths; the disease resulted from handling hides, wool,
and hair.

During the 19th century, several distinguished microbio-
logists characterized the pathologic basis of the disease and
attempted to develop a vaccine to combat anthrax in the
livestock industry.With the advent ofmodernmicrobiology,
historically, the first live bacterial vaccine was developed by
L. Pasteur in 1881 as an attenuated spore vaccine.7 It was
followed in 1939 by Sterne’s development of a vaccine
consisting of a spore suspension of an avirulent, nonencap-
sulated live strain ofB. anthracis. This vaccine remains in use
today for the vaccination of livestock, and widespread
vaccination of domesticated animals with it has drastically

reduced the animalmortality rate and has controlled anthrax
in industrialized countries.7

Before the anthrax attacks in 2001, modern experience of
inhalational anthrax was limited to an epidemic in Sverdlovsk,
Russia, in 1979 following an unintentional release of
B. anthracis spores from a Soviet bioweapons factory and
to 18 occupational exposure cases in theU.S. during the 20th
century.13 Zimbabwe has seen the largest human epidemic to
date, in which more than 10 000 human cases, nearly all of
them cutaneous, were reported between 1979 and 1985.14

Information about the potential impact of a large, covert
attack using B. anthracis or the possible efficacy of post-
attack vaccination or therapeutic measures remains limited.

2.2. Anthrax Virulence Factors. Virulence factors have
always been at the heart of anthrax research. They are the
specific tools used by the pathogen to fight and defeat host
defenses. Our understanding of the interactions, at the
cellular level, between the toxins and target cells has in-
creased tremendously in recent years17-20 and has provided
targets for antitoxin therapies.21

The anthrax spore consists of several morphologically
distinct layers, as follows (from outermost to innermost):
exosporium, spore coat, cortex, spore membrane, and core.
These structures jointly provide a highly protective “lock-
box”, protecting the core that houses the spore’s genetic
material22 (Figure 2). The genome of the best studied
B. anthracis strain, the Ames strain, consists of a chromo-
some and two plasmids, pXO1 and pXO2.13 Both plasmids
are required for full virulence, the loss of either resulting in an
attenuated strain.14

Plasmid pXO1 harbors the structural genes for the an-
thrax toxin proteins LF, EF, and PA that functions as a
ligand. These proteins are individually nontoxic, but when
acting in binary combinations, they produce two distinct
toxic responses in the host: edema and cell death (Figure 3).
The PA is a long molecule with four distinct domains
(domain-1, -2, -3, and -4). It is a 735-amino-acid protein

Figure 2. Scanning electronmicrograph (SEM) of spores from the Sterne strain ofBacillus anthracis. The exosporium, namely, the outermost
spore layer, is composed of 20 different protein species, and its wrinkled appearance represents a key characteristic of the spores of thisBacillus
anthracis strain (magnification 31207�). Themicrograph is PublicDomain. Courtesy ofCDC/LauraRos/PublicHealth ImageLibrary (http://
phil.cdc.gov/phil/home.asp).
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(83 kDa), also known as PA83, and it is so named for its abi-
lity to provide experimental protective immunity against
B. anthracis germinated spores. Each domain is required for
a specific step in the intoxication process.23 Lethal factor (LF)
is a zinc-dependent metalloprotease that cleaves the
N-terminus of mitogen-activated protein kinases (MAP-
KKs), and its crystal structure was solved in 2001 at
2.2 Å.24 Lethal factor is organized into four domains. The
description of the LF structure provided an innovative basis
for the development of high-throughput screening of LF
inhibitors. Moreover, the elucidation of the consequences
of LF activity, downstream of proteolytic cleavage of
MAPKKs leading to the host death, would be of great
interest to the design of therapeutics targeting the clinical
effects of the toxins. EF is an adenylate cyclase converting
intracellular ATP into cAMP, an activity that is dependent
on the eukaryotic protein calmodulin.25 In 2002, a major
advance was made with the determination of the crystal
structure of the 58 kDa carboxy terminal catalytic part of EF
(EF58) at 2.6 and at 2.75 Å in complex with calmodulin.
EF58 is organized into three domains, two of which are
connected to form a clamp around calmodulin.26

Plasmid pXO2 is smaller in size and carries three genes,
capB, capC, and capA, required for capsule synthesis. The
capsule is composed of a polypeptide, consisting of D-glutamic

acid monomers joined by γ-peptidyl bonds (γ-D-PGA) and
coats vegetativeB. anthracis cells; it protects them from further
phagocytosis and from complement-mediated killing by virtue
of its negative charge and enables them to disseminate. This
prevention can be done with a depolymerase, encoded by the
dep gene, that catalyzes the hydrolysis of poly-γ-D-glutamic
acid into lower molecular weight polyglutamates, which in-
hibit the host defense mechanisms.27,28 In vivo observations
show that dissemination by toxinogenic noncapsulated strains
differs markedly from that by nontoxinogenic capsulated
strains, suggesting that the capsule may be necessary for
dissemination in human inhalation anthrax.29 In plasma from
infected African Green monkeys, rabbits, and guinea pigs the
antiphagocytic poly-γ-D-glutamic acid capsule (γ-DPGA) was
associatedwithLT invariable amounts.Aportionof theseLT/
γ-DPGA complexes retained LF protease activity, suggesting
that the co-inclusionofγ-DPGAin the effects ofLTon specific
immune cells in vitromay reveal novel and important roles for
γ-DPGA in anthrax pathogenesis.30

Integrated regulation of two processes plays the key role in
anthrax development in the early stages: (a) synthesis of the
capsulewhose presence promotes rapid escape of bacterial cells
frommacrophages andpreventsphagocytosis and (b) synthesis
of the toxin components participating in the transition of
the germinating cells from phagosomes into cytoplasm.31

Figure 3. Current model of cellular toxin effects. Combined data from structural and cellular studies have resulted in a general model for
anthrax toxin entry into host cells. This figure summarizes the fundamental steps in the uptake of anthrax toxins and their intracellular effects.
Vegetative anthrax bacteria use a three-component nontoxic protein system that self-assembles at the surface of receptor-bearing mammalian
cells or in solution, yielding a series of toxic complexes that act on cytosolic substrates. The main component, the PA, helps transport two
secreted exotoxins into the host cell. LF is a zinc-dependent metalloprotease that cleaves most mitogen-activated protein kinase kinases
(MAPKK), andEF is a calcium- and calmodulin-dependent adenylate cyclase that increases intracellular cAMPconcentration and alters water
homeostasis, resulting in massive edema. Upon binding cellular toxin receptor, PA83 is activated through cleavage by a surface furin-family
protease into two fragments. The small fragment (PA20) diffuses away, and the receptor-boundmonomer fraction (PA63) oligomerizes and self-
assembles into a ring-shaped heptameric core termed prepore (PA63)7. Recently, it has been shown that PA20 has an effect on human peripheral
blood leukocytes and can induce apoptosis in the absence of other PA components.244 Heptamerization of PA63 triggers endocytosis. Initially,
it induces clustering of the toxin receptors, association of the (PA63)7 complex with lipid rafts, and exposure of binding domains to the EFor LF
followed by subsequent internalization.19 Upon acidification of the endosomal compartment, a conformational change in the (PA63)7 complex
is triggered and the prepore is converted into a “ring” pore that inserts into the membrane and translocates EF and LF into the cytosol23 (a
striking 1.0 pH unit difference was found in the pH thresholds for pore formation when PA is bound to ATR2 (pH 5.2) versus ATR1 (pH 6.2).
Nonelectrolyte polymers of poly(ethylene glycol) (PEG) were used to estimate the diameter of the ion channel formed by (PA63)7. The results
suggest that the limiting diameter of the PA(63) pore is<2 nm, which is consistent with an all-atommodel of the (PA63)7 channel.

245Although
the molecular details of toxin entry are still being elucidated, the exact cascade of events that result in cellular death and death of the infected
host remains unclear. Currently, how theMAPKK cleavage contributes to tissue necrosis is not well understood, but it is clear that LF plays a
critical role in all stages of anthrax infection. In the early stages, LFhelps the bacteria evade the host immune system, promoting its survival and
release from macrophages where the spores germinate.18 EF increases intracellular levels of cAMP, and this is believed to alter water
homeostasis, resulting in massive edema. Illustration adapted from Expert Rev. Infect. Ther. 2007, 5 (4), 665-684 with permission of Expert

Reviews Ltd.
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While the capsule passively protects the bacilli from host
defense, toxins actively impair the host to further ensure a
favorable environment for bacillar growth.20

2.3. Toxin Receptors.The first step of toxin entry into host
cells is the recognition by PA of a receptor on the surface of
the target cell. Since the anthrax attacks of 2001, much has
been learned about the interactions between toxins and their
cellular receptors.23 They play a crucial role in anthrax
pathogenesis, and their identification has made possible
new avenues of research in antitoxin development and cancer
biology.

The primary cellular receptors for PA have been identified
by an elegant genetic approach,32 and the molecular details of
the toxin-receptor interactions have been revealed through
crystallographic, biochemical, and genetic studies, which have
revealed the existence of two distinct and closely related host
cellular receptors for PA. They are designated anthrax toxin
receptor-1/tumor endothelial marker 8 (ATR1/TEM8) and
anthrax toxin receptor-2/capillary morphogenesis protein 2
(ATR2/CMG2). ATR is encoded by the tumor endothelial
marker 8 (TEM8) gene, which is selectively up-regulated
during blood vessel formation and in tumor vasculature,
raising the possibility that this protein normally functions in
angiogenesis. Both receptors bind to PAwith high affinity and
are capable of translocatingEFandLF into the cytosol.ATR2
binds PA more tightly than ATR1.23,33

The anthrax toxin receptor (ATR) is a type I membrane
protein with an extracellular vonWillebrand factor A (VWA)
domain, which mediates the receptor-PA interaction. The
receptor type can dictate the pH threshold of anthrax toxin
pore formation. The pore is formed at pH values of approxi-
mately 6.2 when PA is bound to the ATR1 but at pH 5.2 when
it is bound toATR2;LF canbe translocated into cytosol under
mildly acidic pH conditions.23

Northern blot analysis indicates that both host cellular
receptors are expressed ubiquitously in a wide array of
human cell types and normal tissues, including heart, lung,
small intestine, spleen, liver, kidney, skeletal muscle, and
skin.34 Thus, many cell types could be damaged in a toxin-
treated or infected animal, yet only macrophages and
endothelial cells are killed by the toxin.19,35

2.4. Pathogenesis of InhalationalAnthrax.Given the defen-
sive role of the immune system, a common strategy used by
pathogenic bacteria to combat the unwelcoming environ-
ment in their mammalian hosts and to establish infection is
to secrete protein factors that block intracellular signaling
pathways essential for host defense.17,18 Some of these
proteins, like Bacillus anthracis secreted plasmid-encoded
enzymes, also act as toxins directly causing a pathology
associated with disease.28,34

B. anthracis is basically an extracellular pathogen. Its
intracellular presence is likely to be a transient event that
facilitates in vivo spreading. It relies on host cells for all
aspects of its survival, from the initial attachment of its
toxins to the membrane receptors to cellular invasion, acqui-
sition of host cell metabolites, and intracellular replication.
Critical steps inB. anthracis infection include spore entry and
germination, and the interaction between the host and spore
is vital to the development of the disease.28 Destroying the
spores either before or after they enter host cells is an
attractive strategy for preventing disease development.How-
ever, such an approach aimed either at anthrax prevention or
treatment has thus far not been developed. This is due to the
inability of our immune system to disable anthrax spores and

to our almost complete lack of molecular understanding of
anthrax spores aswell. Our knowledge of spores is essentially
limited to descriptive electron-microscopic morphology
dating back mostly to the 1960s,18 (Figure 2).

The innate immune response is the first line of defense
against invading B. anthracis spores and has a central role in
acute infection.11 Inhalational anthrax is initiated by dor-
mant endospores gaining access to the alveolar spaces of
the mammalian lungs, where they are efficiently engulfed
by resident phagocytes (macrophages or dendritic cells).
Human alveolarmacrophages respond toB. anthracis spores
through cell signal-mediated cytokine release.36 Similarly,
the pulmonary epithelium participates in the innate immune
response through signal-mediated elaboration of cytokines
and chemokines.37 It is commonly believed that the host
phagocytes then migrate across the alveolocapillary barrier
transporting the intracellular bacteria into the lymphatic
system. During this time the bacteria germinate, transform-
ing from spores into vegetative bacilli, which begin to
replicate within the phagocytes. Eventually, the bacteria kill
the phagocytes and escape into the extracellular environ-
ment.28 Bacillus anthracis causes high-level bacteremia,
strongly suggesting paralysis of the innate immune system.
Its toxins act on a variety of cell types, ultimately leading to
death of the host.19

Lung dendritic cells (LDCs) constitute the main cellular
population responsible for the early spread of anthrax
spores. Although alveolar macrophages (AMs) are the first
sentinels as they phagocytose most spores in the first 10 min
in the alveoli, they are unable to transport them. In contrast,
LDCs capture spores and then carry them rapidly to the
thoracic lymph nodes. The passage across the epithelium or
transepithelial crossing constitutes the first step of pathogen
diffusion. The extreme rapidity of spore transport, between
30 min and 6 h after infection, is highly consistent with the
fulminating form of inhalational anthrax. Therefore, an
exposure to an anthrax aerosol must be considered a severe
infection as early as 30 min after exposure, and the patient
should be medically treated as soon as possible. These
observations should be taken into account for medical
management after exposure to an anthrax aerosol.38

A number of factors contribute to anthrax pathogenesis.
LF causes release of TNF and IL-1, which were believed to
be linked to the sudden deaths in cases of severe anthrax
infection. However, growing evidence suggests that the LF-
induced shock does not result from an excessive inflamma-
tory response34 but may be related to the direct injurious
effects of LF on endothelial cell function. The effects of LT
on the barrier function of primary human lung microvascu-
lar and large vessel endothelial cells suggest a possible role
for LT-induced barrier dysfunction in the vascular perme-
ability changes and hemorrhage that accompany a systemic
infection.35

EF impairs neutrophil function in vivo and affects water
homeostasis, leading to edema. By adding to the LF effect,
EF makes a substantial contribution and demonstrates the
common action of anthrax toxin components in increasing
the host cell lethality.39,40 Recently, it was shown that toxins
are required for dissemination of bacteria and disease pro-
gression beyond the draining lymphoid tissue, leading to full
virulence.41

LTmounts a broad-based attack onhost immunity. It affects
the adaptive immunity actingdirectly onT- andB-lymphocytes,
blocking antigen receptor-dependent proliferation, cytokine
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production, and Ig production.42,43 It inhibits the chemotaxis of
T-cells and macrophages through subverting signaling by che-
mokine receptors.17 It markedly impairs PMNs actin assembly,
and reductions in actin filament content are accompanied by a
profound paralysis of PMN chemotaxis.44 LT triggers the
formation of a membrane-associated inflammasome complex
in murine macrophages, resulting in the cleavage of cytosolic
caspase-1 substrates and cell death.45 In addition, while endo-
genous IFNsare essential for control ofB.anthracisgermination
and lethality, administration of exogenous IFNs appears to
increase the local inflammatory response, thereby increasing
mortality.46

Despite the intensive biomedical research that has been
conducted since 2001, the exact sequence of events that lead
to toxin-induced death is still poorly understood. Moreover,
it is not well understood why these bacteria cause a localized
infection through the skin and a lethal disease through the
lung. A clearer picture of pathogenesis in humans has yet to
be drawn, which will facilitate the development of new
modalities to eliminate the threat posed by this bioterrorism
weapon.47

2.5. Clinical Manifestations. Anthrax can take three dif-
ferent disease forms: cutaneous, gastointestinal, and inhala-
tional. Cutaneous anthrax is the most common, and
inhalational anthrax, which is almost 100% fatal if un-
treated, is themost likely form in the context of a bioterrorist
attack.

