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INTRODUCTION

Bacillus anthracis, the etiological agent of anthrax, is at the
top of the list of bacteria, viruses, and toxins that may be used as
a biological weapon against the United States of America. B.
anthracis spores can be easily produced, can be aerosolized as a
dry powder with a particle size of approximately 4 �m, and can
remain viable in the environment for extended periods (41, 67).

B. anthracis is a gram-positive, nonhemolytic, spore-forming,
facultative anaerobic bacterium. It causes three forms of an-
thrax, i.e., inhalational, cutaneous, and gastrointestinal, de-
pending on the route of inoculation (19, 67). The prevailing
model of infection proposes that spores introduced into the
body by abrasion, inhalation, or ingestion are phagocytosed by
macrophages and subsequently carried to regional lymph
nodes. In this model, B. anthracis spores germinate while inside
macrophages and become vegetative cells, which are then re-
leased from the macrophage and multiply in the lymphatic
system (37). Multiplying vegetative cells enter the bloodstream
and may reach levels of �108 CFU/ml (19).

Virulent B. anthracis harbors two plasmids, designated pX01
and pX02 (63). The pX01 plasmid contains a 44.8-kb patho-
genicity island that carries the three toxin genes, cya, lef, and
pagA (65). The pX02 plasmid carries three capsule genes,
capA, capB, and capC, and a gene associated with depolymer-
ization of the capsule, dep (50). The pX01 gene pagA encodes

an 83-kDa protein known as protective antigen (PA). Vegeta-
tive B. anthracis cells produce two binary exotoxins. Lethal
toxin (LT) is formed by the binding of the lef gene product,
lethal factor (LF), to receptor-bound PA (53). By analogy,
edema toxin (ET) is formed by the binding of the cya gene
product, edema factor (EF), to receptor-bound PA (53). LF is
a zinc metalloprotease that inactivates mitogen-activated pro-
tein kinase kinases (MAPKK) (21). The cleavage of MAPKKs
prevents activation of p38 mitogen-activated protein kinase
(MAPK), which subsequently prevents the induction of certain
NF-�B target genes including genes necessary to prevent apo-
ptosis of activated macrophages (66). NF-�B activation is also
important for the up-regulation of cytokine genes involved in
early innate immune responses (29). ET is an adenylate cyclase
that increases intracellular cyclic AMP (cAMP) levels in sus-
ceptible cells. ET alters water homeostasis and is responsible
for the edema that frequently occurs in patients with B. an-
thracis infection (19, 79, 82). By increasing cAMP concentra-
tions in neutrophils, ET inhibits phagocytosis and blocks par-
ticulate as well as phorbol myristate acetate-induced
respiratory burst responses (64). ET also differentially regu-
lates macrophage responsiveness to lipopolysaccharide-in-
duced production of tumor necrosis factor alpha (TNF-�) and
interleukin-6 (IL-6) (40). Based on these compelling in vitro
and in vivo data, it has been proposed that B. anthracis LT and
ET contribute to the ability of the bacteria to evade host innate
immune responses by deregulating proinflammatory cytokines,
inducing apoptosis in activated macrophages, inhibiting phago-
cytosis, and suppressing the respiratory burst in polymorpho-
nuclear cells (36, 40, 48, 64).
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Inhalation Anthrax

Inhalation anthrax was first described during the last half of
the 19th century (52). This mysterious disease became a sig-
nificant problem among British wool sorters and German rag-
pickers following the introduction of mohair from Turkey and
alpaca from Peru to Europe in the 1830s (13). Inhalation
anthrax has a clinical incubation period of 1 to 6 days, during
which nonspecific symptoms of malaise, fatigue, myalgia, and
fever develop. These symptoms usually persist for 2 or 3 days,
and in some cases there is a short period of clinical improve-
ment. This is followed by the sudden onset of increasing re-
spiratory distress with dyspnea, stridor, cyanosis, increased
chest pain, and sweating. Respiratory distress is typically fol-
lowed by the rapid onset of shock and death within 24 to 36 h.
Mortality rates of 50 to 100% have historically been reported
despite appropriate treatment (13, 19, 25, 47). Only 18 cases of
inhalation anthrax were reported in the United State between
1900 and 1978 (13), with the combined number of human
cutaneous, gastrointestinal, and inhalation anthrax cases drop-
ping from 20–50 cases per year in the 1950s to only 5 cases
between 1980 and 1996 (14). This decrease is due to several
factors including the use of human cell-free anthrax vaccines
among high-risk individuals, decreased utilization of imported
animal products, improved industrial hygiene, and a decrease
in the incidence of anthrax in the domestic animal population
(14). Owing to the infectiousness of B. anthracis spores ac-
quired the respiratory route and the high mortality of inhala-
tion anthrax, the primary concern with anthrax in the postin-
dustrial era is its use as a biological weapon (25, 41). A
minimum of 17 nations and some autonomous terrorist groups
are thought to have or have had offensive biological weapons
programs (41). As such, inhalation anthrax is considered a
substantial threat despite the extremely low incidence in the
general population (16).

Human Anthrax Vaccines and Correlates of Protection

Ongoing efficacy testing of the currently licensed human
cell-free anthrax vaccine (AVA-Biothrax; BioPort, Lansing,
Mich.) and next-generation anthrax vaccines will rely on the
identification of rugged correlates of protection for humans
extrapolated from animal models. The U.S. Food and Drug
Administration (FDA) amended its drug and biological prod-
uct regulations in 2002 in order to allow appropriate efficacy
studies of animals to provide substantial evidence of effective-
ness of new drug and biological products used to reduce or
prevent the toxicity of chemical, biological, radiological, or
nuclear substances (24a). This new rule will apply only when
adequate, well-controlled clinical studies of humans cannot be
ethically conducted and field efficacy studies are not feasible,
as is the case with inhalation anthrax (24a). Table 1 lists the
four criteria that must be met before a new drug or biological
product can be licensed based on animal efficacy studies. There
are several reasons why the nonhuman primate and rabbit
models of inhalation anthrax are considered ideal for evaluat-
ing vaccine efficacy and determining a correlate of protection
for human beings. (i) The enhancement of survival in vacci-
nated non-human primates and rabbits challenged with B. an-
thracis spores is clearly related to the prevention of mortality in

exposed humans. (ii) More than one species that is expected to
react with a response predictive for human beings is used. (iii)
There are considerable data on the molecular basis of the
toxicity of B. anthracis LT and ET. However, the roles that
humoral and cell-mediated immune responses play in protect-
ing vaccinated hosts remain to be determined. In addition,
comparative information on the relationship between the na-
ture and level of protective immune responses in vaccinated
surrogate animal models and in vaccinated humans is lacking.
Furthermore, additional characterization of the pathophysio-
logical mechanism for the toxicity of B. anthracis LT and ET in
vivo is also required. Therefore, the success of vaccine efficacy
studies conducted with rhesus macaques and rabbits will par-
tially depend on our ability to measure humoral and cell-
mediated immune responses in these two models, which can be
correlated with protection against inhalation anthrax and are
predictive of efficacy in humans.

