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Antimicrobials administered postexposure can reduce the incidence or progression of anthrax disease, but they do not protect
against the disease resulting from the germination of spores that may remain in the body after cessation of the antimicrobial
regimen. Such additional protection may be achieved by postexposure vaccination; however, no anthrax vaccine is licensed for
postexposure prophylaxis (PEP). In a rabbit PEP study, animals were subjected to lethal challenge with aerosolized Bacillus an-
thracis spores and then were treated with levofloxacin with or without concomitant intramuscular (i.m.) vaccination with an-
thrax vaccine adsorbed (AVA) (BioThrax; Emergent BioDefense Operations Lansing LLC, Lansing, MI), administered twice, 1
week apart. A significant increase in survival rates was observed among vaccinated animals compared to those treated with anti-
biotic alone. In preexposure prophylaxis studies in rabbits and nonhuman primates (NHPs), animals received two i.m. vaccina-
tions 1 month apart and were challenged with aerosolized anthrax spores at day 70. Prechallenge toxin-neutralizing antibody
(TNA) titers correlated with animal survival postchallenge and provided the means for deriving an antibody titer associated with
a specific probability of survival in animals. In a clinical immunogenicity study, 82% of the subjects met or exceeded the prechal-
lenge TNA value that was associated with a 70% probability of survival in rabbits and 88% probability of survival in NHPs,
which was estimated based on the results of animal preexposure prophylaxis studies. The animal data provide initial informa-
tion on protective antibody levels for anthrax, as well as support previous findings regarding the ability of AVA to provide added
protection to B. anthracis-infected animals compared to antimicrobial treatment alone.

Anthrax is an acute infectious disease caused by the spore-
forming bacterium Bacillus anthracis. Depending on the

route of exposure, the disease can occur in cutaneous, gastrointes-
tinal, inhalation, and injectional forms. Inhalation anthrax is con-
sidered highly lethal, with the fatality rate approaching 100%
when untreated (1). The primary virulence factors of B. anthracis
include the polyglutamate capsule, which prevents phagocytosis
of the bacterium, and three polypeptides, protective antigen (PA),
lethal factor (LF), and edema factor (EF), which form two binary
toxins. PA and LF combine to produce anthrax lethal toxin (LT),
and PA and EF combine to produce edema toxin (ET). PA binds to
the host cell and oligomerizes, forming a pore that allows for the
translocation of EF and LF into the cytosol (2–4). Neutralizing
antibodies generated against PA, the common component of an-
thrax toxins, have been shown to confer protection against an-
thrax disease (5–10).

The bioterrorism events of 2001 highlighted the need for the
development of postexposure prophylaxis (PEP) medical coun-
termeasures (MCMs) for public health emergency use. Although
several antimicrobials are currently approved and indicated for
reduction of the incidence or progression of disease following ex-
posure to aerosolized B. anthracis, they do not protect against the
potential for disease caused by the germination of residual spores
that may remain after the recommended 60-day antimicrobial
regimen is completed (11–13). Such additional protection may be
achieved by postexposure vaccination.

The use of vaccines for PEP is well documented. A classic ex-
ample is the rabies vaccine, which in the postexposure setting is
administered via a series of immunizations, starting as soon as
possible after exposure, in combination with a single dose of rabies
immune globulin (14, 15). Postexposure prophylaxis of hepatitis

B involves a combination of a single active immunization using a
vaccine and concomitant passive immunization using an immune
globulin (16, 17). Prophylaxis against tetanus in wound manage-
ment involves a single dose of tetanus toxoid and may include
immune globulin administration, depending on the immuniza-
tion history of the exposed individual (18). In the case of anthrax,
the available vaccine, anthrax vaccine adsorbed (AVA) (BioThrax;
Emergent BioDefense Operations Lansing LLC, Lansing, MI), is
indicated only for preexposure prophylaxis in persons at high risk
of exposure (19), including military personnel, veterinarians, pro-
cessors of animal hair and hides, and laboratory personnel (20,
21). No anthrax vaccine is currently licensed for PEP use, and the
availability of such a vaccine remains an unmet medical need.