In inhalational anthrax, spores germinated in the tracheo-
bronchial and mediastinal lymph nodes begin unimpeded
extracellular multiplication within the lymphatic system,
causing regional hemorrhagic lymphadenitis.9 Vegetative
bacilli then further spread via the bloodstream and lympha-
tics and continue rapid replication. Reaching as many as 109

organisms per milliliter of blood, the high level of secreted
exotoxins intoxicates the host, causing septicemia. The dis-
ease begins after an incubation period varying from 1 to
6 days, presumably dependent upon the dose of inhaled
spores. Onset is gradual and nonspecific, with fever, malaise,
and fatigue, sometimes in association with a nonproductive
cough andmild chest discomfort. In some cases, theremaybe
a short period of improvement. The initial symptoms are
followed in 2-3 days by the abrupt development of severe
respiratory distress with dyspnea, stridor, and cyanosis. Key
indicators of early anthrax cardiovascular-related patho-
genesis include a dramatically widened mediastinum in
association with pleural effusion and edema of the chest
wall, whereas dyspnea, high fever, meningitis, and circula-
tory shock represent a terminal stage; treatment is often
ineffective when started at that time.48 Shock and death
usually follow within 24-36 h of respiratory failure onset,
with overwhelming bacteremia often associated with menin-
gitis and subarachnoid hemorrhage.9Antibiotics arewithout
therapeutic benefit from this point onward.18

Despite appropriate antibiotics and aggressive hemo-
dynamic and pulmonary support, inhalational anthax is
frequently associated with severe and often irreversible
hypotensive shock. Hypotension with LT may not be a
primary cause of lethality; rather, LT may cause direct
cellular injury insensitive to vasopressors and neither in-
creasing nor decreasing norepinephrine doses improves sur-
vival with LT.49 In mice, it has been demonstrated that the
anthrax morbidity and mortality are not cytokine-mediated
but are due to a direct effect of the toxins on the cardiovas-
cular system along with toxin-specific alterations in blood

counts. PA/LF pathology matches that seen with acute
cardiac failure, and PA/EF pathology coincides with direct
vascular endothelial injury. These observations provide a
rational basis for drug interventions to reduce the effect of
these toxins on the heart and blood vessels.50 It seems that
during anthrax infection and shock, along with hemo-
dynamic support, toxin-directed treatments may be nece-
ssary and therapies developed for treatment of cytokine-
mediated septic shock will not be appropriate for the
treatment of anthrax.49

3. The Medical “Arsenal” against Anthrax: Vaccines, Anti-

bodies, Antibiotics, Antitoxin Agents, and Other Treatment

Options

Naturally, vaccination seems the most effective form of
mass protection against a biological attack.7,14 Although safe
and efficacious, the current vaccines have limitations that
justify the widespread interest in developing improved treat-
ment options for inhalational anthrax.

Theoretically, there are several ways to approach anthrax:
(i) vaccination toprevent disease development, (ii) elimination
of spores with antibodies against spore elements, (iii) anti-
biotics to kill vegetative bacilli before the disease reaches a
systemic stage, and (iv) conjunctive antitoxin therapy against
toxins.9 This section of the paper gives an overview of the
current and future medical countermeasures to protect
humans from anthrax bioterrorism, including vaccines, anti-
bodies, antibiotics, antitoxin agents, and other treatment
options.

3.1. Vaccines. Inhalational anthrax is a complex infection,
and fully effective accurate treatment may require comple-
mentary approaches such as antibiotics and antitoxic reme-
dies. Because of nonspecific initial symptoms, however, the
timing for administration is difficult. Therefore, a prophyl-
actic vaccine that prevents infection or stops it at an early
stage would be highly desirable.8,9 There are several types of
candidate vaccines in development, as indicated below.

3.1.1. Anticapsule Conjugate Vaccines. The capsule is an
essential virulence factor that enables the bacterium to avoid
demise in the host because a strong humoral immune re-
sponse is not generated against the outer surface of the
bacteria.51 Currently, there is renewed interest in this capsule
with regard to immunoprotection and it appears to be a
promising antigen for a new anthrax vaccine.

The inherently weak capsule immunogenicity, similar to
polysaccharides, can be significantly enhanced through con-
jugation to a strongly immunogenic protein carrier.52 For
example, a new-generation dually active anthrax vaccine
(DAAV) was prepared by chemically conjugating γ-D-
PGA and recombinantB. anthracis PA (rPA).53 This vaccine
was capable of inducing high levels of specific antibodies to
both the capsule and the toxin and represented the paradigm
of combining both antibacterial (i.e., prophylactic) and
antitoxic (i.e., therapeutic) components into a single vaccine.
Other carrier proteins that were bound to different lengths of
synthetic γ-D-PGAs include bovine serum albumin, recom-
binant Pseudomonas aeruginosa exoprotein A, and tetanus
toxoid. Tetanus toxoid and rPA were the best carriers, and
the thioether bond was the optimal linkage type. Such a
vaccine will be able to induce booster responses to gluta-
mic acid.51

Another vaccine consists of a conjugate of γ-D-PGA
with a dominant negative inhibitory (DNI) mutant of PA.
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It significantly boosted the antibody response to γ-D-PGA,
suggesting that DNI could serve as a strongly immunogenic
protein carrier for poor immunogens.54

A powder vaccine, containing a combination of PA and
capsule epitopes, was administered intranasally in rabbits.
The immune protection that it provided against B. anthracis
spores was superior compared with a single antigen (PA)
vaccine.55 Moreover, by inclusion of the pXO2 plasmid in a
live anthrax spore vaccine expressing the PA, protection in a
guinea pig model was increased dramatically.56

3.1.2. Existing and Future PA-Based Human Anthrax

Vaccines. The central role of PA in the pathophysiology of
anthrax makes it the predominant immunogen of the first-
generation U.S. and U.K. licensed human anthrax vaccines
and the principal target for both next-generation vaccine and
antitoxin development. Anthrax vaccines have progressed
from uncharacterized whole-cell vaccines in 1881 to pXO2-
negative spores in the 1930s (the Sterne strain is still used as
a live veterinary vaccine), to culture filtrates adsorbed to
aluminum hydroxide in 1970, and likely to recombinant
protective antigen in the near future.5,10 Immunization of
humans with live attenuated spores has been limited to the
countries of the former Soviet Union and China. Western
nations, such as theU.K. and theU.S., use nonliving subunit
vaccines based primarily on PA because live attenuated
spore vaccines have been considered unsuitable for use in
humans owing to concerns over the possibility of residual
virulence.47

3.1.2.1. First-Generation Licensed Vaccines. Two acellular
vaccine formulations have been licensed for human use, one
in the U.S. (AVA, now called BioThrax) and one in the U.K.
Both vaccines are prepared by adsorbing filtered culture
supernatants of an attenuated (nonencapsulated, toxin-
producing) B. anthracis strain to aluminum hydroxide gel
and alum precipitated as an adjuvant, respectively.5

AVAis the firstmodernacellular bacterial vaccine produced
from a Bacillus anthracis strain, V770-NP1-R, a nonproteo-
lytic variant of a bovine strain isolated in Florida in 1951.16,47

AVA was approved for production in November 1970 at
facilities owned by the state of Michigan. Those facilities were
purchasedbyBioPortCorporation in 1998 andare nowowned
by Emergent BioSolutions. The development of AVA was
based on the outcome of human trials conducted in the early
1950s, when purified components of B. anthracis were not
available. It is the only vaccine licensed by the FDA to prevent
anthrax, based on safety studies conducted in 7000 parti-
cipants who received 16000 doses of AVA.16,57 More than
twomillionmen and women in theU.S. military have received
the vaccine, and theDHHShas procuredmore than 28million
doses of BioThrax for the Strategic National Stockpile (a U.S.
government reserve ofmedicines in the event of a public health
emergency, such as a terrorist attack or flu outbreak). The
principal antigenic component is PA with smaller amounts of
EF and LF.While antibodies to PAare sufficient to neutralize
toxin activity in animal models, AVA-induced LF and EF
antibodies do not significantly contribute to anthrax toxin
neutralization in humans.58 In 1997 it was mandated that all
U.S.military active- and reserve-duty personnel should receive
it. The administration of AVA is burdensome. It comprises a
priming course of six doses (subcutaneous injections at 0, 2,
and 4 weeks and at 6, 12, and 18 months) followed by yearly
booster shots for those with a continued risk of exposure.11

The 6-month dose in the AVA primary series appears to be
critical in sustaining IgGprotective titers to PA in a substantial

proportion of recipients because immunity is not long-lasting.
Its ability to stimulateprotective immunity in a rangeof animal
models, including primates, has been repeatedly demon-
strated. Although the establishment of rugged correlates of
protection in humans is not feasible, the antibody profile to the
vaccines currently licensed in the U.S. and the U.K. has been
determined in human volunteers.59-61 An enzyme-linked im-
munosorbent assay was used for the detection of PA-specific
salivary IgG in AVA recipients. Results suggested that an oral
fluid-based immunoassay might be a feasible alternative to
routinely monitoring the serological response of vaccinated
individuals. For field use, such a noninvasive test would be
beneficial in evaluating the antibody response of anthrax-
vaccinated individuals working within a high-risk area of
possible exposure.62

In 1946, Gladstone demonstrated that the PA component
of anthrax cultures was an effective vaccine, leading to the
current culture supernatant-derived human vaccine, pro-
duced in the U.K. by the Defense Science and Technology
Laboratory at Porton Down. The U.K. vaccine is produced
froma static, aerobic culture of theB. anthracis Sterne strain,
34F2. The priming schedule comprises four doses followed
by annual booster shots. In addition to containing large
amounts of PA, the U.K. vaccine also comprises trace
amounts of LF and other bacterially derived immunogenic
antigens, which might also account for the transient reacto-
genicity seen in some individuals.5,47

The scientific basis for AVA safety and efficacy is sound;
however, it has suffered an unusual amount of negative
publicity and there are several concerns about it:5,63 (a)
AVA does not protect all animal hosts against different
strains of B. anthracis, and its efficacy varies widely between
species.9 PA is antigenically complex, and vaccinated indi-
viduals have demonstrated considerable variability in their
antibody responses to PA. The variability observed in the
efficacy of elicited antibody responses (protective and non-
protective antibodies) is a result of host genetic background
and implies a need to develop other antigens as vaccine
candidates.64 (b) The immunization schedule of AVA is
not ideal, and it is based on a historical rather than an
immunological rationale.5 (c) The preparative processing
of AVA is crude and lacks consistency. (d) There are
relatively high rates of local and systemic adverse reactions,
likely due to residual toxicity in AVAor other contaminants,
and reactogenicity is reported in up to 35%of patients.9Mild
problems include soreness, redness, a lump or itching where
the shot was given, muscle or joint aches, headaches, chills
or fever, and nausea. Moderate problems include large
areas of redness where the shot was given. Severe problems
include serious allergic reaction (very rare, less than once in
100 000 doses).63 According to the National Academy of
Sciences, anthrax vaccine has an adverse reaction profile that
is similar to that of other adult vaccines.However, because of
the adjuvanted aluminum hydroxide, given subcutaneously
it causes an elevated rate of injection site pain (including a
burning sensation lasting 1 min), with swelling and occa-
sionally with peripheral neuropathy from pinching of the
ulnar nerve. Therefore, anthrax vaccine should be admini-
stered over the deltoid region, not the triceps region. The
Anthrax Vaccine Research Program Working Group en-
rolled 1005 people in a randomized clinical trial to assess the
safety and serological outcomes of alternative schedules and
routes of administration of the anthrax vaccine. By reduction
of the number of anthrax vaccine doses (omission of theweek
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2 dose) and administration of it by intramuscular rather than
subcutaneous injection, a three-dose intramuscular regimen
elicited a noninferior serum antibody response compared
with a four-dose regimen; moreover, it was associated with a
significant reduction in injection site adverse events.65

AVA could complement the use of antibiotics in cases
where anthrax spores persist in a person’s lungs and germi-
nate after the antibiotics are discontinued. The vaccine may
also help to protect people who do not fully comply with the
recommended 60-day course of antibiotics.57 Vaccination
could also be recommended for inhabitants who continue to
live in a partially contaminated area, if full decontamination
cannot be achieved.8,57

In 2005, the U.S. Department of Health and Human
Services awarded a contract of $122.7 million to BioPort to
buy 5 million additional doses of AVA.66 On September 26,
2008, Emergent BioSolutions Inc. (Rockville, MD) signed a
contract with NIAID, valued at up to $29.7 million, to fund
the further development of AV7909 (http://www.emergent-
biosolutions.com/NewsReleases.aspx?ReleaseID=1178612).
This is a promising next-generation vaccine candidate com-
prisingAVA in combinationwith the compoundCPG799, an
oligodeoxynucleotide with immunostimulatory properties. It
does not need refrigeration during storage, a key requirement
of vaccine development, and it was successfully tested in
preclinical studies.