ANIMAL MODELS OF INHALATION ANTHRAX

B. anthracis Challenge Isolates

The selection of B. anthracis isolates used in animal models
of anthrax vaccine efficacy is dependent on several factors
including the virulence of the isolate, the animal species, and
the type of anthrax vaccine (cell-free versus modified live spore
vaccine). Nonhuman primates, guinea pigs, and rabbits are
susceptible to B. anthracis infection when exposed to aerosol-
ized spores by inhalation. The rhesus macaque has a long
history as a model of human inhalation anthrax, dating back to
the 1950s (7, 38, 86). Guinea pigs and rabbits have also been
used to test the efficacy and potency of various cell-free anthrax
vaccine preparations (3, 78, 86). The initial studies performed
in the United States, designed to determine the efficacy of the

TABLE 1. FDA criteria for animal efficacy studies of human
biologics and drugsa

Criterion Description

1 There is a reasonably well understood pathophysiological
mechanism for the toxicity of the chemical, biological,
radiological, or nuclear substance and its amelioration
or prevention by the product.

2 The effect is demonstrated in more than one animal
species expected to react with a response predictive
for humans, unless the effect is demonstrated in a
single animal species that represents a sufficiently well-
characterized animal model (meaning that the model
has been adequately evaluated for its responsiveness)
for predicting the response in humans.

3 The animal study end point is clearly related to the
desired benefit in humans, which is generally the
enhancement of survival or prevention of major
morbidity.

4 The data or information on the pharmacokinetics and
pharmacodynamics of the product or other relevant
data or information in animals and humans is
sufficiently well understood to allow selection of an
effective dose in humans, and it is therefore
reasonable to expect the effectiveness of the product
in animals to be a reliable indicator of its effectiveness
in humans.

a Data from reference 24a.
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first human cell-free anthrax vaccines in rhesus macaques, uti-
lized the Vollum isolate of B. anthracis to challenge the ani-
mals (86). Early studies of inhalation anthrax in macaques
performed in the United Kingdom utilized the M.36 B. anthra-
cis isolate, which was derived from the Vollum isolate by re-
peated passage in monkeys (7, 20, 38, 56). Auerbach and
Wright were the first to report that vaccination with cell-free
anthrax vaccine produced variable protection in guinea pigs
challenged with various B. anthracis isolates except for the
Vollum isolate (3). Further analysis of the comparative efficacy
of both modified live spore and cell-free anthrax vaccines in
guinea pigs revealed that a modified live spore vaccine could
protect guinea pigs against multiple isolates of B. anthracis
while the cell-free anthrax vaccine provided good protection
only against the B. anthracis Vollum isolate and Vollum deriv-
atives (56). Table 2 lists survival data for guinea pigs vaccinated
with the cell-free anthrax vaccine or the modified live spore
vaccine and challenged with six virulent B. anthracis isolates.
Fellows et al. also examined the efficacy of the cell-free anthrax
vaccine in guinea pigs challenged with 100 50% lethal doses
(LD50) (Ames isolate equivalents) of 8 human B. anthracis
isolates, 21 animal B. anthracis isolates, and 4 environmental B.
anthracis isolates inoculated intramuscularly (22). As expected,
survival rates varied by B. anthracis isolate from 6 to 100%,
indicating that protection induced by the cell-free anthrax vac-
cine was limited in guinea pigs to only a few B. anthracis
isolates. Because of these studies, the B. anthracis Ames isolate
was referred to as a vaccine-resistant isolate and was selected
as the challenge isolate for most of the vaccine efficacy studies
performed in the United States and the United Kingdom after
1986. Furthermore, the guinea pig is not suitable as an animal
model for testing the efficacy of cell-free anthrax vaccines due
to the limited protection afforded by these vaccines in this
species. However, guinea pigs continue to play a role in deter-
mining the virulence of B. anthracis isolate in vivo and in
testing the potency of newly manufactured lots of human cell-
free anthrax vaccines prior to efficacy studies with larger and
higher-order species such as rabbits or nonhuman primates.
We, along with other researchers, have observed that the vir-
ulence of particular isolates can vary over time and between
laboratories (unpublished data). Coker et al. have hypothe-
sized that virulence among pX01- and pX02-containing iso-

lates of B. anthracis may be due to the clonality of the bacteria
and the plasmid copy number (15). Complete characterization
and standardization of the challenge isolates used for vaccine
efficacy studies may be required to interpret the results.

The 50% Lethal Dose

The LD50 of a toxin or biological agent is defined as an
estimate of the dose at which death occurs in 50% of the
population to which the agent was administered. The LD50 of
B. anthracis varies both by animal species and by the route of
administration within a species. In addition, it often varies
between strains or isolates of B. anthracis and may change over
time because of passage in the laboratory.

While many statistical methods may be used to estimate the
LD50, two of the more common statistical methods are dose-
response models, such as probit analysis and the Spearman-
Karber Method (23, 35). Published LD50s are estimates of the
“true” value for a given animal model, particular B. anthracis
isolate, and route of administration. Briefly, in the probit dose-
response model, an underlying assumption is that each mem-
ber of the population has a threshold tolerance for the agent
being tested and that, if exposed to that level or greater, the
individual responds or dies. A normal distribution is used to
model the population tolerances to a specified dose. Dose-
response models may be used to estimate other percentiles of
the dose-response curve, as well as the LD50. The Spearman-
Karber method is a nonparametric statistical method that pro-
vides a point estimate of the LD50 with confidence intervals,
which makes no assumptions about the distribution of the
population survival probabilities. Confidence intervals are typ-
ically reported side by side with an established LD50, with the
95% confidence interval being the most common. The 95%
confidence interval is interpreted as the probability (0.95) that
the interval straddles the population LD50 (i.e., an interval in
which we are reasonably confident that the “true” value will
fall somewhere within those limits) (24). A more detailed ex-
planation of these two statistical methods for determining
LD50 values can be found in references 23 and 35.