Licensure of vaccines is typically achieved based on direct dem-
onstration of clinical efficacy in large field trials or based on an
established surrogate endpoint, such as a serological correlate of
protection (22, 23). The latter approach has been employed for
licensure of vaccines against influenza (24), smallpox (25), me-
ningococcal disease (26), and other diseases. In these cases, new
vaccines may be approved based on the demonstration of the abil-
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ity of human subjects to reach a threshold of antibody response
that has been shown in prior clinical efficacy trials to be protective
against disease. The approval process for biodefense MCMs, such
as vaccines against anthrax, presents a number of challenges. It is
not ethical to evaluate the efficacy of anthrax vaccines in humans,
and field trials are no longer feasible due to the rarity of naturally
occurring anthrax in the United States. Therefore, the licensure of
an anthrax vaccine for PEP must be achieved using the U.S. Food
and Drug Administration (FDA) “Animal Rule” (27, 28), and se-
rological correlates of protection for such vaccines must be de-
rived entirely from immunogenicity and efficacy studies in animal
models.

The ability of AVA, when administered in conjunction with
antimicrobials following lethal anthrax challenge, to improve the
survival outcome compared to antimicrobial treatment alone has
been demonstrated in rabbits (29) and nonhuman primates
(NHPs) (12, 30), which are the preferred animal models of inha-
lation anthrax (28, 31). Building upon these data, a series of non-
clinical and clinical studies were conducted in order to (i) assess
the ability of AVA (administered postexposure concomitantly
with antimicrobial treatment) to significantly increase survival,
compared with antimicrobial treatment alone, in the rabbit an-
thrax PEP model (29, 32), (ii) identify a protective vaccine-in-
duced antibody titer based on the level associated with a specific
probability of survival in the rabbit preexposure model and con-
firmed in the NHP preexposure model (5, 10), and (iii) evaluate in
a clinical study the ability of human subjects to achieve this anti-
body titer at a time point after antimicrobial treatment would
have been discontinued. This strategy was based on the approach
recently described by Burns (27) and discussed at a meeting of the
Vaccines and Related Biological Products Advisory Committee
(VRBPAC) (33).

MATERIALS AND METHODS
Experimental animals. Animal studies were conducted at the Battelle
Biomedical Research Center (Battelle, West Jefferson, OH). The work was
performed in compliance with the Animal Welfare Act and followed the
principles outlined in the National Research Council’s Guide for the Care
and Use of Laboratory Animals. All animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC). The studies in
rabbits were conducted in accordance with the FDA guidelines on good
laboratory practices (GLP). Specific-pathogen-free New Zealand white
(NZW) rabbits (Oryctolagus cuniculus), weighing between 2.1 and 2.7 kg,
were procured from Harlan Laboratories (Indianapolis, IN). Cynomolgus
macaques (Macaca fascicularis) of Vietnamese origin, weighing between
1.5 and 2.6 kg (2.3 to 3.5 years old) were procured from Covance Research
Products (Alice, TX). The monkeys were screened for anti-PA immuno-
globulin G (IgG) by enzyme-linked immunosorbent assay (ELISA), and
only seronegative animals were placed in the study. Only healthy animals
of the specified weight range that were free of obvious clinical signs of
disease or malformations were placed in each study, and equal numbers of
male and female animals were assigned to each treatment group.

Clinical study subjects. The clinical study was conducted in accor-
dance with the principles of the International Conference on Harmoni-
zation (ICH) E6 Guideline on Good Clinical Practices (GCP) and the
principles of the Declaration of Helsinki, and all aspects of this study were
conducted in accordance with all national, state, and local laws or regula-
tions. Prior to the study onset, the protocol, informed consent, advertise-
ments used for subject recruitment, and any other information regarding
the study provided to a subject or a subject’s legal guardian was approved
by the institutional review board (IRB). The study was conducted as an
open-label multicenter immunogenicity and safety study. A total of 210

healthy male and female subjects, 18 to 65 years of age, were screened, and
150 subjects were enrolled and included in the intent-to-treat (ITT) pop-
ulation. Enrollment was stratified (1:1) by gender to allow for efficient
testing of a possible difference in the immune response in females com-
pared to males.