3.1.2.2. Second-Generation PA-Based Vaccines (Vaccines
under Development). Concerns over the suspicious role that
AVA might have played in the Gulf War Syndrome in 1991
and the possibility of a future anthrax attack stimulated
researchers to develop second-generation anthrax vaccines
suitable for mass vaccination.47,67

Much of the current work on preparing a second-genera-
tion vaccine is based on the observation that antibodies to
protective antigen (PA) are crucial in the protection against
exposure to virulent anthrax spores. The most promising
human vaccine candidate contains highly purified recombi-
nant PA (rPA).5,10 These vaccines are expected to differ from
their predecessors in that their composition will be fully
defined, they will be free from any adverse effects, and they
will be produced from media with no animal-derived pro-
ducts. Furthermore, they will be amenable to large-scale
production and storage at room temperature.47 Numerous
trials have been conducted showing the efficacy of the
second-generation vaccines.68-70

For at least two rPA-based vaccines, one produced from an
asporogenic variant of the Sterne strain by Vaxgen in the U.S.
and theother fromE. colimanufacturedbyAvecia in theU.K.,
theU.S.National Institutes ofHealth sponsored human safety
and immunogenicity trials.10,47 TheAvecia vaccine, developed
in collaboration with researchers at the Defense Science
Technology Laboratory at PortonDown, comprises a nucleo-
tide-codon-optimized version of the PA gene expressed from
E. coli.70 The VaxGen system, developed by researchers at the
U.S. ArmyMedical Research Institute of InfectiousDisease in
Frederick, MD, comprises a recombinant multicopy plasmid-
based expression system that expresses higher levels of PA than
the Sterne strain from which it is derived.71 This vaccine is
produced using modern vaccine manufacturing techniques
and may require fewer doses than the currently licensed
vaccine. It was expected that the U.S. would stockpile at least
one of these products to enable them to respond to a future
emergency. Financed through Project BioShield, created in
2004 to allowdevelopment and acquisition of essentialmedical

countermeasures for the Strategic National Stockpile, a con-
tract of $878 million was awarded to VaxGen (Brisbane, CA)
in November 2004 for the production of 75 million doses of a
recombinant bioengineered anthrax vaccine, an amount cap-
able of inoculating 25 million people. Although the preli-
minary results for immunogenicity and tolerance of the new
VaxGen vaccine, rPA102, were encouraging, the govern-
ment terminated the contract in December 2006 because the
VaxGen vaccine decomposed, precluding stockpiling.71,72

Recently, a trivalent vaccine composed of an rPA mutant
and inactive mutants of LF and EF was emulsified with
mineral oils and evaluated in a rabbit model. Results indi-
cated that this type of vaccine could be a good vaccine
candidate for use in an emergency, with simultaneous long-
acting antibiotics during an anthrax epidemic.73

In cases of mass protection of the human population,
sufficient quantities of biologically active rPA must be
provided. For this purpose, a scalable purification process
for mass production of rPA protein has been developed that
has exhibited the ability to generate multigram quantities of
highly pure protein from recombinant Escherichia coli
(yields in excess of 300 mg/L of fermentation culture).74

Numerous other attempts to develop expression systems
are based on a variety of organisms including attenuated
strains of B. anthracis, B.subtilis, B. brevis, and Salmonella
typhimurium.47

3.1.2.3. Third-Generation Anthrax Vaccines (Vaccines un-
derDevelopment).The fact that rPAvaccine has an estimated
shelf- life of only 3 years highlights the importance of
developing a third-generation anthrax vaccine with a longer
shelf life, aiming to enhance the efficacy of the second-
generation rPA-based vaccine.

Although preliminary animal testing has shown that the
rPA products require fewer doses than the current licensed
vaccines to achieve protection, they still suffer from the need
to be given by needle, which requires the involvement of
trained medical personnel.70 In addition, the vaccines will
have to be transported and stored at 4 �C, making it
expensive to stockpile in remote regions and limiting their
shelf life. The third-generation vaccines will have a shorter
immunization schedule and a greater protective efficacy than
before. Enhancements may include the use of antigens other
than PA, novel adjuvants, and novel inoculation strategies.75

Such vaccine formulations would ideally enable the needle-
free self-delivery of rPA in a single dose to the mucosal
surfaces of the gut, to the upper respiratory tract, or via the
dermal route, facilitating stockpiling and mass vaccination
programs.47

3.1.2.4. Oral Immunization. Efforts to develop a rPA
vaccine for single-dose oral delivery have focused on twomain
approaches: optimizing delivery of rPA through expression in
live attenuated bacterial vectors and use of plant-expressed,
edible antigens.5,10,47 To date, a number of live bacterial vector
systems have been described for the delivery of rPA, including
attenuated strains of B. anthracis, B. subtilis, Salmonella,
Lactobacillus, and vaccinia.47 A disadvantage of live systems
is the need to culture and store the organism prior to use. Oral
immunization of mice with a Salmonella-based DNA vaccine
demonstrated its efficacy for mass vaccination against aero-
solized B. anthracis spores.76 An attenuated typhoid vaccine
strainofSalmonella enterica serovarTyphi, licensed for human
use, was genetically engineered for stable plasmid-based
expression of PA.77 Mice immunized with a vaccine delivered
by Salmonella enterica serovar Typhi Ty21a were completely
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protected from a lethal intranasal challenge with aerosolized
spores.78 Delivery of rPA through expression in attenuated
recombinant live bacterial vectors may form the basis of third
generation vaccines, possibly being developed over the next
few years. The successful use of plant-based vaccines is parti-
cularly attractive, as they require little manufacturing cap-
ability, are free of animal pathogens, and stimulate immune
responses in humans following oral dosing. Large quantities of
economically purified edible PA protein were produced by
expression of PA in transgenic chloroplasts of Nicotiana
benthamiana plants.79,80 One acre of transgenic tobacco plants
expressingPA froma chloroplast-based systemcould yield 360
million doses of purified vaccine, which would be enough to
immunize the entire population of the U.S. Although progress
has beenmade in this area, such a licensed plant-based human
anthrax vaccine will become available only in several years.

3.1.2.5. Intranasal Immunization. Nasally administered
rPA encapsulated in and bound to the surface of biodegrad-
able poly L-lactide microspheres resulted in measurable
serum IgG and protected mice against a lethal spore chal-
lenge.47 Furthermore, mice nasally immunized with rPA
adjuvanted with synthetic double-strandedRNA in the form
of polyriboinosinic-polyribocytidylic acid (pI:C) developed
strong systemic and mucosal anti-PA responses, indicating
that this pI:C-adjuvanted rPA vaccine has the potential to
be developed into an efficacious nasal vaccine.81 Mucosal
immunization with attenuated Salmonella enterica serovar
Typhi expressing PA protected nonhuman primates from a
spore challenge.82 A triantigen nasal anthrax vaccine that
contained a truncated PA (rPA63), the LF, the capsular
poly-γ-D-glutamic acid as the antigens and the polyI:C as the
adjuvant, protected immunized mice against a lethal LT
challenge.83 Moreover, mice nasally immunized with a nasal
anthrax vaccine using PA protein carried by liposome-
protamine-DNA (LPD) particles developed both systemic
and mucosal anti-PA responses.84 Intranasal delivery of
powdered rPA formulations has offered complete protection
to rabbits against inhalational anthrax. Spray freeze-dried
formulations have displayed substantial improvement in
storage stability over liquid formulations, suggesting their
potential application for mass biodefense intranasal immuni-
zation.85Results of all these studies lookpromising, but aswith
the oral vaccination, they have yet to be confirmed in humans.

3.1.2.6. Transdermal Immunization. The effectiveness of a
transcutaneous delivery system in inducing a protective
response against rPA has been demonstrated in mice. The
technology, called transcutaneous immunization (TCI), is a
needle-free technique that delivers antigens and adjuvants to
potent epidermal immune cells. It includes a dry adhesive
skin patch containing rPA and E. coli heat-labile toxin,
which acts as an adjuvant. The transdermal activity of the
patch depended upon abrasion of the skin before immuniza-
tion, which presumably allows penetration of large protein
molecules through the stratum corneum.86 Although pro-
mising, its utility as a means of protection against anthrax is
yet to be demonstrated in humans and other primates.

3.1.2.7. Genetic Immunization. DNA-based vaccines
would offer a number of advantages over conventional
subunit vaccines. The gene encoding the vaccine antigen is
introduced into the host and, expressed in vivo, stimulates a
protective immune response. This is a major advantage
because the need to develop expensive protein expression
and purification systems is eliminated.10 Delivery of rPA via
vaccination with DNA plasmids could form the basis for

multiagent anthrax vaccine development. Monovalent or
bivalent plasmid DNA vaccines encoding genetically detoxi-
fied PA and LF proteins have provided an attractive tech-
nology platform against anthrax challenge.87 VCL-AB01 is a
novel cationic lipid-formulated plasmid DNA (pDNA)-
based vaccine that contains genes encoding genetically de-
toxified PA and LF. Safety and immunogenicity clinical
trials have been carried out in healthy adults and in non-
human primates, and this vaccine was generally well tole-
rated in humans at a dose that provided immunity in
monkeys.88

3.1.2.8. Live Viral Vectors. Expression of anthax antigens
through attenuated viral vectors represents an attractive
vaccine alternative, but safety problems remain a major
concern.89 Researchers have created recombinant adeno-
associated virus type 1 (rAAV1) vectors containing synthetic
genes derived from the PA or LF and tested them for
immunogenicity and induction of toxin-neutralizing anti-
bodies in rabbits. The development of robust neutralizing
antibody responses after a single injection of these rAAV1-
based vectors supports their further development as candi-
date anthrax vaccines.90 Immunization of mice with T4
phage carrying three antigens (PA, LF, and EF) has elicited
strong immune responses against all antigens, stronger than
the phage displaying PA alone. The in vitro display of PA on
phage-T4 particles offers a novel approach for the potential
construction of multicomponent vaccines against anthrax
threat.91 The icosahedral insect Flock House virus has been
used as a platform to display 180 copies of the high affinity,
PA-binding von Willebrand A domain of the ANTXR2
cellular receptor. The chimeric virus-like particles (VLPs)
correctly displayed the receptor von Willebrand A domain
on their surface and protected rats from LT challenge. The
recombinant VLP platform represents a novel and highly
effective, dually acting reagent for treatment and protection
against anthrax.92

3.1.3. LF-Based Active Immunization. Recently, much
progress has been made in the search for specific inhibitors
of LF and very little work has focused on immunization,
active or passive. Immunization of mice with recombinant
LF (rLF) has generated twomonoclonal antibodies, 5B13B1
and 3C16C3, that showed neutralizing activity against LT in
animal models.93 The binding of short LF peptides by LF-
specific neutralizing monoclonal antibodies suggests that
generation of protective antibodies by LF peptide vaccina-
tion may be feasible and paves the way for a more effective
anthrax vaccine by identifying discontinuous peptide epi-
topes of LF.94

3.1.4.EF-BasedActive Immunization.EF-deficientB. anthra-
cis strains are still toxic while those lacking LF are greatly
attenuated, suggesting that LF is the dominant virulence factor
of anthrax.Therefore, the studyof inhibitionofEFactivity is of
minor research interest.95 EF could serve as a novel agent for
inducing protective immunity to PA-based anthrax vaccines
because it has been found that it acts as an adjuvant to nasally
administered vaccine antigens.96 The biological activities of EF
canbe studiedusingbiologically active recombinantEFprotein
(rEF) which may feasibly be produced in large quantities
from recombinant E. coli.97 When it was evaluated as a
candidate antigen in an anthrax viral vaccine, the N-terminal
nontoxic fragment of this product elicited a protective immu-
nity response.98

3.2. Antibodies. As recent bioterrorist attacks have high-
lighted, human anthrax infection cannot always be treated
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successfully with antibiotics. Especially during the late stage
of anthrax septicemia, in which significant amounts of toxin
are being secreted, antibiotics are of less value because they
have no effect on the toxins and it is too late for vaccination
to offer protection.8,99 Moreover, the emergence of antibiotic-
resistant strains has prompted researchers to pursue additional
therapeutic options. For these reasons, adjunct therapies for
future anthrax infections are urgently needed and the principal
approach involves passive immunization with therapeutic
antibodies that inhibit the activity of the organisms’ tripartite
toxin system.8,100 Although antitoxin antibodies are effective,
they suffer from the samedrawbacks as antibiotics: theyhave a
significant clinical effect only if they are administered rapidly
and should be given repeatedly to maintain an adequate level
of protection.

The role of antibodies against toxins would be to protect
mononuclear cells and any other sensitive cell types from
toxin action. For example, antibodies to PA could inhibit
binding to its cellular receptor, preventing toxin action, and
antibodies to PA (expressed in the spore coat) may inhibit
germination and control infection by binding to spores
before their uptake by macrophages.