The reported LD50 of B. anthracis spores in rabbits and
nonhuman primates are presented in Table 3. The inhalation
LD50s reported for the Ames and Vollum isolates of B. an-
thracis in rhesus macaques and cynomolgus monkeys are com-
parable (5.0 � 104 to 6.2 � 104), with the exception of the data
reported by Glassman (31). The specific B. anthracis isolate
was not reported and may be partially responsible for the low
LD50 (4.1 � 103) reported by Glassman for the cynomolgus
monkey. The LD50 for the chimpanzee was determined from
the information reported by Albrink and Goodlow, using the
Spearman-Karber method (2). The 95% confidence interval
could not be determined due to the small number of animals
used on the study. LD50s for other routes of administration or
different isolates of B. anthracis in nonhuman primates are not
available. The single reported inhalation LD50 for the Ames
isolate of B. anthracis in rabbits is approximately twofold
higher than the reported inhalation LD50 in nonhuman pri-
mates; this may not be significant, given that the upper limit of
the 95% confidence interval for the B. anthracis Ames isolate
in cynomolgus monkeys overlaps with the rabbit LD50 (88).
Limitations on these published LD50s include the following the

TABLE 2. Survival of guinea pigs after immunization with the
human cell-free anthrax vaccine or Sterne live-spore vaccinea

Challenge isolate

Vaccine efficacy (% survival)

Saline Cell-free
vaccine Saline

Sterne
spore

vaccine

Vollum 0 100
Vollum 1B 13 100 40 100
Amesb 17 0 0 100
17T5c 0 17 0 88
NHd 0 33 0 100
VHe 0 50 17 100

a Data from reference 56.
b Ames isolated from a cow; United States 1980.
c 17T5 isolated from a Kudu; South Africa 1957.
d NH isolated from a human case; New Hampshire 1957.
e VH isolated from a human case; South Africa 1952.
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data (i) were generated several decades ago in some cases, (ii)
the age of the animals varied between studies, (iii) various
spore preparations and production methods were used, (iv) the
health status of the animals was unknown or poorly docu-
mented, (v) some of the nonhuman primates were used in
previous non-anthrax-related studies, and (vi) there was no
standardized method for the generation, quantification, and
particle sizing of the aerosol.

Pathology

The characteristics of infection with B. anthracis in humans,
as seen by gross and microscopic observations, have been re-
produced in multiple animal models. The most thorough doc-
umentation of the pathology in human anthrax cases revolves
around the Sverdlovsk epidemic of 1979, in which a large
quantity of B. anthracis spores was released from a military
installation in the former Soviet Union (62). In addition, sev-
eral sporadic cases of inhalation anthrax in humans have been
documented over the years (6, 10, 18, 39). The comparison of
the documented pathologic changes in human infection with
those due to experimentally induced anthrax in laboratory an-
imals can provide useful information concerning the suitability
of a species for a model.

The gross and microscopic observations of human inhalation
anthrax focus primarily on mediastinal, hemic-lymphatic, and
pulmonary changes. Changes in the brain associated with hem-
orrhagic meningitis have also been a focus of pathologic study.
Gross mediastinal lesions in human beings consist primarily of
edema and hemorrhage, with similar changes within the pa-
renchyma of mediastinal lymph nodes. This finding is consid-
ered typical; however, its presence can be variable (1, 34).
Histologically, these findings appear as a fibrin-rich fluid exu-
dation within the connective tissue of the mediastinum as well
as “low-pressure” hemorrhage (34). Mediastinal lymph nodes
often exhibit hemorrhage and necrosis characterized by lym-
phocytolysis. The presence of gram-positive bacilli has been
demonstrated in these lesions by conventional staining and
immunohistologic techniques. Vasculitis within the mediasti-
nal lymph nodes is characterized by fibrinoid necrosis and
infiltration by neutrophils and histiocytes.

Gross splenic pathology in cases of human infection is vari-
able and can be insignificant. Histologically, the spleens have
exhibited lymphocytolysis within the periarteriolar lymphoid
sheaths and the lymphoid follicles. Variable severity between

the lymphoid follicles (B-cell rich) and the periarteriolar lym-
phoid sheaths has been documented (1). Moderate neutrophil
infiltration has been observed, as well as the presence of ex-
tracellular and intracellular bacilli. Vasculitis appears to be a
minimal characteristic in the spleen.

The literature describes a great deal of variation in the
pulmonary lesions associated with inhalation anthrax. Some of
this variability appears to be associated with preexisting pa-
thology in the pulmonary parenchyma. Clinically, anthrax pa-
tients with preexisting illnesses, such as chronic obstructive
pulmonary disease and pulmonary fibrosis, have been de-
scribed (6). Acute bronchopneumonia was described histolog-
ically in a significant percentage of the Sverdlovsk cases (62).
However, the association of pneumonia with infection by B.
anthracis in antibiotic-treated and untreated humans is poorly
characterized, since primary infection of the lung parenchyma
is usually absent. The gross findings in the lungs are commonly
unspectacular, being limited to hemorrhage, edema, and atel-
ectasis, with no apparent change in consistency and weight.
Histologically, mild fibrinous exudate, hemorrhage, and alve-
olar histiocytosis are predominant, along with some character-
istics of interstitial pneumonia, characterized by interstitial
fibrin deposition. Bacilli have been identified in alveolar air
spaces, with a majority being found within the alveolar exu-
date. It has been suggested that this accumulation of bacilli is
hematogenous and is due to rupture from the interstitium
rather than aerogenous deposition (28, 34). Vasculitis is typi-
cally fibrinoid but minimal.

Grossly, multifocal to coalescing areas of hemorrhage often
form the extent of the neural lesions. Histologically, minimal to
mild fibrin exudation, acute low-pressure hemorrhage, and in-
filtration by neutrophils, histiocytes, and small numbers of lym-
phocytes and plasma cells is documented. Mild diffuse neuronal
necrosis has been observed (34). Bacillary infiltration appears to
be limited to the intravascular and Virchow-Robins space.

Lesions in other organs besides the lymphoid tissues, lungs,
and brain have been described, but many appear to be secondary
to shock and agonal changes. The presence of bacilli in the sinu-
soids and glomerular capillaries appears to the most significant
finding, further demonstrating the presence of septicemia.

The significance of the vasculitis found in multiple organ
systems is uncertain. The histopathologic characteristics ap-
pear to be uniform among organs, indicating a generalized
condition. Fibrinoid vascular necrosis is often associated with
severe endothelial damage but is not a specific finding in gen-

TABLE 3. Published LD50s for rabbits and nonhuman primates

Animal
B. anthracis challenge

LD50 (CFU) 95% confidence interval Method Reference
Isolate Route

Rabbit Ames Subcutaneous 1.6 � 103 NRa Probit 88
Rabbit Ames Inhalation 1.1 � 105 NR Probit 88
Rhesus macaque Ames Inhalation 5.5 � 104 NR Probit 46
Rhesus macaque Vollum Inhalation 5.0 � 104 NR Probit 27
Cynomolgus Ames Inhalation 6.2 � 104 (3.5–11.0) � 104 Probit 83
Cynomolgus NR Inhalation 4.1 � 103 (2.0–8.6) � 103 SKc 31
Chimpanzee Vollum Inhalation 3.7 � 105 NDb NR 2

a NR, not reported.
b ND, could not be calculated due to the small sample size.
c SK, Spearman-Karber method.
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eralized bacterial septicemia. In the Sverdlovsk outbreak, vas-
culitis was a variable finding depending on the organ system;
however, in certain tissues, such as the lungs, vasculitis was a
significant finding. The etiology of this vasculitis is not appar-
ent. It is possible that it is induced directly by anthrax toxins or
is secondary to cytokine release.