3.2.1. Anticapsule Antibodies. Although the structure of
capsular γ-D-PGA units is relatively monotonous, research
has revealed a striking diversity in the peculiar pattern with
which anticapsular antibodies couple with the repeated γ-D-
PGA units.101 The γ-D-PGA capsule itself appears to be
relatively nonimmunogenic. However, a number of investi-
gators have shown that glutamic acid polymers conjugated
to various carriers can generate an immune response to
glutamic acid.53,102

As the role of antibodies to the capsule is to fix the
complement and to lyse vegetative bacterial cells, it would
be logical to think that anticapsule antibodies may be
important in controlling the outgrowth phase of anthrax
infection. There is renewed interest in theB. anthracis capsule
with regard to immunoprotection. Investigators have pro-
ducedmAbs specific for γ-D-PGA and have shown that their
administration does indeed confer passive protection in
naive mice against spores of the Ames strain by mediating
opsonophagocytosis of B. anthracis, suggesting that some
animals can be protected in the absence of antitoxin immu-
nity.101

3.2.2. Anti-LF Monoclonal Antibodies. LF plays a pivotal
role in the Bacillus anthracis cytotoxicity, and the most
promising means for treating postexposure anthrax is based
on inhibition of LF action. IQNLF is a fully human mono-
clonal antibody with specificity for LF. It recognizes domain
I containing the PA binding region in LF. When combined
with IQNPA (anti-PA), the antibodies had increased neu-
tralization efficacy and enhanced endogenous immunity to
anthrax.103 LF8 is a neutralizing monoclonal antibody that
protected macrophage J774A.1 cells and mice challenged
with LF. Data suggested that LF8 binds LF near the PA
binding domain.104

3.2.3. Anti-PA Monoclonal Antibodies. Antibodies to PA
neutralize anthrax toxins by preventing adherence of PA to
cell receptors or assembly of PA heptamers and subsequent
binding of LF and EF (Figure 3). The levels of antibodies to
PA must exceed a certain minimal threshold in order to
induce and maintain protective immunity; however, it is not
yet clear what levels of antibodies will be required to protect
humans after vaccination or passive injection of protec-
tive antibodies. This consideration is very important, since

challenge studies cannot be performed in humans and corre-
lates of immunity have to be extrapolated from animal
studies.10,105

Recently, the focus has been on the development of PA-
specific toxin-neutralizing mAbs: two mAbs, W1 and W2,
generated from immunized chimpanzees. They have inhibited
the binding of PAmolecules to their receptors, suggesting their
potential use in the emergency treatment of anthrax.106 PA-
mAb is another mAb that reduced morbidity in a LT-infused
rat model of anthrax sepsis, even when administered after the
onset of septic shock symptoms.107 Raxibacumab, now called
ABthrax, is a PA monoclonal antibody produced by Human
GenomeSciences.TheU.S.DepartmentofHealth andHuman
Services contracted for 20 000 ABthrax treatment courses
against future anthrax attacks.8 AVP-21D9, AVP-22G12,
andAVP-1C6are three fully humananti-PAtoxin-neutralizing
antibodies. They have been isolated from blood lymphocytes
from donors immunized with low doses of AVA. Fisher-344
rats challenged with LT were protected after their administra-
tionand thus represent attractive candidates for treatment and/
or prophylaxis from anthrax toxins. In particular, the AVP-
21D9 antibody has demonstrated very high affinity to the
anthrax toxin in three animal models, alone or in combination
with low ciprofloxacin levels, indicating that AVP-21D9 has
the potential to become a life-saving medical countermea-
sure.108 On September 3, 2008, the U.S. Department of
Health and Human Services funded the further development
of AVP-21D9, http://www.fiercebiotech.com/story/emergent-
wins-24m-anthrax-contract/2008-09-04. An antibody phage
display library was used for the isolation of three human
single-chain variable fragments (scFvs) against PA. The anti-
bodies were evaluated for their ability to bind to cell-bound
heptameric PA. All antibodies competed with LF-PA cell
surface interactions, further suggesting the potential appli-
cation of human antibodies as passive immunization prophyl-
actics against inhalational anthrax.109

3.2.4. Monoclonal versus Polyclonal Antibodies. The use of
human-derived polyclonal anthrax antibodies would offer a
number of advantages such as prolonged serum half-life,
reduced adverse reactions, and the targeting of multiple epi-
topes. However, they should be maintained and sufficient
stocks of them be constantly renewed to protect large numbers
of individuals in the event of an attack.47,80 For this reason, a
number of research groups have been developing high-affinity,
toxin-specific monoclonal antibodies with a significant half-
life. They are nontoxic in humans, confer instant protection,
and are equally effective against antibiotic-resistant strains.
They can be produced on a commercial scale, enabling them to
be stockpiled in sufficient quantities.80 Given that the half-life
of human antibodies is approximately 20 days, it raises the
possibility that a single dose of a mAb might be sufficient to
treat an infected individual during the late stage of anthrax
septicemia, in which significant amounts of toxin are being
secreted, and this property would offer considerable logistic
advantages in a mass casualty setting.47 An expert panel on
monoclonal antibodies for anthrax has recommended that
therapeutic antibodies should consist of a multitarget mixture
(PA, LF and EF) of human mAbs (Expert Consultation on
Monoclonal Antibodies for Anthrax rPA 2003, http://www.
niaid.nih.gov/biodefense). Additionally, antibodies against
the antiphagocytic capsule could be included in the mix. As
monoclonal antibodies target only one epitope (antigenic
specificity), in conventional therapy theymayhave advantages
over polyclonal antibodies that neutralize several epitopes.
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However, it is unclear whether monoclonal antibodies might
be preferable to polyclonal antibodies. If bacteria could be
reengineered to modify that single epitope, an elegant mono-
clonal antibody might be rendered ineffective.47

AIG is a polyclonal anthrax immunoglobulin product
developed by Emergent BioSolutions (Rockville, MD) and
derived from human plasma from individuals who have been
vaccinated with BioThrax. It is a candidate for intravenous
postexposure treatment for patients who display symptoms
of anthrax disease.47 In humans, the definitive efficacy of
AIGhas not yet been achieved; the only evidence comes from
the successful treatment of inhalational anthrax in a 44-year-
old man who naturally acquired anthrax after being exposed
via African hides.110

3.3. Antibiotics. In the event of an attack with aerosolized
anthrax spores over an unvaccinated metropolitan popu-
lation, treatment would primarily consist of antibiotics.
They may be used to treat people who are sick with anthrax,
as well as to prevent disease in people who have been exposed
to spores but are not yet sick.

Because inhalational anthrax may have a long incubation
period, ranging from 2 to 46 days (11-day median), many
people could start taking antibiotics in order to prevent the
disease if they knew they had been exposed.16 Regardless of
the antibiotic chosen, it is important that chemotherapy
should be given at the very early stage of infection, when
symptoms are nonspecific and diagnosis is difficult.47 Ani-
mal studies suggest that when the disease reaches the fulmi-
nant phase, even if the organism is sensitive to the agent,
antibiotics are no longer effective owing to the accumulation
of a lethal toxin level.99,111,112

Once the treatment is commenced, it is important to ensure
that it is continued for prolonged periods. Antibiotics are
active only against germinated spores. Experiments with
rhesus monkeys, which serve as a good model for the study
of inhalational anthrax, have shown that spores have the
ability to persist in the lungs of primates for up to 60 days
after exposure; retained spores germinated and caused dis-
ease after antibiotics were discontinued.113 Moreover, in
some monkeys fatal disease occurred up to 58 days and
98 days after exposure and viable spores were demonstrated
in themediastinal lymph nodes of onemonkey 100 days after
exposure.28 These observations are the basis for recommend-
ing antibiotic therapy for at least 60 days, with oral therapy
replacing intravenous therapy when the patient is clinically
stable enough to take oral medication.7,10 However, the
duration of treatment for established anthrax is still con-
troversial. Recently, researchers using rhesus macaques
determined that the prolonged course of antibiotics required
to achieve prophylaxis may not be necessary to prevent
anthrax resulting from the germination of retained spores
after the discontinuation of antibiotics.114

As there is evidence that postexposure vaccination can
shorten the duration of antibiotic prophylaxis, infected
individuals should be vaccinated at the commencement of
treatment so that antibiotic administration could be discon-
tinued once protective immunity has developed.115Given the
attractiveness of anthrax as a biological weapon, the mod-
ification of wild-type B. anthracis to provide antibiotic
resistant strains is a distinct possibility. Therefore, it is
important to provide a postinfection anthrax treatment that
is not prone to antibiotic resistance.111

3.3.1. Current Recommended Antimicrobials. On the basis
of experiments conducted in primates, a course of aggressive

antibiotic therapy has been adopted for postexposure pro-
phylaxis. Most naturally occurring Bacillus anthracis strains
are sensitive to penicillin, which historically has been the
agent of choice for the treatment of anthrax. In vitro testing
has shown that most strains of Bacillus anthracis are fortu-
nately sensitive to a variety of antimicrobials, such as peni-
cillins, fluoroquinolones, tetracyclines, chloramphenicol, ami-
noglycosides, macrolide antibiotics, imipenem, rifampicin,
cefazolin, linezolid, clindamycin, and vancomycin. For pa-
tients allergic to penicillin, any of these agents offers an
effective alternative.47

Antibacterials need to exhibit potent in vitro activity,
intracellular bioactivity, and suitable locations in lymph
nodes. In animal models, doxycycline and ciprofloxacin
hydrochloride are the most active compounds for the most
severe cases of postexposure inhalational anthrax, and
although treatment of anthrax infection with ciprofloxacin
has not been studied in humans, animal models suggest
excellent efficacy. In vitro data suggest that other fluoro-
quinolone antibiotics would have equivalent efficacy. There
are no controlled clinical studies for the treatment of inhala-
tional anthrax in humans; thus, antibiotic regimens com-
monly recommended for empirical treatment of sepsis have
not been studied. Ciprofloxacin, doxycycline, and penicillin
G-procaine are approved by the FDA for postexposure
prophylaxis of inhalational anthrax. For mild cases of
cutaneous anthrax, the use of ciprofloxacin (500 mg twice
daily), doxycycline (100 mg twice daily), or amoxicillin
(500 mg 3 times daily) is recommended.7

The problem of increasing bacterial resistance to the
current generation of antibiotics is well documented.116

Engineered strains resistant tomultiple antibiotics, including
the front-line agents ciprofloxacin, doxycycline, and β-lac-
tam antibiotics, have been constructed.117 Bacillus anthracis
strains are usually resistant to trimethoprim, sulfonamides,
and many of the antibiotics used in empirical regimens for
sepsis treatment, such as the extended-spectrum cephalos-
porins. It is recommended that antibiotic resistance to
penicillin- and tetracycline-class antibiotics should be assu-
med following a terrorist attack until laboratory testing
demonstrates otherwise. The current standard postexposure
prophylaxis for adults with presumed inhalational anthrax is
ciprofloxacin therapy twice daily for 60 days,118 with doxy-
cycline or amoxicillin used only as alternatives (doxycycline
is the preferred option in the tetracycline group because of its
proven efficacy in monkey studies and its ease of admini-
stration).75 The same agents are recommended for the treat-
ment of established inhalation or gastrointestinal anthrax
with the addition of two or more antimicrobial agents
(clindamycin and rifampicin are suggested for administra-
tion with ciprofloxacin or doxycycline).

As VaxGen was not able tomeet the aggressive schedule for
stockpiling 75 million doses of the new second-generation
vaccine, theU.S.will dependon antibiotics to treat a largescale
anthrax attack, a strategy that terrorists could overcome by
creating antibiotic-resistant strains. The U.S. Department of
Health andHuman Services has purchased enough antibiotics
to treat approximately 40 million Americans for 60 days.16,119

3.3.2. Other Antimicrobial Approaches. (a) PlyPH, PlyB,
and PlyG are three bacteriophage hydrolases that lyse the
peptidoglycan molecules of the bacterial host cell. Should
infections occur with a strain of B. anthracis resistant to
conventional antibiotics, these cell wall-cleaving enzymes
might be considered as an alternative form of therapy.120,121
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(b) The transcriptional regulator AtxA protein has major
effects on the physiology ofB. anthracis. At the first stages of
germination, AtxA is the central orchestrator of spore
responses to host signals; therefore, agents that could block
AtxA activity would be a powerful class of antibiotics.122

(c) Various extracellular metalloproteases of B. anthracis
affect host immune defenses and cause tissue damage during
infection. Chemical protease inhibitors, such as phosphor-
amidon and 1,10-phenanthroline, have been used to treat
mice challenged with Sterne spores and demonstrated a
substantial protective efficacy in combination with cipro-
floxacin.123 Moreover, B. anthracis showed a high level of
resistance to the human antimicrobial peptide LL-37 and its
degradation byB. anthracis culture supernatant was blocked
using the metalloprotease inhibitors EDTA and 1,10-phe-
nanthroline.124 These compounds constitute an interesting
approach against strains resistant to approved antibiotics
and could represent a promising class of new-generation
antibiotics possessing a different mechanism of action.

(d) Thymidine monophosphate kinase is an enzyme of
Bacillus anthracis essential in nucleotide biosynthetic path-
ways, and several lipophilic thymidine phosphate-mimicking
compounds have been synthesized as potential enzyme inhi-
bitors. Three of the tested compounds inhibited the activity
of thymidine monophosphate and growth of theB. anthracis
Sterne strain. The biological evaluation of this type of
enzyme inhibitors suggests their potential use as novel anti-
biotics in anthrax treatment.125

(e) Dihydrofolate reductase (DHFR) is a biosynthetic
enzyme necessary for anthrax pathogenicity. B. anthracis
exhibits a natural resistance to trimethoprim (TMP), a
clinically used antibacterial DHFR inhibitor, because of a
lack of affinity between the enzyme and the inhibitor. It is a
novel lead series of B. anthracis dihydrofolate reductase
inhibitors characterized by an extended trimethoprim-like
scaffold. The structure revealed several features that can be
exploited for further development of narrow-spectrum anti-
biotics against anthrax.126

(f) Human secretory type-IIA phospholipase A2 (sPLA2-
IIA) is an enzyme produced bymacrophages, and its anthra-
cidal activity is attributed to the ability to hydrolyze mem-
brane phospholipids. B. anthracis evades the macrophage
surveillance through the inhibitory action of LT on sPLA2-
IIA secretion. This inhibition occurs through a process
involving ET-mediated cAMP accumulation and represents
a novel mechanism for evading the innate immune response
of the host. The use of pharmacological approaches to
inhibit the adenyl cyclase activity of invading bacteria may
represent a therapeutic strategy for treating pulmonary
anthrax.127 This natural component of the immune system
may serve as a new therapeutic agent that could be used
complementary to current therapy, even against antibiotic-
resistant strains of B. anthracis.128

(g) Oritavancin is a semisynthetic lipoglycopeptide, and its
potent in vitro activity against B. anthracis prompted re-
searchers to test its efficacy in a mouse aerosol-anthrax
model. Efficacy in pre- and postexposure models of inhala-
tion anthrax, together with a demonstrated low propensity
to engender resistance, has encouraged the further study of
oritavancin pharmacokinetics and its efficacy in nonhuman
primate models.118

(h) Triclosan is an agent that provides a potential scaffold
for the development of new broad-spectrum antibiotics. It
exhibits a broad-spectrum antibacterial activity by targeting

the fatty acid biosynthetic pathway through inhibition of
enoyl-acyl carrier protein reductase (ENR). Researchers
have developed novel aryl ether triclosan analogues that
target ENR, and some of these compounds have exhibited
improved potency against Bacillus anthracis ENR and in-
creased efficacy against the Sterne strain. X-ray crystal
structures suggest future rounds of optimization might be
used to improve the potency of candidate compounds.116

(i) Germination of Bacillus anthracis spores into the
vegetative form can be triggered in vitro by the common
germinants inosine and alanine. Because inosine is a critical
germinant in vitro, inosine analogues have been screened for
the ability to block in vitro germination of B. anthracis
spores. This led to the identification of 6-thioguanosine,
which efficiently blocked spore germination in macrophages
and prevented their destruction by B. anthracis spores.
6-Thioguanosine showed potential as an antianthrax thera-
peutic agent.129

3.4. Antitoxin Agents.The treatment of inhalation anthrax
with antibiotics is usually ineffective, as the disease is rarely
recognized before bacteremia and toxemia develop. There is
an urgent need for antibiotics to provide improved therapy in
combination with an anthrax antitoxin.130 Toxin inhibitors,
even though powerful, may suffer the same drawbacks as
antibiotics and require rapid administration to have a signi-
ficant clinical effect.

Targeting bacterial virulence is an alternative approach to
antimicrobial therapy that offers promising opportunities to
inhibit pathogenesis and its consequences without placing
immediate life-or-death pressure on the target bacterium.12

Disruption of toxin function is an obvious approach to
inhibiting bacterial virulence which can occur either in a
direct manner by inhibition of the toxin activity itself or in an
indirect manner by modulating the host response to the
toxin. Direct inhibition is the basis for the historical use of
antibodies against toxins.131

Recently, much effort has been focused on inhibiting the
effects of the three proteins that comprise anthrax toxins.
Growing insights into the structure and function of PA, LF,
and EF have led to the design and production of an increas-
ing number of agents capable of neutralizing toxins or their
effects and have revealed potential applications in medicine,
including approaches to treating anthrax infections.24,26,34

Such agents may be even more important than antibiotics
because the latter, although quickly clearing bacteremia in
patients during the 2001 outbreak, still did not prevent
lethality in some patients. Current approaches are focused
on agents that affect crucial steps in the intoxication pro-
cess, including antitoxins-antibodies, receptor decoys, LF
decoys, dominant-negative inhibitors of translocation, small
molecule inhibitors, substrate analogues, furin inhibitors,
etc. Moreover, the elucidation of the consequences of LF
activity, downstream of proteolytic cleavage of MAPKKs,
leading to the death of the host, would be of great interest for
the design of therapeutics targeting the clinical effects of LT.

3.4.1. Targeting the Fundamental Steps in LT and ET

Uptake byHost Cells (Figure 3). 3.4.1.1. PA-BasedAntitoxin

Approaches. Because of the principal role of PA in anthrax
pathogenesis, PA is a potential target that could be inhibited
in multiple ways, and great research efforts for the develop-
ment of new anti-infective options have focused on this
antigenic factor.131 Promising anti-PA strategies include
the blocking of PA receptors, the blocking of PA binding
to its host receptors, the inhibition of PA processing by host
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furin proteases, the prevention of PA oligomerization to
form the heptameric PA63 prepore, and the blocking of
PA63 heptamer pores with dominant-negative PA mutants
to inhibit LF and EF trafficking and delivery within the
cytosol.23

Each molecule of LF (or EF) binds stably only to PA63

dimers or higher order oligomers and not to monomers.
Moreover, PA can bind LF and EF simultaneously, forming
a greater variety of toxin complexes than were previously
known.23 The elucidation of the structural basis for LT and/
or ET assembly may prove very useful in the near future in
developing effective drugs against anthrax toxins.

3.4.1.1.1. Targeting PA-Host Receptors. As resistance of
B. anthracis to antimicrobial therapeutics can be deliberately
engineered, blocking host receptors used by the PA toxin
subunit represents a powerful strategy for overcoming this
problem because extensive alterations to the pathogen may
be required to enable it to switch to a new receptor that can
still support pathogenesis.

(a) Low-density lipoprotein receptor-related protein 6
(LRP6) is a co-receptor for the Wnt signaling pathway in
B. anthracis toxicity. The extracellular domain of LRP6
interacts, either directly or indirectly, with TEM8 or CMG2
in a PA-independent manner. The formation of a multicom-
ponent complex at the cell surface stimulates PA-binding and
appears to play a very specific role in toxin entry. Recent
studies have revealed the previously unsuspected biological
role of LRP6 for prophylaxis and treatment of anthrax
toxicity. LRP6-specific antibodies have protected cell cultures
from destruction by LT, indicating that this newly identified
co-receptor might be a viable target in providing protection
against the effects of accumulated LT.132

(b) A novel inhibitor, designated “functionalized lipo-
some,” has been shown to block PA attachment to receptors
on the surface of host cells. The liposome is a fatty bubble
studdedwith small proteins that inhibit internalization of the
toxin into the host cell by binding to multiple sites on the
two host receptors. In animal studies, the new inhibitor has
been shown to be many times more potent than current
therapies and is especially promising as a countermeasure to
antibiotic-resistant strains or as a potential adjunct to anti-
biotic therapy.133

3.4.1.1.2. Targeting PA(83)7 Attachment to Host Cell Re-

ceptors. The three-dimensional structure of PA “docked” to
one of two receptors has been mapped and has revealed the
way that anthrax toxins use host receptors to enter human
cells, providing new approaches for the discovery of anthrax
antitoxins and the design of cancer therapeutics.33 The
passive transfer of antibodies against PA is one approach
that mitigates the biological action of anthrax toxins.103,134

Since the 2001 anthrax attacks, remarkable research efforts
have been made for the production of PA-directed anti-
bodies that contribute to the functional analysis of PA and
offer immunotherapeutic perspectives for the treatment of
anthrax infection (see also section 3.2):

(a) PAmAb is a fully human monoclonal antibody with
high affinity for PA and has provided a survival advantage in
rabbit and monkey models of inhalational anthrax. In phase
1 of the first clinical study since the 2001 anthrax attacks in
the U.S., PAmAb was shown to be safe and well tolerated
when administered to healthy adults volunteers.135

(b)mAb 7.5 is amonoclonal antibody against PA, which is
able to neutralize the activities of anthrax toxins produced by

B. anthracis in mice. It binds to domain 4 of PA and prevents
the attachment of PA to its cellular receptors.136

(c) A fully human monoclonal antibody, IQNPA, with
specificity for PA has been developed from individuals
immunized with licensed anthrax vaccine. IQNPA binds to
domain 4 of PA containing the host cell receptor binding site.
It has been shown that it does not interfere with the establish-
ment of endogenous immunity in mice treated with this
antibody and infected with B. anthracis Sterne spores.103

(d) The anthrax toxin receptor (ATR) is a transmembrane
protein of unknown physiological function, and a specific
region, the VWA extracellular domain, has been identified
on the surface of mammalian cells which is responsible for
the binding of PA to the corresponding receptor.32 The high
affinity of the VWA domain of human sCMG2 to PA
supports its potency in neutralizing anthrax toxins and
demonstrates its potential utility for the design of toxin-
blocking drugs based on the use of soluble forms of both
receptors. Importantly, purified VWA protein responsible
for the binding of PA to the TEM8 receptor has been
produced as a fusion protein in E. coli and exhibited very
high affinity to PA.137 When soluble receptors were mixed
with mammalian cells in the presence of anthrax toxin, they
acted as decoys and competed with cellular receptors for
binding and absorbed anthrax toxins before they could
attach to target cells to produce their lethal effects.32,138

sATR/CMG2 showed a stronger antitoxin potency than
sATR/TEM8, suggesting that sCMG2 may be one of the
most effective anthrax antitoxins.138

3.4.1.1.3. Targeting Assembly of the Heptameric PA63

Prepore. Recently, the crystal structure of the PA-ATR2
complex has been solved at 2.5 Å resolution, andmodeling of
the receptor-bound (PA63)7 pore indicates that the receptor
acts as a pH-sensitive brace to ensure accurate and timely
membrane insertion. The structure revealed an extensive
receptor-pathogen interaction and should provide new
leads for the discovery of novel antitoxin agents against
anthrax infection and aid the design of cancer therapeutics
aswell.33 In addition tomonoclonal antibodies, several other
treatments directed against PAhave also been developed and
prevent the prepore assembly:

(a) One potentially promising strategy is the use of furin
inhibitors. Furin is an endogenous membrane-associated
endopeptidase that is used by B. anthracis to activate PA
once delivered to target cells; it cleaves the precursor form of
PA, PA(83), into the functionally active fragment of PA(63)
and a soluble fragment known as PA(20). Inhibitors of furin
have been shown to block the formation of functional PA-
(63) heptameric units and to protect cells from the lethality of
anthrax toxins. These compounds have a diverse chemical
structure and may serve as valuable tools for studying furin
action and potential therapeutic agents for anthrax and
other furin-dependent diseases (Alzheimer’s disease, cancer,
viral and bacterial infections). A small stable compound,
hexa-D-arginine amide (D6R), is a furin-inhibiting molecule
that delays anthrax toxin-induced toxemia both in cells and
in live animals.139 Small furin inhibitor molecules, based on
2,5-dideoxystreptamine with nanomolar range potency
against furin, have protected RAW 264.7 macrophage cells
from toxicity caused by the furin-dependent processing of
PA. Molecular modeling revealed that these inhibitors may
target the active site of furin and behave as competing
inhibitors of furin.140 Inter-R-inhibitor protein (IRIp) is an
endogenous serine protease inhibitor in human plasma, and
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its levels decrease during acute inflammatory states. It has
blocked furin activity in vitro and protected murine macro-
phages against LT-induced cytotoxicity. It seems that hu-
man IRIpmay be an effective preventive or therapeutic agent
against anthrax LT.141 Polyarginine-containing peptides
have inhibited furin action and represent promising com-
pounds againstB. anthracis toxemia.142 The combined use of
high-affinity antifurin drugs and weak bases such as chloro-
quine, which neutralizes acidic compartments, strongly aug-
mented the inhibition of toxin-dependent lethality of murine
macrophages; the combined use of these anti-infective agents
may provide enhanced therapeutic benefits against inhala-
tional anthrax.143 The combined administration of inhi-
bitors could represent an effective therapeutic approach:
D6R or D9R (nona-D-arginine amide, both blocked the
proteolytic activation of PA), combined in vitro with In-2-
LF (an LF inhibitor, peptide hydroxamate), enhanced protec-
tion against anthrax lethal toxin.144 Anthrax toxins require
processing by host furin-like proprotein convertases (PCs) to
enter host cells and to cause disease. Specific nanomolar
inhibitors of PCs have confirmed that inhibiting PCsprotected
the host from anthrax infection and laid a foundation for
novel therapies for furin-dependent bacterial toxins and viral
pathogens.145

(b) The antitumor drug cisplatin has been shown to block
the formation of heptameric prepore. Cisplatin-treated PA
was unable to form heptameric PA63 oligomers required for
LF binding and translocation; it acts by modifing the PA
structure in a reversible noncovalent manner. The simulta-
neous administration of biologically relevant concentrations
of cisplatin and a lethal dose of LT has been shown to be
protective in rodent models.146

3.4.1.1.4. Targeting Toxin Translocation via the Pore and

Delivery within the Cytosol. In addition to targeting toxin
receptors and toxin activity, virulence could also be inhibited
by interfering with the appropriate delivery of toxins to their
site of action.23 The (PA63)7 pore apparatus is involved in
delivering toxins into the host cell cytoplasm. It is believed
that enzymatic toxin subunits are initially delivered into the
lumen of intraluminal vesicles (within the endosomal
pathway), which are then trafficked to late endosomes and
fuse with the limiting endosomal membrane, releasing toxins
into the cytosol. It seems that a phenylalanine clamp controls
protein translocation through the heptameric PA pore, and
this clamp can be targeted with small molecules that block
the pore.147 Therefore, toxin translocation could be inhibited
either by blocking the PA toxin subunits or by altering the
endosomal structure and function, resulting in impaired
toxin delivery.23,131

(a) The screening of a phage-display library for mutant
peptides that can bind the heptameric cell-binding subunit of
anthrax toxin has identified a novel peptide sequence,
TYWWLD. This could block toxin assembly and be used
to develop potent polyvalent toxin inhibitors.148

(b) Dominant-negative inhibitors (DNI) are transloca-
tion-deficient point mutations of PA with abnormal loops
that form dysfunctional heptamers when coassembled with
wild-type PA protein.Mutations inDNI have been shown to
inhibit the required conformational change of chimeric
DNI/PA heptamers or (DNI63)7 from a ring-shaped core
to a β-barrel, thus preventing the heptamer from inserting
into the endosomal membrane. Consequently, replacing a
single residue in one subunit of the heptameric PA prepore
can inhibit the translocation of LForEF into the cytosol and

prevent cytotoxicity transport activity of the oligomer al-
most completely, suggesting that DNI forms of PA could be
used as novel antitoxins.23,149 DNI of anthrax toxin may
serve as both an anthrax vaccine and therapy. As antibiotic
treatment cannot provide full protection against relapse or
subsequent exposure to anthrax, conjunctive antibiotic treat-
ment and vaccination with DNI would be an ideal option.9

(c) Clustering of the ATRwith the (PA63)7 complex causes
its association to specialized cholesterol, glycosphingolipid-
rich and detergent-resistant microdomains of the cell mem-
brane, designated “lipid rafts”. Although endocytosis of
ATR is slow, clustering into rafts is necessary and sufficient
to trigger efficient internalization of anthrax toxins and
allow their delivery into the cytoplasm. Importantly, by use
of drugs that altered raft integrity, LF delivery and cleavage
of cytosolic MAPK kinases have been prevented, suggesting
that lipid rafts could be therapeutic targets for drugs against
anthrax.23,150

(d) Chloroquine is a commonly used antimalarial com-
pound. Chemically it is a weak base that reduces the sup-
pressive effect of LT on lymphocytes, possibly by interfering
with intracellular acidification steps (neutralizes the acidic
heptameric PA63 compartments).143,151,152 It may augment
current treatment and prophylaxis options for this otherwise
lethal infection.