Inhalation anthrax has been studied in a variety of animal
models including guinea pigs, rabbits, rhesus macaques, cyno-
molgus macaques, and chimpanzees. It is important to note
that many of the gross and microscopic lesions found in hu-
mans with inhalation anthrax are similar to those found in
experimental animal models of inhalation anthrax, suggesting a
shared pathogenesis. However, variations do exist among ani-
mal models.

The experimental pathology of anthrax in primates is the
most thoroughly documented. The gross findings of primate
inhalation anthrax reflect the documented human lesions. Me-
diastinal enlargement due to different degrees of edema and
hemorrhage is consistent in chimpanzees, rhesus macaques,
and cynomolgus monkeys; however, in the last of these, this
lesion was found in less than 40% of the experimental group
(83). The lesions in hemic-lymphatic organs consist primarily
of grossly observable hemorrhagic lymphadenitis. Histologi-
cally, these lesions appear as lymphocytolysis and hemorrhage
with intralesional bacilli, similar to the lymphadenopathy in
humans. However, splenic pathology was different between
human beings and nonhuman primates, since all of the non-
human primates studied demonstrated splenomegaly. In addi-
tion, the severity of the neutrophilic inflammation and the
fibrin exudation appears to be more severe in the spleens of
nonhuman primates. These lesions are in addition to the lym-
phoid follicular necrosis, which takes place in both nonhuman
primates and humans. The pulmonary findings in primates are
remarkably similar to those in humans. It is interesting that
preexisting disease in these experimental animals appears to
compound the anthrax-associated lesions. The presence of
Pneumonyssus simicola in the lungs of rhesus macaques, as
reported by Gleiser et al., may enhance the phagocytosis of B.
anthracis spores by alveolar macrophages or allow the bacilli
easier access to the systemic circulation (32). This mirrors our
earlier statement regarding preexisting injury in lungs of hu-
mans and susceptibility to pulmonary B. anthracis infection.
However, other studies of rhesus macaques have shown a lack
of tropism to preexisting lesions, suggesting that specific lung
lesions may not increase the susceptibility to infection. The
meningeal and cerebral lesions in rhesus and cynomolgus ma-
caques, when present, appear similar to those described in
humans. The clinical signs associated with inhalation anthrax
in rhesus macaques, cynomolgus monkeys, and chimpanzees
have been described as nonspecific and include lethargy, an-
orexia, and depression (2, 27, 28, 83). The proportion of non-
human primates with inhalation anthrax that develop overt
clinical signs associated with meningitis is considerably smaller
than would be expected, considering that meningitis is often a
frequent histologic finding in these animals (28, 34, 83). In
some reports, mild perivascular suppurative encephalitis was a
microscopic feature in addition to the characteristic fibrin ex-
udation and hemorrhage. In all organs with lesions, bacilli were
seen in touch impressions, with routine hematoxylin and eosin
staining, or by immunohistochemistry. Other lesions of interest

seen in nonhuman primates but not in humans have been
noted. Multifocal myocardial necrosis has been seen infre-
quently in cynomolgus monkeys (83). Gastrointestinal lesions
have ranged from mild to moderate hemorrhage and occa-
sional coagulation necrosis in cynomolgus monkeys to transmural
acute colitis with necrotizing vasculitis. Models of inhalation an-
thrax for pure pathologic studies with nonprimate laboratory an-
imals are infrequently documented in the literature. A model
utilizing rabbits has been described recently (22, 55, 68, 88). Stud-
ies of guinea pigs and dogs were described approximately 50 years
ago. Although some of the lesions observed in rabbits were sim-
ilar to those found in primates, the lesions in rabbits appear to be
less severe (88). These lesions include mediastinal hemorrhage,
splenomegaly, and typical pulmonary changes. Encephalitis is
minimal to nonexistent. This discrepancy may be attributed to the
rapid progression of disease in this species. Presumably, the in-
flammation and necrosis do not have time to develop in rabbits,
in contrast to primates.

ANIMAL MODELS OF ANTHRAX VACCINE EFFICACY

Rhesus Macaques

Wright et al., first demonstrated that a cell-free vaccine
containing alum-precipitated B. anthracis PA (87), given in two
doses with 2-week interval, protected between 75 and 100% of
macaques challenged with 0.8 to 60.0 LD50 of B. anthracis
Vollum isolate spores by inhalation at 16 to 34 weeks postim-
munization (Table 4) (86). Similar protection was achieved in
vaccinated animals challenged with 5 � 104 to 10 � 104 B.
anthracis Vollum isolate spores injected intradermally at 2 to
58 weeks postimmunization. No significant local reactions to
the vaccine were observed in the macaques, and no assessment
of a humoral immune response was reported. Two years later,
Belton et al. reported similar survival rates (86 to 100%) in
rhesus macaques immunized with two doses of alum-precipi-
tated PA with a 2-week interval and challenged with 10 to 15
LD50 of B. anthracis M.36 isolate spores by inhalation at 1 to
104 weeks postimmunization (7, 78). Antibody status was eval-
uated by a crude in vivo rabbit intradermal toxin neutralization
assay (8, 76). Immunized macaques showed low in vivo toxin
neutralizing antibody (TNA) levels at 12 and 18 months
postimmunization; however, in vivo TNA were not detected at
2 years. Interestingly, this group reported in 1956 that rhesus
macaques with undetectable TNA were still protected against
inhalational exposure to B. anthracis spores (7). Henderson et
al. provided convincing evidence that inhaled B. anthracis
spores remain in the lung alveoli of rhesus macaques for long
periods postexposure and are capable of initiating infection on
phagocytosis and transport to lymphatic tissue by alveolar mac-
rophages (38). This study also clearly showed that treatment
with penicillin delayed the onset of anthrax but was ineffective
at preventing disease unless accompanied by vaccination. The
administration of hyperimmune horse serum also delayed the
onset of disease by 20 to 25 days following aerosol challenge
and protected only 45% of macaques receiving antibodies by
passive transfer. A 100% survival was achieved only by vacci-
nation prior to exposure or by treatment with antibiotics and
vaccination postexposure. These results provided the first in-
sights into the importance of an acquired immune response for
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complete protection against inhalation anthrax. Human cell-
free anthrax vaccines containing alum-precipitated PA were
further evaluated in human clinical trials designed to test safety
and efficacy (12). The U.S. human cell-free anthrax vaccine
(AVA) was licensed by the Michigan Department of Public
Health (MDPH, Lansing, Mich.) based on the encouraging
efficacy studies carried out with rhesus macaques and success-
ful human clinical trials (12).