(e) ATP-activated macrophage P2X7 receptors are impli-
cated in nucleotide-mediated macrophage lysis. It has been
discovered that a potent P2X7 antagonist, oxidized ATP
(o-ATP), can increase endosomal pH and completely protect
BALB/cJ mice from LT-mediated cytolysis.153

(f) Two compounds, amiodarone and bepridil, used to
treat cardiac arrhythmia or angina in humans, have been
found to provide in vitro protection against LT. Both drugs
appear to interferewith the insertion of the PAheptamer into
the endosomal membrane via neutralization of the endo-
somal pH, thereby blocking toxin entry into the cytosol.154

(g) The chances of finding high affinity blocking agents
increase if they have the same symmetry as the target PA
pore. Guided by the shape and chemistry of the seven-sided
PA pore, investigators have synthesized small cyclic mole-
cules using β-cyclodextrin as the starting molecule. These
derivatives of β-cyclodextrin were chemically modifidied to
add seven positive charges to predominantly negatively
charged PA pore lumen and inhibited in vitro LT action by
blocking the ion conductance through the heptameric PA
channel. This approach could serve as the basis for a
structure-directed drug discovery program, with the goal of
identifying a new class of drugs that block the pathway for
toxin translocation into the cytosol.155-157 β-Cyclodextrins
have been shown to inhibit the toxicity of LT both in vivo
and in vitro. When combined with LFn-Lip loaded with
antianthrax drugs, β-cyclodextrins may be used against
intracellular targets (LFn represents a complex of liposomes
decorated with catalytically inactive fragments of LF).158

3.4.1.2. LF-Based Antitoxin Approaches. Since LF has
been shown to be the dominant virulence factor in anthrax
pathogenesis,95 much work has focused on finding potent
inhibitors of LF for treating exposure to Bacillus anthracis
spores with small molecule drugs, particularly in the late
stage of infection.159,131,160 It is envisaged that a comple-
mentary combination of an antimicrobial mechanism and an
LF-inhibiting mechanism has the potential to provide addi-
tional means of therapeutic intervention and substantially
reduce mortality.
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Though first suspected of being a metalloproteinase over
10 years ago, the first specific inhibitors of LF did not appear
until 2002.112 Since then, several classes of specific chemi-
cally distinct classes of inhibitory molecules have been
identified, from generating conventional metal chelating
substrate analogues to random screening of diverse com-
pound libraries. They may present several advantages, in-
cluding a potential increase in the survival rate of patients by
reducing or preventing the damage to vascular circulation
and the gaining of precious time for the antibiotics to clear
the bacteria. Given prophylactically, they could prevent
anthrax by helping the host innate immune system to act at
an early stage.112,159,161-163

LF inhibitors act in very low concentrations (from low
micromolar range to nanomolar range).164 However, the
need for these inhibitors to act intracellularly maymean that
even higher affinity (subnanomolar) inhibitors will be
needed to make viable therapeutics.160

(a) The aminoglycosides neamime and neomycin B have
both been shown to inhibit LF protease activity. They bind
to the LF in two different structural orientations and have
important implications for the rational design of LF inhi-
bitors. Guanidinylated derivatives of neamine have been
found to represent a structural scaffold for the design of
novel LF inhibitors. Besides aminoglycosides, several chemi-
cally distinct classes of molecules with LT-inhibitory action
have been identified, including polyamines and cationic
peptides. Spermine has been demonstrated for the first time
to inhibit LF activity.111,165,166

(b) Rhodamine derivatives are small molecules with a
strong and highly specific inhibition of LT protease activity
of bacterial toxins, namely, the proteases anthrax lethal
factor and the botulinumneurotoxin typeA. The integration
of results with structure-activity relationship studies has
provided a framework for the development of drug candi-
dates against anthrax and botulinum.167

(c) Catechins are compounds classified as polyphenols.
They are contained in green tea, and some of them are
powerful inhibitors of LF metalloproteolytic activity. The
main catechin of green tea, (-)-epigallocatechin 3-gallate,
has been shown to prevent the LF-induced death of macro-
phages and Fischer 344 rats.168

(d) In a search for small molecules that would protect the
population from anthrax, Merck Co. has identified a hydro-
xymate that inhibits LF protease activity and promotes
cellular survival in a macrophage cytotoxicity assay. This
molecule bound the active site of LF and offered complete
protection from spore infectionwhen administered tomice in
combination with ciprofloxacin 66 h postinfection.169

(e) Full-length, biologically inactive mutants of LF (and
EF), when combined with PA, have competitively inhibited
LT and ET-mediated activity in vitro and lethality in vivo,
suggesting their potential use as prophylactic or therapeutic
agents.170

(f) In the severe form of anthrax, bacteria spread through-
out the body and the toxin produced remains active in the
bloodstream for several days. Key structures have been
identified in the LF molecule that could lead to the develop-
ment of nontoxic compounds analogous to LF (decoys).
These agents competed with native LF molecules for PA
prepore binding and protected cells from anthrax LT.24

(g) High-throughput screening is currently a frequently
used and promising approach in identifying novel LF in-
hibitors. A library of approximately 14 000 compounds has

been screened using a fluorescence-based in vitro assay,
resulting in the identification of new scaffolds. These agents
inhibited LF in the low micromolar range and represent
promising leads for the development of effective LF inhi-
bitors.162 Similarly, by the screening of a chemolibrary of
10 000 druglike molecules, 18 novel small molecules with
important LF inhibitory activity have been identified. These
compounds and the structural scaffolds could be further
exploited for the development of potent and selective anti-
toxin agents.171

(h) A structure-activity relationship (SAR) of potential
LF inhibitors has been presented in which the zinc-binding
group (ZBG), linker, and backbone moieties for a series
of hydroxypyrone-based compounds were systematically
varied. Hydroxypyrothione ZBGs generated more potent
inhibitors than hydroxypyrone ZBGs. The results high-
lighted the need for a better understanding of how the
interplay between the ZBG, linker, and backbone can be
optimized to procure improved LF inhibitors.172

(i) In regard to antibodies (see also section 3.2), in research
conducted in France, an anti-LF single-chain variable frag-
ment (scFv) originating from an immunized macaque was
obtained by phage display. This antibody fragment inhibited
the formation of the LF-PA complex, suggesting its suit-
ability for prophylaxis and therapeutics.173

(j) In research conducted by Moayeri and colleagues, LT-
treated mice, deficient in the enzyme neuronal nitric oxide
synthase (nNOS), had striking architectural changes in heart
morphology. Cardiac protective nitrite therapy and allopuri-
nol therapy did not have any beneficial effect. The heart
represents an early target of LT in mice, and nNOS has a
protective role against LT-mediated cardiac damage.174

3.4.1.3. EF-Based Antitoxin Approaches. Because B. anthra-
cis putatively produces all three toxin moieties in vivo, recent
efforts have been made to shed light on the effects of ET on
various cell types and to inhibit its toxicity.175

(a) Using the structure of the catalytic site of EF and
screening a database of commercially available small mole-
cular weight chemicals, researchers have identified one qui-
nazoline compound (ethyl 5-aminopyrazolo[1,5-a]quina-
zoline-3-carboxylate) that specifically inhibits the adenylyl
cyclase activity of EF. This compound is a competitive
inhibitor because it binds to the adenine portion of the
ATP binding site on EF; it neither affected the activity of
host resident adenylyl cyclases nor the binding of calmodulin
to EF. This compound could serve as a lead in the design of
antitoxins combating inhalational anthrax and to address
the role of EF in anthrax pathogenesis.176

(b) Adefovir dipivoxil is a nucleotide analogue, a clinically
approved antihepatitis B virus drug that targets virus-
specific DNA polymerase and mimics ATP, the natural
endogenous substrate of EF. In murine macrophages it has
electively blocked EF with great affinity and effectively
prevented EF-induced increases in c-AMP, thus preventing
the ET-mediated alteration of cellular functions.177

(c) Treatments against EF may be useful if combined with
anti-LF treatment. It has been shown that purified rEF could
compete in vitro with rLF over the binding regions of PA.
The results of this study encourage the screening for new EF
inhibitors and suggest that rEF and rLF can restrain each
other competitively.178

(d) A structure-based method has been used to identify
non-nucleotide inhibitors of EF. A library of small molecule
fragments was docked to the EF-active site in existing crystal
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structures. Nineteen diverse compounds with the best Auto-
Dock binding/docking scores were assayed in a cell-based
assay for their ability to reduce cAMP secretion induced by
EF. This fragment-based pharmacophore method identified
a small number of compounds from different struc-
tural groups that inhibited EF activity in the lowmicromolar
range and could be used as lead compounds for combina-
torial design.179

3.4.2. Targeting the Intracellular Toxin Effects. 3.4.2.1.

Targeting the LF Enzymatic Activity. LT-induced cell death
via cleavage of MAPKK remains questionable. Although it
has been shown that smallmolecules that activateMAPkinase
cascades protect mouse macrophages from LF-induced cell
death, it is unclear how LF-mediated MAPKK cleavage is
related to cytotoxicity. Rather than directly inhibiting toxin
function, the downstream effects of LF could be blocked by
targeting host intracellular proteins, e.g., targeting LF inter-
actions with MAPKKs and MAPKKs substrate peptides.131

Studies on these interactions have begun to explain the highly
restricted specificity of LF and to provide a basis for design of
protease inhibitors.3,180-183

(a) Proteins can be degraded by the proteasome via the
N-end rule which is required for LT-mediated caspase-1
activation and cell death. Proteasome inhibitors block LT-
mediated caspase-1 activation and can protect against cell
death, indicating that the degradation of at least one cellular
protein is required for LT-mediated cell death. It has been
found that bestatin methyl ester, an aminopeptidase inhi-
bitor, protects against LT challenge.184

(b) Celastrol, a triterpene compound derived from a plant
extract, is a potential inhibitor of LT-induced macrophage
lysis.This agent does not inhibit the cleavage of MAPKK-1
but the proteasome-dependent degradation of proteins.
Celastrol could also rescue cells in the late stages of intoxi-
cation by conferring almost complete protection to them
1.5 h after intoxication.185

(c) R-Defensins form a group of compounds produced by
human neutrophils.Human neutrophilR-defensins (HNP-1)
have prevented deleterious effects of LT in vitro experiments
by inhibiting the cleavage of MAPKKs and restoring their
impaired signaling function in LT-challenged macro-
phages.186

(d) θ-Defensins are cyclic octadecapeptides encoded by the
modified R-defensin genes of certain nonhuman primates.
Retrocyclins are derivatives of θ-defensins that have the
ability to bind the LF rapidly and with high affinity, pre-
venting its deleterious effects. Certain defensins have not
only exerted potent antibiotic activity against the spores and
bacilli of B. anthracis but also inactivated the enzymatic
activity of LF and protected murine RAW-264.7, providing
molecular templates for structure-based improved drugs
against B. anthracis and its toxins.187

(e) LT-Mediated necrosis of macrophages has been
blocked by complete inhibition of caspase-1 activity. It seems
that caspase-1-mediated macrophage necrosis is the source
of the cytokine storm and inhibition of the caspase-1 activity
could represent a potential anti-infective target.188,189

3.4.2.2. Targeting the EFEnzymatic Activity.The catalytic
efficiency of EF is enhanced by approximately 1000-fold
upon its binding to host protein calmodulin (CaM). The
screening of a 10 000 member library has identified a mole-
cule that inhibits the EF-CaM interaction and therefore the
adenylyl cyclase activity. This compound represents an im-
portant reagent in the study of the role of EF in anthrax

pathology and a drug lead against inhalational anthrax.190 EF
elicits edema in host tissues, but the target cells and events
leading from EF-mediated c-AMP production to edema are
unknown. It stimulates the release of multiple inflammatory
mediators, specifically neurokinins, prostanoids, and hist-
amine, which contribute to edema. These mediators increase
vascular permeability, and interventions directed at these
mediators may benefit hosts infected with B. anthracis.191 EF
has potent adenyl cyclase activity and increases host cell
cytosolic cAMP levels. The production of cAMP is dependent
on an influx of calcium, and cAMP accumulation is prevented
by calcium channel antagonists or the absence of calcium.34

3.5. Other Anti-Infective Approaches. Alongside the clas-
sical plasmid-based virulence factors, there is much experi-
mental evidence that supports the view that newly identified
B. anthracis components, encoded by genes located either on
the chromosome or on the virulence plasmids, could have
immunogenic properties and contribute to the overall
anthrax pathogenesis. These antigens may be additive
ingredients for PA-based vaccines, resulting in products with
a less demanding vaccination regimen.192

3.5.1. Other Approaches Targeting Germinated Spore

Components. Analysis of the sequence of the chromosome
of B. anthracis Ames has revealed several encoded proteins,
including phospholipases, proteases, superoxide dismutases,
anthrolysins, iron acquisition proteins, and surface proteins,
etc. These molecules could be regarded as newer virulence
factors contributing to the virulence of B. anthracis.193

(a) Sortase-B is an enzyme that contributes to heme iron
scavenging from the host cells, an element that is vital for
B. anthracis survival. Its location on the cell wall envelope of
vegetative bacteriamakes this enzyme an attractive target for
anthrax therapy.194

(b) Anthrolysin (Anl-O) is a cholesterol-dependent cyto-
lysin that is secreted byB. anthracis and is largely responsible
for the hemolytic activity of B. anthracis culture supernates.
The fact that Anl-O is lethal to human immune cells
(macrophages, neutrophils, monocytes, and lymphocytes)
supports the idea that it may represent a novel virulence
factor and be a candidate target for the development of an
antitoxin vaccine.195,196

(c) Purine nucleoside phosphorylase (PNP) is a key enzyme
in the purine-salvage pathway of B. anthracis whose cry-
stal structure has been solved. Because of its importance in
B. anthracis survival, it might help in the development of a new
generation of structure-based PNP anthrax inhibitors.197

(d) A novel protein required for the replication of the
pXO1 virulence plasmid, designated “FtsZ-like protein”, has
been discovered. This replication agent may provide a novel
biological target for the elimination of the pXO1 plasmid.198

(e) Sap and EA1 are two abundant S-layer proteins that
have protected laboratory animals from anthrax challenge.
They could serve as additional immunogenic targets for the
development of new anthrax vaccines.199

(f) Two neutral zinc metalloproteases have been purified
from the culture supernatant of a nonvirulent δAmes strain
(pXO1, pXO2) designated “Npr599” and “InhA” and be-
longing to the M4 and M9 thermolysin and collagenase
families, respectively. Both proteases represent multifunc-
tional pathogenic factors that may contribute to anthrax
pathogenesis through direct degradation of host tissues.
They could be regarded as effective biological targets in the
development of novel approaches complementing anthrax
therapy against LT.200
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(g) Nowadays, it is possible to characterize host-pathogen
interactions from a global proteomic viewpoint, aiming at
improved therapeutic modalities. For this reason a network of
seven biodefense proteomics research centers (PRCs) was
recently established in the U.S. to support the development
of innovative proteomic technologies. The screening for host-
pathogen proteins identified 15 specific interacting host pro-
teins forB. anthracis, seven for the PA and eight for LF. These
proteins could serve as potential targets for novel therapeutics
and/or diagnostics.201

(h) Ribonucleotide reductase provides deoxyribonucleo-
tides for DNA synthesis needed for spore germination and
the growth of pathogens. In combination therapies against
B. anthracis infections, this key enzyme could represent a
potential target of antiproliferative drugs such as hydroxy-
urea and the antioxidants hydroxylamine and N-methyl-
hydroxylamine.202

(i) Macrophages generate large quantities of nitric oxide
(NO) and other nitrogen and reactive oxygen species to
combat infecting bacteria. Surprisingly, in vivo resistance
of Bacillus anthracis to macrophage killing has been shown
to depend on its own NO-synthase (bNOS) activity. Results
showed Bacillus anthracis bNOS to be an essential new
virulence factor and an attractive antimicrobial target for
treatment of anthrax.203

(j) Three phospholipases C (PLCs) have been shown to
contribute to themacrophage-associated growth ofB. anthracis
by aiding in the escape of the bacterium from phagocytic
vacuoles. The functional redundancy between PLCs in the
virulence of B. anthracis implies that their activities are impor-
tant for anthrax pathogenesis and represent potential targets in
anti-infective strategies.204

(k) B. anthracis synthesizes bacillibactin (BB) and petro-
bactin (PB), two small siderophore-based molecules to
scavenge iron from its environment. Enzymes involved in
siderophore biosynthesis for iron acquisition have become
attractive targets for the discovery of new antibiotics.205,206

Host cells synthesize siderocalin, a molecule that speci-
fically reacts only with BB, to protect themselves from
bacterial iron depletion. Surprisingly, B. anthracis synthe-
sizes the alternative siderophore PB, whose structural vari-
ation precludes siderocalin binding, and in this way it
stealthily evades the host immune surveillance.207 Side-
rophores constitute potential therapeutic targets, and their
structural determination is important for exploiting their
therapeutic value.

3.5.2. Spore Components as Possible Anti-Infective Tar-

gets. A better understanding of the dynamic morphology of
the dormant and germinating spore and its interaction with
the host immune system could be important in developing an
optimally efficacious anthrax vaccine.208 PA-based anthrax
vaccines acting on toxins are less effective than live attenu-
ated vaccines, suggesting that additional antigens may con-
tribute to protective immunity.209 Recently, studies have
focused on the recent wealth of genomic and proteomic
information on B. anthracis spores to identify additional
novel targets in order to augment the protective efficacy of
PA-based vaccines.193,210

(a) B. anthracis exosporium contains 20 different protein
species, and BclA has been characterized as the immunodo-
minant protein of the exosporium. Vaccination with a
combination of PA- and BclA-encoding pDNA has led to
significantly better survival than immunization with plas-
mids encoding only PA or BclA.211

(b) Anthrose is a specific antigenic component of anthrax
spores. Chemically it is a tetrasaccharide attached to BclA
and could serve as an important agent in the development of
anti-infective approaches targeting nonprotein B. anthracis
spore structures.212

(c) Exosporially located components, ExsY, ExsF, ExsK,
CotB, CotY, alanine racemace, and inosine hydrolase, espe-
cially the alanine racemace and inosine hydrolase, may
influence spore germination within the macrophage and
serve as potential biological targets for the development of
novel anti-infective strategies.213

(d) The coat of B. anthracis spore contains at least 40
proteins. CotA is an abundant protein in the outer spore
coat. It plays a key role in the spore resistance and could be
an attractive antibacterial target.214

(e) Serological analysis of the extracellular and cytoplasmic
proteomes of a nonvirulent B. anthracis strain has identified
various in vivo expressed immunogenic proteins which were
predicted to contribute to the establishment of anthrax infec-
tion. Such proteins include sulfatases, phosphatases, nucleoti-
dases, chitinases, peptidases, and proteases. Among these,
peptidases and proteases are considered to be important
virulence factors and thus attractive antianthrax targets.215,210

(f) Spore opsonization-associated antigen A (SoaA) is a
protein below the coat layer of the ungerminated spore that is
involved in the interaction of spores with macrophages
shortly after infection. In the presence of antispore anti-
bodies, the SoaA protein in the Ames strain of B. anthracis
has been seen to contribute to spore opsonization and
increased the spore uptake by phagocytes, suggesting the
potential use of SoaA as a vaccine antigen.208

3.5.3. Other Anticapsular Approaches. (a) The antiphago-
cytic action of the capsule can be neutralized by CapD
depolymerase. CapD is a membrane-associated poly-γ-glu-
tamate-specific depolymerase encoded on pX02 capsule
plasmid. It contributes to B. anthracis virulence, first by
anchoring capsular material to theB. anthracis envelope and
second by degrading the high-molecular-weight capsule
from the bacilli surface, resulting in the induction of macro-
phage phagocytosis of the encapsulated bacteria and killing
them by human neutrophils. It has been shown that CapD
variants failed to deposit the capsule into the envelope and
displayed defects in anthrax pathogenesis. Similarly, the
CapD inhibitor capsidin, 4-[(4-bromophenyl)thio]-3-(dia-
cetylamino)benzoic acid blocked capsular assembly and
enabled the phagocytic killing of nonencapsulated vegetative
forms, suggesting the potential use of capsidin in anthax
treatment.216 It seems that the use of enzymes to degrade the
capsule and enable the phagocytic killing ofB. anthracismay
lead to novel postexposure therapies.217,218

(b) Using poly-L-glutamic acid (L-PGA), scientists have
synthesized biodegradable polyvalent peptide inhibitors at
least 4 orders of magnitude more potent than the corre-
sponding monovalent peptides. These synthetic peptides
could represent attractive leads for designing biocompatible
anthrax therapeutics.219

4. Treatment of Individuals Exposed toB. anthracis during the
2001 Anthrax Attacks

Subsequent to the outrage of September 11, 2001, in the
U.S., after receiving a contaminated letter, a 63-year-oldwhite
mandiedof inhalation anthrax, the first person todevelop this
disease in the U.S. in 25 years. After the dispatch of probably
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six such letters, as of January 26, 2002, a total of 11 cases of
inhalation anthrax (five of these patients died) and 11 cases of
cutaneous anthrax (seven confirmed and four suspected) had
been identified. A letter sent to Senator Tom Daschle con-
tained 2 g of powderwith theAmes strain ofBacillus anthracis
spores and an estimated spore quantity of >10 million LD50

doses.2 Although the number of cases was relatively small to
support a meaningful statistical conclusion, this experience
brought bioterrorism and its potential into sharp focus as
thousands of people in the U.S. began receiving prophylactic
antibiotics after possible exposure to anthrax spores. Those
events have resulted in a substantial impact on the health care
system and public health planning.

Several clinical findings from the patients with inhalational
anthrax deserve emphasis. Malaise and fever were symptoms
in all cases. Cough, nausea, and vomiting were also promi-
nent. Drenching sweats, dyspnea, chest pain, and headache
were also seen in amajority of patients. Fever and tachycardia
were seen in the majority of patients at presentation, as were
hypoxemia and elevations in transaminases. Essential ele-
ments of care included rapid initiation of antibiotic therapy
and supportive care (i.e., intravascular volume repletion, with
vasopressor and ventilatory support as necessary), and drai-
nage of the large pleural effusions, usually with chest tubes,
was required in most of the cases. Therapy with corticoster-
oids had to be considered for patients with inhalational
anthrax associated with meningitis or for patients who had
severe mediastinal edema. The case-fatality rate among ex-
posed individuals who received intensive care was 45%.16,57

The original recommendation from the CDC for postexpo-
sure prophylaxis was a 60-day course of antimicrobials.
However, as anthrax spores persist in mediastinal nodes
during antibiotic exposure and germinate to cause lethal
disease after the withdrawal of antibiotics, recommendations
were subsequently modified to permit 1 of 3 options: (1) a
60-day course of antibiotics followed by careful clinical
observation, (2) extension of the course of antibiotics to
100 days, or (3) extension of antibiotic therapy to 100 days
combined with administration of AVA in three doses at
2-week intervals. The AVA vaccination was not initiated
immediately in persons believed to have been exposed to
B. anthracis. Many Capitol Hill aides took AVA, but most
postal workers refused, preferring to take their chances using
antibiotics alone.115

An estimated 32 000 individuals initiated antimicrobial
prophylaxis. Individuals were initially given ciprofloxacin,
and when the antimicrobial sensitivities became available,
they were encouraged to change to doxycycline. Amoxicillin
was provided for pregnant women, breast-feeding mothers
and children as a result of the concerns over the potential
toxicity of the first two agents. Given the uncertainties
regarding how many weeks or months spores may remain
latent in the period following discontinuation of postexposure
prophylaxis, individuals were instructed to report immedi-
ately flulike symptomsor febrile illness to their physicianswho
would then evaluate the need to initiate treatment for possible
inhalational anthrax. While adverse events associated with
antimicrobial prophylaxis were common (57%), serious
events requiring hospitalization were rare (7%).47

Antibiotics were effective in the anthrax letters of 2001, but
itwill be recalled that ciprofloxacin, rather thanpenicillin, was
recommended. This was due to concern that a bioengineered
agent might have been used. If the anthrax strain had been
engineered to be antibiotic-resistant, the aforementioned

antibiotics might have been completely ineffective.16 It is
recommended that antibiotic resistance to penicillin- and
tetracycline-class antibiotics should be assumed following a
terrorist attack until laboratory testing demonstrates other-
wise. Because the Ames strain causing these recent infections
has shown the presence of constitutive and inducible
β-lactamase, the treatment of systemic anthrax with penicillin
or amoxicillin alone is no longer recommended. Moreover,
although quickly clearing bacteremia in patients during the
2001 outbreak, antibiotics did not prevent lethality in some
patients, suggesting that antitoxin agents may be even more
important than antibiotics.34

5. The Sverdlovsk Anthrax Outbreak of 1979

The only large-scale outbreak of inhalational anthrax in the
20th century occurred in the former Soviet Union (FSU). The
Sverdlovsk accident provides data on the only known aerosol
release of B. anthracis spores resulting in an epidemic.

On April 2, 1979, an anthrax epidemic occurred among the
citizensofSverdlovsk (nowEkaterinburg), a cityof 1.2million
people, 1400 km east of Moscow. Anthrax spores were
accidentally released downwind from amilitary microbiology
laboratory because of the failure to activate air filters.7,8 At
least 77 cases and 66 deaths occurred and livestock died,
althoughU.S. intelligence sources claimed the toll might have
reached 1000 victims.9,14

In 1986MatthewMeselson (Department ofMolecular and
Cellular Biology,HarvardUniversity) was invited toMoscow
to discuss the incident with four Soviet physicians. The Soviet
Union maintained that the anthrax outbreak was caused by
consumption of contaminated meat that was purchased on
the black market.7,13 After the collapse of the Soviet Union,
Boris Yeltsin, then the president of Russia, ordered an
investigation into the causes of the epidemic in Sverdlovsk.
In 1994 Meselson and his team returned to Russia to aid in
these investigations. They reviewed the studies of pathologists
at a local hospital in Sverdlovsk. One of the lead authors, Dr.
Faina Abramova, made available her private records from a
series of 42 autopsies.220 In that accident, antibiotics, anti-
anthrax globulin, corticosteroids,mechanical ventilation, and
vaccine were used to treat some residents in the affected area
after the accident. In fatal cases, the interval between onset of
symptoms and death averaged 3 days. Post-mortem patho-
logical analysis of specimens from 42 patients showed that all
patients had necrotizing hemorrhagic thoracic mediastinitis,
hemorrhagic lymphadenitis, pleural effusions and about half
had hemorrhagic meningitis. The Sverdlovsk accident has
shown that disease and death occurred from 2 to 43 days
after exposure to the accidentally released anthrax spores.28

The conclusion was that the pattern of these 42 cases of fatal
anthrax bacteremia and toxemia was typical of inhala-
tional anthrax as seen in experimentally infected nonhuman
primates.7

6. Cost-Effectiveness Analysis of a Bioterrorism-Related An-

thrax Attack

The small-scale terrorist anthrax attack that was perpe-
trated via the U.S. mail system raises the possibility of a
similar future attack, employing the use of biological weapons
of mass destruction on American soil and other countries,
without warning or provocation.15 In a large-scale attack the
optimal future response may require strategies different from
those required in a small-scale one. However, rapid screening
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and identificationof spores at the scene are extremely useful to
prevent the costly interruption of services and potential
referrals for medical evaluation.221 An economic model deve-
loped by CDC suggests a cost of $26.2 billion per 100 000
persons exposed in a mass attack with anthrax.