For the next 30 years, the MDPH-licensed AVA was used to
immunize laboratory workers and other individuals at risk for
developing anthrax due to occupational exposure, and very
little experimental work relying on rhesus macaques was per-
formed. Secretary of Defense William S. Cohen in 1997 di-
rected the military to vaccinate approximately 2.4 million ser-
vice members with the MDPH AVA vaccine in response to the
emerging threat of B. anthracis used as a biological weapon.
The renewed interest in anthrax vaccines stimulated new re-
search activities with rhesus macaques as animal models in the
early to middle 1990s (Table 4). Ivins et al. expanded on earlier
studies to evaluate the short-term, medium-term, and long-
term efficacy of AVA in rhesus macaques (45). Macaques
vaccinated 2 weeks apart developed anti-PA immunoglobulin
G IgG enzyme-linked immunosorbent assay (ELISA) titers as
expected. A 100% survival was seen at 8 and 38 weeks post-
vaccination in macaques challenged with 161 to 760 LD50 of B.
anthracis Ames isolate spores by inhalation. Seven of eight

macaques survived an aerosol challenge with 239 to 535 LD50

of B. anthracis Ames isolate at 2 years postvaccination. The
weakness of this study is that anti-PA ELISA titers were de-
termined only at 2, 8, and 99 weeks postvaccination, which
precludes evaluating the peak antibody titer and decay rate of
anti-PA antibodies prior to challenge. TNA titers were also not
reported. The study did provide additional evidence that AVA
prevented inhalation anthrax in macaques at 38 and 102 weeks
postvaccination. Ivins et al. went on to compare the efficacy of
recombinant PA (rPA) combined with various adjuvants to the
standard AVA (46). rPA adsorbed to a suspension of alumi-
num hydroxide protected 10 of 10 macaques challenged by
inhalation with an average of 74.4 LD50 of B. anthracis Ames
isolate spores at 6 weeks postvaccination. Similarly, rPA com-
bined with monophosphoryl lipid A in squalene, lecithin, and
Tween 80 (SLT) or combined with saponin protected 9 of 10
and 9 of 9 macaques challenged by inhalation with an average
of 96.0 and 78.3 LD50 of B. anthracis Ames isolate spores,
respectively. This study was the first to report on the develop-
ment of both humoral and cell-mediated immune responses in
macaques vaccinated with B. anthracis PA. Anti-PA IgM
ELISA titers peaked at 2 weeks postvaccination, and anti-PA
IgG ELISA titers peaked at 5 week postvaccination. Anti-IgM
titers declined to prevaccination levels by 6 weeks postvacci-
nation, and anti-PA IgG titers also began to decline at 6 weeks
postvaccination. Lymphocyte proliferation in response to PA

TABLE 4. Summary of survival of rhesus macaques vaccinated with various B. anthracis PA-containing preparations and challenged with
various B. anthracis isolates

Vaccine, no. of doses (amt)
Bacillus anthracis challenge

Reference
Time (wks.) Survivala Isolateb Dose (LD50)

PA � Al3�, 2 (1.50 ml) 2 3/3 (100) Vollum (C) (5–10) � 104 spores 86
16 2/3 (67)
30 3/3 (100)
58 3/3 (100)

PA � Al3�, 2 (1.00 ml) 2 3/4 (75) Vollum (A) 0.8–1.6 86
5 4/4 (100) Vollum (A) 18.0–60

PA � Al3�, 2 (1.25 ml) 1 10/10 (100) M.36 (A) 10.0–15.0 7
52 10/10 (100)

104 6/7 (86)

MDPH 2 (0.50 ml) 8 10/10 (100) Ames (A) 255–760 45
38 3/8 (100) Ames (A) 161–247

100 7/8 (88) Ames (A) 239–535

MDPH 2 (0.50 ml) 12 10/10 (100) Ames (A) 837–961 70
rPA � Alhydrogel,e 2 (50 �g of rPA) 12 9/10 (90) Ames (A) 837–961

MDPH 1 (0.50 ml) 6 10/10 (100) Ames (A) 74.4 46
rPA � Alhydrogel,e 1 (50 �g of rPA) 6 10/10 (100) Ames (A) 116.9
rPA � QS-21,e 1 (50 �g of rPA) 6 9/9 (100) Ames (A) 78.3
rPA � MPL in SLT,e 1 (50 �g of rPA) 6 9/10 (90) Ames (A) 96.0

AVA Lot FAV038,f 2 (0.50 ml) 10 10/10 (100) Namibia (A) 398d 22
8/10 (80) Turkey (A) 1,004d

a Number that survived/number challenged (percent survival).
b C, cutaneous challenge; A, aerosol challenge.
c The cutaneous LD50 for B. anthracis Vollum isolate in rhesus macaques is unknown.
d LD50 expressed as Ames equivalent (Ames aerosol LD50 is approximately 5.5 � 104 CFU in rhesus macaques) (22).
e Adjuvants: Alhydrogel (3% aluminum hydroxide gel), QS-21 (saponin), MPL (monophosphoryl lipid A) in SLT (2% squalene, 0.24% lecithin, 0.08% Tween 80).
f AVA, anthrax vaccine adsorbed (BioPort Corp., Lansing, Mich.).
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used as a recall antigen was measured, and the mean stimula-
tion index was significantly increased at 5 weeks postvaccina-
tion compared to preimmunization levels. B. anthracis TNA
titers were also determined in the vaccinated macaques. Ani-
mals vaccinated with AVA, rPA combined with aluminum
hydroxide, or rPA combined with saponin developed neutral-
izing antibodies at 5 weeks postvaccination; however, animals
vaccinated with rPA combined with monophosphoryl lipid A in
SLT failed to develop neutralizing antibodies. Vaccine prepa-
rations containing the adjuvant monophosphoryl lipid A in
SLT were less immunogenic than AVA or rPA combined with
aluminum hydroxide or saponin but protected 90% of vacci-
nated macaques. Toxin neutralizing antibody titers did not
correlate well with protection against inhalation anthrax, as
shown by the 90% survival in the monophosphoryl lipid A in
SLT group, which did not develop neutralizing antibodies.
Ivins et al. did assert that protective immunity in rhesus macaques
is most probably complex and may not be readily reduced to a
single correlate or surrogate marker or immunity (46).