A bioterrorism attack with anthrax will require rapid
deployment of medical and pharmaceutical supplies to ex-
posed individuals. A cost-effectiveness simulation analysis
was conducted to determine the optimal response strategy
for a small-scale attack perpetrated against U.S. Postal
Service distribution centers in a largemetropolitan area.Three
strategies were compared: preattack vaccination of all U.S.
distribution center postal workers, postattack antibiotic
therapy followed by vaccination of exposed personnel, and
postattack antibiotic therapy without vaccination of exposed
personnel. Despite uncertainties about a future small-scale
attack and exposure risk, postattack antibiotic therapy and
vaccination of exposed postal workers seemed to be the most
cost-effective response compared with the other strategies.222

Similarly, another mathematical simulation of treatment
approaches against anthrax in a genetically diverse popu-
lation reached the same conclusion. It was shown that both
vaccination and antibiotic administration should be the opti-
mal strategy.223 Regardless of which vaccination policy is
adopted, vaccination before or after a large-scale attack, a
rapid and effective postattack medical response has a large
impact on the number of lives that can be saved.224

InSeptember 2004 theCDCrevised their recommendations
on preventing anthrax disease to reflect the complementary
roles of vaccine and antibiotics.225 The CDC recommenda-
tions now include 60 days of oral antibiotics, along with a
three-dose AVA vaccination regimen (0, 2, and 4 weeks). The
difficulties of providing more than one vaccine dose to a large
population, however, point to the need for a new anthrax
vaccine that could be efficiently and rapidly delivered in a
mass-vaccination campaign (one-dose vaccine, preferably
delivered through a transcutaneous, nasal, or oral route).57

A critical question in planning an effective response to
bioterrorism is how antibiotics and medical supplies should
be stockpiled and dispensed. Researchers have modeled the
regional and local supply chain for antibiotics and medical
supplies as well as local dispensing capacity. For an attack
exposing 250 000 people and requiring the prophylaxis of 5
million people, expectedmortality fell from243 000 to 145 000
as the dispensing capacity increased from 14000 to 420 000
individuals per day. At low dispensing capacities (<14000
individuals per day), nearly all exposed individuals died.226

Apparently, the critical determinant of mortality following
anthrax bioterrorism is local dispensing capacity, and for this
reason bioterrorismpreparedness efforts should be directed at
improving local dispensing capacity.

A compartmentalmodel has been developed to evaluate the
costs and benefits of various strategies for preattack stock-
piling and the postattack distribution and dispensing of
medical and pharmaceutical supplies.227 The results showed
that improved surveillance systems can significantly reduce
deaths from a large-scale bioterrorist attack only if the local
community has sufficient antibiotic-dispensing capacity.
Moreover, mortality from such an attack is significantly
affected by the number of unexposed individuals seeking
prophylaxis and treatment.

Fowler has produced amathematicalmodel, basedona 1%
yearly risk of attack, arguing that combined postexpo-
sure antibiotics and vaccination would be safer and more

cost-effective than mass preexposure vaccination.16,228 His
statistical analysis showed that during the 2001 anthrax
attacks the preventative measure of the 60-day antibiotic
prophylaxis may have saved many lives.228

In the event of a future terrorist attack, hospitals have been
working vigorously to ensure they would be “ready” to
provide appropriate medical care to victims. However, ac-
cording to a recent U.S. General Accounting Office (GAO)
nationwide survey, a number of hospitals throughout theU.S.
are still not adequately prepared to manage mass causalties
(hundreds or even thousands of lives) resulting from chemical
or biological weapons.15

On January 28, 2003, President Bush announced the crea-
tion of Project BioShield. The Project BioShield Act was
signed into law on July 21, 2004. BioShield serves as a
procurement mechanism, allowing the government to finance
the stockpiling of countermeasures for biological, chemical,
nuclear, and radiological weapons.57 However, biosecurity
experts say that after 9 years and more than $50 billion spent
since 9/11, the U.S. still has made only marginal progress in
developing the securitymeasures andnew therapeutics needed
to protect people from the next bioterrorist anthrax attack.229

7. Animal Models

The 2001 anthrax attacks precipitated a renewed interest in
identifying both therapeutics and rapid diagnostic assays for
inhalational anthrax. However, the scarcity and severity of
human infection have resulted in the extensive use of animal
models to determine the efficacy of medical countermeasures
destined for human use.230-232 The challenge has been to
identify well-characterized animal models that closely resem-
ble the human disease and respond in a similar manner to
medical countermeasures, such as vaccines.47 Patterns of anti-
body response to the currently licensed AVA in the U.K. and
the U.S. have been determined in human volunteers.59,233

Although there is a definite role for antitoxin antibodies in
providing protection against anthrax, it is not clear what levels
of antibodies will be required to protect humans after PA
vaccination or passive immunization.5 This consideration is
important, since efficacy testing of the currently licensed and
next-generation human vaccines will rely on the identification
of rugged correlates of protection for humans extrapolated
fromanimalmodels, for example, rabbits (they present amuch
better anthrax model compared with mice).10,105,234,235 Re-
searchers have developed a novel whole-cell vaccine utilizing a
B. anthracis strain that is killed but metabolically active
(KBMA). This vaccine was well-tolerated and elicited potent
protective immune response, suggesting its potential appli-
cation in the assessment of correlates of protective immunity
against anthrax.236

Studies in rabbits and a guinea pig aerosol challenge
model revealed a threshold-neutralizing titer, above which
all animals survived a certain spore challenge dose.237 It is
from nonhuman primate studies that the FDA has con-
cluded that any candidate anthrax vaccine will be licensed
using well-defined correlates of protection from two rele-
vant animal models.238 It is important to remember that in
the event of an aerosol attack, it is impossible to test the
actual efficacy of any vaccine. As yet, the information on the
pathogenesis of anthrax infection in humans is almost
nonexistent and most available knowledge comes from
experimental studies on primate animals, e.g., monkeys
and other nonprimate animals.230,234
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Some of the confusion regarding extrapolation of the
information to the human situation also results from the
current animalmodels and theB. anthracis strains being used.
It is noted that the susceptibility or resistance to B. anthracis
infection ranges widely in mammals, not only among species
but also within a single species.28Moreover, the identification
of antitoxic immunity as the most important means for
protection against B. anthracis has been complicated by the
observation that there is not yet an entirely well-accepted
animal model for evaluating immunity to LT and to spores of
different anthrax isolates, because of the varying susceptibility
of animal models to spores of different origin.5

The availability of relevant and useful animal models is
critical for progress in the development of effective vaccines
and therapeutics.A reviewof the literature shows that although
a wide range of animals have been employed, the principal
focus has been on mice, guinea pigs, rabbits, and nonhuman
primates. Following extensive characterization, the rabbit and
rhesus macaque have been proposed as suitable models in
which to test therapeutics destined for human use.47,234 The
enhancement of survival in vaccinated nonhuman primates
and rabbits challengedwithB. anthracis spores is clearly related
to the prevention of mortality in exposed humans. This makes
these animal models ideal for evaluating vaccine efficacy and
determining a correlate of protection for human beings.234 The
rhesus macaque is considered the model most comparable to
humans for predicting the ability of a vaccine to elicit protec-
tion against inhalational spore challenge but cannot be used in
the experimental numbers needed to demonstrate the correla-
tion of antibody titers with protection. Therefore, there is a
critical need for an alternative nonhuman primate model
becauseof the increasingly limited supplyandcost of the current
model. One report describes the pathology in 12 African green
monkeys (AGMs) that succumbed after exposure to Bacillus
anthracis Ames strain spores.239 Pathologic changes in AGMs
were remarkably similar to what has been reported in rhesus
macaques and humans that succumbed to inhalational anthrax,
demonstrating that the African green monkey could be a
suitable animal model, exhibiting a disease course similar to
that observed in the rhesus model and humans.240

The infection of rabbits and nonhuman primates with fully
virulent Bacillus anthracis spores provides two excellent
models of anthrax disease. However, the high cost of procur-
ing and housing these animals and the specialized facilities
required to deliver fully virulent spores limit their practical use
in early stages of product development. Conversely, the small
size and low cost associated with using mice make this animal
model more practical for conducting experiments in which
large numbers of animals are required. It has been shown that
themurine aerosol challengemodel is both useful and relevant
to that described for other species, including rabbits and
nonhuman primates, and provides a means for further in-
vestigating the host response and mechanisms of B. anthracis
pathogenesis.241 Furthermore, investigators have developed
and standardized a new, relatively inexpensive mouse model
for studying inhalational anthrax.232 This is a major advance,
since up until now the ability to conduct such studies was
greatly limited by the short supply of nonhuman primates.
Mice are also considered the best animal models to demon-
strate a role for anticapsular protective immunity.5

8. Concluding Remarks and Future Perspectives

Although rare as a natural disease in humans, anthrax has
recently gained substantial notoriety because of the capacity

of its spores tobe utilized as an agent of biologicalwarfare and
terrorism.B. anthracis spores have several characteristics that
rank them as the leading threat among bioweapons, and their
intentional release in the U.S. mail system in 2001 increased
public vulnerability to anthrax bioterrorism.Compared to the
large financial investments and technical knowledge required
to develop nuclear weapons, biological weapons can be
manufactured at a fraction of the cost and with relative
ease.224 However, most experts agree that the manufacture
of an anthrax aerosol is beyond the capacity of individuals or
groups and necessitates access to advanced biotechnology
laboratories. Apparently, the subject of anthrax is complex,
involving not only scientific but also political, social, military,
and ethical issues.

The central role of PA in the pathophysiology of anthrax
makes it an excellent target for vaccines and antitoxins deve-
lopment. PA is the principal protective immunogen of the
current U.S.- and U.K.-licensed human anthrax vaccines.
Although PA is clearly the most critical immunogen in
protective immunity, there are additional immunogens in
the spore or in the vegetative cells that may contribute to
protective immunity against anthrax. The use of native PA as
a vaccine is not optimal. If administered to people who have
been freshly exposed to anthrax, PA may actually aid in
anthrax toxin formation, thus posing a serious safety concern.
A nonfunctional PAmutant may be a much safer alternative.
Recombinant PA mutants, particularly DNI, hold great
promise as better and safer antigens than wild-type PA for
use in postexposure vaccination.242

Vaccination may be the most effective and economical
strategy of mass immunization, and a considerable amount
of time andmoney has been expended on developing effective
vaccines. The available first-generation vaccines are consi-
dered to be safe and effective but have several drawbacks,
most notably the local side effects and complicated dosing
schedule. The development of second- and third-generation
vaccines is based on purified preparations of rPA. Vaccine
improvements include the use of recombinant bacterial, viral,
or DNA vectors, the addition of new adjuvants, and the
supplementing of the existing vaccines with other anthrax
antigens, such as spore components, bacterial capsule, or
antigens based on LF or EF. Ideally, a third-generation
vaccine formulation would enable self-administration
(needle-free) via the nasal, oral, or dermal routes to facilitate
mass vaccination and storage at room temperature. In the
next 5 years a subunit vaccine of purified rPA administered in
combination with an aluminum-based adjuvant is the only
candidate vaccine likely to receive licensing approval. Devel-
oping more effective anthrax countermeasures is expensive
and technically difficult, especially because most counter-
measures have a limited shelf-life.

A delay in antibiotic treatment may substantially lessen
chances for survival. A combination of antibiotics and ag-
gressive hospital supportive care may succeed in the prodro-
mal stage, but in the fulminant stage antibiotics are no longer
effective owing to the accumulation of a lethal toxin level and
death generally occurs within 24 h. Because of nonspecific
initial symptoms and given the difficulty of achieving rapid
microbiologic diagnosis of anthrax, all persons in high-risk
groups who develop fever or evidence of systemic disease
should start receiving therapy for possible anthrax infection
while awaiting the results of laboratory studies. Moreover,
studies in rhesus monkeys have shown that spores persist in
the lungs of primates for up to 60 days. To avoid recurrence,
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infected individuals should be vaccinated on the commence-
ment of antibiotic treatment and can be discontinued once
protective immunity has developed. Sixty days of cipro-
floxacin administration at 500 mg every 12 h is currently
recommended for the prophylaxis of inhalational exposure to
Bacillus anthracis. However, durations of 110 days have not
achieved 99.9% eradication, irrespective of initial burden,
because of variance in drug pharmacokinetics between
patients. Given the absence of person-to-person transmission
for Bacillus anthracis, adverse drug effects with long-term
ciprofloxacin administration, and the possibility of engender-
ing resistance in bodily flora, shorter prophylaxis duration
should be given consideration, along with careful monitoring
of all exposed individuals.243

The emergence of artificially engineeredB. anthracis strains
resistant to antibiotics has prompted researchers to pursue
additional therapeutic options. Such alternatives include
small molecules, e.g., LF inhibitors and antibodies against
toxins (e.g., PA-specific antibodies). Passive immunization
using a polyclonal or a high-affinity monoclonal antibody
may offer adjunctive value to antibiotic therapy.

Because death is thought to be due to the persistence of
circulating toxins, there is an urgent need for the discovery
of antitoxin agents that would be effective at the end stage of
anthrax. Growing insights into the structure and function of
both LT and ET have led to the design and production of an
increasing number of agents capable of neutralizing toxins or
their effects and have also revealed potential applications in
medicine. Much work has focused on finding potent LF
inhibitors as complementary therapy to antibiotics. Research
has resulted in the design of small molecules that can speci-
fically interfere with the catalytic activity of LF. A low
molecular weight LF inhibitor would be invaluable in com-
bating the LT action by reducing or preventing the damage to
vascular circulation, giving the antibiotics time to neutralize
the bacterial infection.

In the event of anaerosolized spore attackonanunvaccinated
metropolitan population, antibiotics (ciprofloxacin) and active
immunization (AVA) represent the most effective and least
expensive strategy for treatment of infected individuals who
have been exposed but are not yet ill. Postexposure vaccination
may shorten the duration of antibiotic administration. Yet until
ample reserve stockpiles of vaccine are available, reliance must
be placed only on antibiotic administration.

The development of new treatment modalities is hampered
by the difficulty in demonstrating their effectiveness in hu-
mans. Animal models are extensively used to study the
pathology of infection and to determine the efficacy of
medical countermeasures. Currently, the challenge has been
to identify well-defined animal models that recapitulate the
detailed histopathology of systemic infection and responses
observed in humans. Most of the available knowledge comes
from monkeys and other nonprimate animals.

Since 2001, intensive biomedical research has been con-
ducted and an enormous amount ofmoney has been allocated
to develop potent medical countermeasurements. In spite of
this, there has been no real progress. TheU.S. government has
declared that an effectivepostexposure treatmentof anthrax is
a key national priority in the fight against bioterrorism, but it
does not yet have the range of medical countermeasures
needed to protect its citizens from a mass anthrax attack.
It is expected that a next-generation anthrax vaccine and
improved treatment modalities will be derived from a better
understanding of the interaction of virulence factors with

human and animal hosts and the role the host immune
responses play in providing protective immunity.
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