The ability of a vaccine to protect against diverse isolates of
B. anthracis is also critical to the evaluation of efficacy. Fellows
et al. challenged AVA-vaccinated macaques with B. anthracis
Namibia isolate or B. anthracis Turkey isolate (22). The ma-
caques received two doses of AVA 4 weeks apart and were chal-
lenged 10 weeks postvaccination. AVA protected 10 of 10 animals
challenged with the Namibia isolate and 8 of 10 animals chal-
lenged with the Turkey isolate. The variability in protection
against different B. anthracis isolates seen in guinea pigs (Table 2)
was not observed in the macaques, indicating broader protection
in AVA-vaccinated nonhuman primates (22).

Human cell-free anthrax vaccines have demonstrated excel-
lent protection against inhalation anthrax in rhesus macaques,
with an overall survival rate of 97% across multiple vaccine
preparations, dosages, challenge isolates, challenge levels, and
challenge times (7, 22, 45, 46, 70, 86). Unlike the guinea pig,
cell-free anthrax vaccines protect 95% of rhesus macaques
exposed to aerosolized “vaccine-resistant” B. anthracis Ames
spores (22, 45, 46, 56, 70). Taken together, these studies dem-
onstrate that AVA- and rPA-based vaccines provide broad,
high-level protection in rhesus macaques. However, there is a
significant lack of data on the development of humoral and
cell-mediated immunity following vaccination of nonhuman
primates. These data are necessary to define a durable corre-
late or surrogate marker of protection that can be used to
predict the efficacy of anthrax vaccines in humans under cur-
rent FDA guidelines.

Rabbits

Belton and Strange developed the conditions and methods
required for large-scale (1,000 liters of culture medium per
week) production of PA from B. anthracis cultures (9). Mass-
produced alum-precipitated PA protected rabbits challenged
intradermally with 250 LD50 of the M.36 isolate of B. anthracis
in a PA dose-dependent manner (9). Rabbits receiving five
doses of the vaccine preparation were partially protected
against an intradermal challenge with B. anthracis Vollum iso-
late spores at 5, 8, 14, and 16 weeks postvaccination (86).
However, rabbits challenged at 23 weeks postvaccination were
not protected. The vaccination schedule used by Wright et al.

differs significantly from schedules most commonly used by
investigators today (86). The administration of only two doses
14 days apart may have increased the duration of immunity
compared to that induced by five doses administered every
other day. The authors suggested that effective immunity could
be induced with fewer vaccine doses but chose to adhere to the
five-dose schedule for consistency and for comparison with
previous observations. Auerbach and Wright investigated an-
tigenic heterogeneity among virulent B. anthracis isolates used
to challenge rabbits vaccinated with alum-precipitated PA (3).
The vaccine preparation protected 100% of the rabbits chal-
lenged intradermally with 26 of 33 B. anthracis isolates cul-
tured from human, bovine, caprine, canine, and porcine cases
from various parts of the world. Two antibiotic-resistant B.
anthracis isolates were also used to challenge the rabbits. The
vaccine preparation protected 100% of rabbits challenged with
a streptomycin-resistant B. anthracis isolate (SR 8) and a strep-
tomycin-, aureomycin-, and terramycin-resistant B. anthracis
isolate (STAR) (3). The study clearly demonstrated that alum-
precipitated PA provided broad protection against a large
number of B. anthracis isolates and two antibiotic-resistant
isolates in rabbits challenged intradermally.

Increased awareness that B. anthracis, used as a biological
weapon, posed a significant threat to the United States and the
desire to immunize military personnel stimulated the develop-
ment of the rabbit model for human inhalation during the
1990s (16, 25, 26, 41, 42). The rabbit model has several attrac-
tive features compared to the well-developed rhesus macaque
model. (i) Rabbits are considered lower-order species and may
partially replace or reduce the number of higher-order species,
such as nonhuman primates, required for vaccine efficacy stud-
ies. (ii) The FDA will probably require that efficacy be dem-
onstrated in two animal models expected to react with a re-
sponse predictive for humans (Table 1). (iii) Rabbits are easier
to house and safer to handle than nonhuman primates. Pitt and
colleagues compared the efficacy of rPA and AVA against
inhalation anthrax in guinea pigs, rabbits, and rhesus macaques
and described the pathology of cutaneous and inhalation an-
thrax in the rabbit model (69, 88). They reported that AVA is
highly efficacious against inhalation anthrax in rabbits (Table
5). Pitt et al. vaccinated 128 rabbits with two doses of various
dilutions of two lots of AVA and challenged the animals with
42 to 184 LD50 of the Ames isolate of B. anthracis at 10 weeks
postvaccination (68). Animals receiving the undiluted vaccine
or the 1:4, 1:16, or 1:64 dilutions were protected, whereas there
was only 1 survivor from 30 animals receiving a 1:256 dilution
of the vaccine. Anti-PA IgG antibody titers were determined
by ELISA at 6 and 10 weeks postvaccination. TNA titers were
determined at 6 weeks. Mean anti-PA IgG antibody titers were
higher at 6 weeks than at 10 weeks. The mean anti-PA IgG
antibody and TNA titers decreased for all groups as the vac-
cine was progressively diluted. The authors compared the as-
sociation between anti-PA IgG antibody titers and TNA titers
with survival by using logistic regression analysis. They con-
cluded that the TNA and anti-PA IgG antibody titers at 6
weeks as well as the anti-PA antibody titer at 10 weeks were
significant predictors of survival at the 10-week challenge. Lit-
tle et al. reported that two doses of rPA adsorbed to Al2O3

(Alhydrogel; Biosector, Frederikssund, Denmark) protected
rabbits from inhaled B. anthracis Ames isolate spores out to 10
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weeks postvaccination (55). A graded dose response was ob-
served in animals that received one or two doses of the rPA
vaccine preparation. The anti-PA IgG titer and the TNA titer
were significant predictors of survival at weeks 10 and 8 post-
vaccination, respectively, in rabbits receiving two doses of the
vaccine. Thus, anti-PA and TNA titers correlate with survival
in rabbits vaccinated with either AVA or rPA vaccines. These
studies demonstrate that anti-PA antibody and TNA titers can
predict survival in rabbits challenged at 10 weeks. However,
the authors did not determine if anti-PA or TNA titers are
predictive of survival in rabbits challenged up to 1 year after
vaccination. Human anthrax vaccines should provide protec-
tion against a broad range of B. anthracis isolates. Fellows et al.
vaccinated rabbits with two doses of undiluted AVA at 0 and 4
weeks (22). The rabbits were challenged at 10 weeks with 300
to 2,700 LD50 (B. anthracis Ames isolate equivalent) of six B.
anthracis isolates exhibiting the greatest virulence in vaccinated
guinea pigs. The AVA vaccine protected 90 to 100% of the
rabbits challenged with the K5926/India, K7978/Namibia,
K4539/France, K8091/Norway, K9729/Turkey, and K1938/In-

donesia B. anthracis isolates. Strong anti-PA antibody titers
were detected by ELISA 1 week prior to challenge. These
studies clearly demonstrate that the human cell-free anthrax
vaccine provides short-term high-level protection against inha-
lation anthrax in rabbits challenged with a panel of diverse B.
anthracis isolates. Anti-PA and TNA titers correlate with sur-
vival in rabbits at 10 weeks postimmunization. However, the
level of protection and the correlation of survival with anti-PA
and TNA titers should to be assessed at greater intervals be-
tween vaccination and challenge, such as 26 or 52 weeks. In
addition, the role of vaccine-induced cell-mediated immunity
was not addressed in these studies.

IMMUNE RESPONSES AND CORRELATES OF
PROTECTION

Humoral Immunity

Cell-free anthrax vaccines containing PA and the adjuvant
aluminum hydroxide or aluminum sulfate induce anti-PA an-

TABLE 5. Summary of survival of rabbits vaccinated with various B. anthracis PA-containing preparations and challenged with various
B. anthracis isolates

Vaccine preparation,
doses (amt)d

Bacillus anthracis challenge
Reference

Time (wk) Survivala Isolate Dose (LD50)

AVA lot FAV008 6 Ames (A)b 82–184 70
2 (Undil.) 8/8 (100)
2 (1/4 dil.) 10/10 (100)
2 (1/16 dil.) 9/10 (90)
2 (1/64 dil.) 9/10 (90)
2 (1/256 dil.) 1/10 (10)

AVA Lot FAV032 6 Ames (A) 42–126 70
2 (Undil.) 10/10 (100)
2 (1/4 dil.) 10/10 (100)
2 (1/16 dil.) 15/20 (75)
2 (1/64 dil.) 14/20 (70)
2 (1/256 dil.) 0/20 (0)

AVA Lot FAV032 6 22
2 (0.5 ml) 7/10 (70) K7978/Namibia (A) 1,305c

9/9 (100) K5926/India (A) 1,448c

9/10 (90) K8091/Norway (A) 360c

10/10 (100) K4539/France (A) 1,191c

10/10 (100) K9729/Turkey (A) 790c

10/10 (100) K1938/Indonesia (A) 2,743c

rPA-Alhydrogel 4 Ames (A) 59–847 55
1 (100 �g) 28/30 (93)
1 (24 �g) 42/64 (66)
1 (5 �g) 16/37 (43)
1 (1 �g) 4/22 (18)
1 (0.2 �g) 1/10 (10)
1 (0.08 �g) 0/10 (0)

rPA-Alhydrogel 10 Ames (A) 10.5–528 55
2 (10 �g) 12/12 (100)
2 (1 �g) 10/12 (83)
2 (0.2 �g) 4/12 (33)
2 (0.08 �g) 0/8 (0)

a Number that survived/number challenged (percent survival).
b A, aerosol challenge.
c LD50 expressed as Ames equivalent (Ames Inhalation LD50 is approximately 1.1 � 105 CFU in rabbits) (70).
d Undil., undiluted; dil., dilution.
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tibodies in vaccinated humans, rhesus macaques, rabbits, and
guinea pigs (7, 22, 44–46, 56, 60, 68, 71, 72, 74, 80, 81). The
development of anti-PA IgM, IgG, and IgA responses is vari-
able, depending on the species, route of administration, and
adjuvant. PA-containing vaccines administered subcutaneously
or intramuscularly stimulate transient low-titer anti-PA IgM
responses in humans and rhesus macaques (46, 80) (Fig. 1). In
contrast, guinea pigs vaccinated with the human cell-free an-
thrax vaccine develop high-titer anti-PA IgM responses (80).
PA-containing vaccines administered subcutaneously or intra-
muscularly induce high-titer anti-PA IgG antibodies in hu-
mans, rabbits, rhesus macaques, and guinea pigs (4, 22, 43, 46,
60, 68, 71, 74, 80, 81). Humans, rhesus macaques, rabbits, and
guinea pigs exhibit different IgG subclasses, which differ struc-
turally and functionally. Human IgG is composed of IgG1,
IgG2, IgG3, and IgG4 (33). Rhesus macaque IgG is composed
of only three subclasses: IgG1, IgG2, and IgG4 (75). Rabbits
and guinea pigs have only IgG1 and IgG2 subclasses (33).
Humans vaccinated with PA-containing vaccines adsorbed to
aluminum adjuvants developed predominantly IgG1 anti-PA
antibodies (5). IgG4, IgG3, and IgG2 anti-PA antibodies were
also detected but were present at lower titers and were seen
less frequently than IgG1. Guinea pigs vaccinated with PA-
containing vaccines adsorbed to aluminum adjuvants produced
anti-PA IgG1 but not IgG2 antibodies (60). However, guinea
pigs vaccinated with PA-containing vaccines prepared with
Ribi (monophosphoryl lipid A, trehalose dicorynomycolate,
mycobacterial cell wall skeleton, squalene, and Tween 80) pro-
duced both anti-PA IgG1 and IgG2 antibodies (60). The spe-
cific subclasses of anti-PA IgG induced in rhesus macaques and
rabbits have not been reported. The significance of the pre-
dominance of anti-PA IgG1 induced by vaccination in humans
is not clear but is consistent with responses observed following
the administration of tetanus toxoid (51). Anti-PA IgA anti-

bodies have been detected in mice immunized intranasally with
PA-containing preparations but not in mice vaccinated intra-
dermally or subcutaneously (11, 17). Humans, rhesus ma-
caques, and rabbits vaccinated with cell-free anthrax vaccines
intramuscularly or subcutaneously are not likely to produce
significant quantities of anti-PA IgA (11, 30).

The functionality and specificity of anti-PA antibodies in-
duced by immunization are as important as the level of anti-
body produced. The ability of anti-PA antibodies to neutralize
B. anthracis LT in vitro has been used to evaluate the func-
tionality of anti-PA antibodies. Polyclonal anti-PA antibodies
from vaccinated rhesus macaques, rabbits, and guinea pigs can
neutralize LT both in vitro and in vivo (7, 46, 60, 68, 74).
Passive transfer of anti-PA antibodies or hyperimmune serum
to a naive host confers protection against B. anthracis chal-
lenge (38, 49, 54, 74). Furthermore, Welkos et al. have dem-
onstrated that anti-PA antibodies can enhance the phagocyto-
sis of B. anthracis spores by macrophages and inhibit spore
germination (85). This group has also proposed that the en-
hancement of spore phagocytosis mediated by anti-PA anti-
bodies leads to increased killing of B. anthracis spores by mac-
rophages, albeit by an undefined mechanism (84). Reed et al.
utilized a competitive assay to measure antibody responses to
important epitopes of PA (73). Vaccinated rabbits developed
antibodies against amino acids (aa) 581 to 601 and 671 to 721
of PA. Antibodies that recognize aa 581 to 601 of PA block the
binding of LF to PA, and antibodies that recognize aa 671 to
721 of PA block the binding of PA to the anthrax toxin recep-
tor (57, 58). Maynard et al. demonstrated that antibodies with
higher affinity to aa 671 to 721 of PA were enhanced for toxin

FIG. 1. Representative Anti-PA IgM and IgG antibody titers in
AVA-vaccinated humans and macaques. Transient anti-PA IgM anti-
bodies and increasing anti-PA IgG antibody levels are observed after
three doses of AVA (2) at 0, 7, and 14 days. Anti-PA IgG titers
decline until the first AVA booster at 180 days and then increase and
remain high before and after the second and third AVA boosters at 12
and 18 months.

FIG. 2. Modulation of T-cell proliferation by AVA dilution in ma-
caques. Peripheral blood mononuclear cells were isolated at 0, 28, 56,
210, and 365 days from macaques receiving a saline placebo, undiluted
AVA, 1:5 AVA dilution, 1:10 AVA dilution, 1:20 AVA dilution, and
1:40 AVA dilution at 0, 4, and 26 weeks. The mean stimulation index
(SI) and standard error of the mean of each dilution group (n � 10
animal per group) were determined and plotted against time.
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neutralization in vitro and afforded increased protection to rats
challenged with LT (59). Quantitative measurements of the
specificity of anti-PA antibodies for aa 581 to 601 or aa 671 to
721 of PA have not been reported for vaccinated rhesus ma-
caques or humans. Studies designed to determine the affinity of
anti-PA antibodies for PA and the ability of anti-PA antibodies
to enhance the phagocytosis of B. anthracis spores in vacci-
nated human beings and rhesus macaques are under way.

Cell-Mediated Immunity

Cell-free anthrax vaccines containing PA and the adjuvant
aluminum hydroxide or aluminum sulfate induce clonal expan-
sion of PA-specific T cells as measured by ex vivo proliferation
assays with PA as a recall antigen (46, 60, 68). We have dem-
onstrated that the frequency of PA-specific T cells increases in
rhesus macaques following vaccination with AVA (Fig. 2)
(A. M. Brys, K. A. Hayes, L. E. Mathes, N. A. Niemuth, R. E.
Hunt, J. E. Estep, D. M. Robinson, and A. J. Phipps, Abstr. 5th
Int. Conf. Anthrax, abstr. P619, 2002). Lymphocyte prolifera-
tive responses correlated with the dilution of vaccine after the
first two doses of AVA but reached a plateau after the third
dose, irrespective of the dilution of the vaccine administered.
The responses were maintained for up to 1 year following three
doses of vaccine. We also characterized T-cell responses by
evaluating ex vivo cytokine production. Stimulation of lympho-
cytes with rPA ex vivo resulted in significant increases in IL-4
and IL-2 mRNA levels without increases in gamma interferon,
IL-6, IL-1�, or TNF-� mRNA levels, indicating a predomi-

nantly Th2 profile (Fig. 3) (C. L. K. Sabourin, S. L. Casbohm,
Y. W. Choi, N. A. Niemuth, R. E. Hunt, J. E. Estep, D. M.
Robinson, and A. J. Phipps, Abstr. 5th Int. Conf. Antrhax,
abstr. P620, 2002). The Th2-type response in conjunction with
increasing anti-PA IgG titers in macaques is to be expected
following immunization with a protein antigen, such as PA,
adsorbed to aluminum. The importance of the frequency of
PA-specific memory T cells or the level of Th2-type cytokines
in long-term protection against inhalation anthrax remains to
be determined.

CONCLUSION

AVA- and rPA-based anthrax vaccines provide high-level
and lasting protection against aerosol challenge with a diverse
panel of B. anthracis isolates in rhesus macaques. AVA also
protects rabbits against aerosol challenge with multiple B. an-
thracis isolates in a vaccine dose-dependent manner. The du-
ration of immunity in rabbits is unknown. AVA induces an-
ti-PA IgG antibodies in all species examined so far. Further
evaluation of the specific IgG subclasses, antibody specificity,
antibody avidity, and TNA activity in vaccinated macaques and
human beings will probably reveal similar patterns in humoral
immunity. The predominance of T-cell Th2-type cytokine re-
sponses that we have observed in rhesus macaques has also
been described for other human aluminum-adjuvanted vac-
cines such as tetanus toxoid. The challenge will be to deter-
mine how these complex acquired immune responses correlate
with protection in animal models and if the data can be ex-

FIG. 3. Fold increases in cytokine mRNA levels from PA-stimulated PBMC at 30 weeks. Peripheral blood mononuclear cells were isolated at
30 weeks from rhesus macaques receiving three doses of AVA at 0, 4, and 26 weeks (n � 60 animals) and stimulated with PA ex vivo. Fold increases
in gamma interferon (IFN-	), IL-2, IL-4, IL-6, IL-1�, and TNF-� mRNA levels were measured by real-time reverse transcriptase PCR. Each plus
sign represents saline placebo controls, and dots represent AVA-vaccinated animals.
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trapolated to humans. Valuable information on the impor-
tance of humoral and cell-mediated immunity in protection
can be gained by careful analysis of vaccine failures, as has
been the case with human immunodeficiency virus vaccines in
nonhuman primates and humans. Studies designed to establish
the relationship between the type(s) and level of immune re-
sponses and the protection in rhesus macaques vaccinated with
dilutions of AVA that are predicted to provide limited protec-
tion are under way. Correlates of protection can be derived
only from studies in which the vaccine fails to protect, which
has not been the experience thus far with anthrax vaccines in
nonhuman primates. If a single immune parameter, such as the
anti-PA IgG titer, can be identified as the primary surrogate
marker of protection, logistic regression analysis can be ap-
plied to determine the effect of titer on survival outcome. This
approach has been applied by to the rabbit model by Pitt et al.
and Little et al. (55, 68). If multiple immune parameters are
identified as critical surrogate markers of protection, predictive
models may be built by using several approaches including
logistic discriminant analysis and cluster analysis. These types
of analysis and their application to medical research are re-
viewed by Solberg (77) and McLachlan (61). The lessons
learned from these studies will be of great importance for
future studies of vaccine efficacy and the establishment of
rugged correlates of protection in cases where human efficacy
trials are untenable, as is true for most biodefense vaccines.
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