Test and control articles. AVA (19, 34) was provided by Emergent
Biodefense Operations Lansing (Lansing, MI). Aluminum hydroxide gel
2% adjuvant (Alhydrogel) was procured from Brenntag Biosector (Fred-
erikssund, Denmark). Levofloxacin (Levaquin oral solution, 25 mg/ml;
Ortho-McNeil, New Brunswick, NJ) was purchased from a licensed phar-
macy.

Experimental design. Three nonclinical anthrax challenge studies (a
PEP and a preexposure prophylaxis study in rabbits, as well as a preexpo-
sure study in NHPs) and one clinical immunogenicity and safety study in
healthy human volunteers were conducted.

(i) Rabbit PEP study. NZW rabbits (90 males and 90 females) were
randomly assigned to seven groups of 24 rabbits each (groups 1 to 5, 7, and
8) and one group of 12 rabbits (group 6). Equal numbers of male and
female animals were randomized to each group. Because of the limited
number of animals that can be challenged with B. anthracis spores in a
given day, the rabbits were also randomized to one of five challenge days.

On day 0, rabbits in groups 1 to 6 were challenged via inhalation with
aerosolized B. anthracis (Ames strain) spores at a target dose exceeding the
median lethal dose (LD50) by 200-fold (200 LD50), or �2.1 � 107 spores
(35). Animals in groups 1 to 5 were dosed once a day (SID) for 7 days with
levofloxacin at 50 mg/kg via oral gavage, with the first dose administered
within 6 to 12 h postchallenge. The antibiotic regimen used was based on
the results of the model development work conducted by Hewitt and
coworkers (29) and was designed to afford partial protection due to the
truncated treatment schedule, while maintaining a therapeutic dose dur-
ing the 7-day treatment. Animals treated with antibiotic also received two
intramuscular (i.m.) immunizations with 0.5 ml of AVA at 6 to 12 h
postchallenge and 7 days later. Group 1 animals were immunized with the
human dose of the vaccine; groups 2, 3, and 4 were immunized with a 1:4,
1:16, and 1:64 dilution of the human dose, respectively. Vaccine dilutions
were prepared in sterile saline, and all vaccines were administered in a
volume of 0.5 ml. Group 5 received adjuvant alone (saline with 650 �g of
aluminum hydroxide gel). Animals in group 6 were dosed orally for 7 days
(or until death) with sterile water for injection (WFI). Rabbits in groups 7
and 8 were not challenged with B. anthracis spores but were included in
the challenge-day randomization. These animal groups received two i.m.
immunizations with 1:4 and 1:16 dilutions of AVA, respectively, as well as
the same levofloxacin treatment regimen as the animals in groups 1 to 5,
starting at the same time as in the challenge group animals. The rabbits
were monitored for 30 days postchallenge.

Blood was collected at selected time points to measure serum neutral-
izing antibody levels (by toxin-neutralizing antibody [TNA] assay, de-
scribed below) and blood plasma levofloxacin levels in all animals (groups
1 to 8), as well as to assess the presence or absence of bacteremia in the
infected animals (groups 1 to 6 only). Complete gross necropsy was per-
formed on any animal that was found dead or euthanized due to mori-
bund condition. Histopathology analysis was performed as needed to
confirm death due to anthrax disease.

(ii) Rabbit preexposure prophylaxis study. NZW rabbits (54 males
and 54 females) were randomly assigned to four groups of 24 and one
group of 12 with an equal number of male and female animals per group.
All animals were also randomized to one of four challenge days. On days 0
and 28, the rabbits in groups 1 to 4 were vaccinated i.m. with serial 4-fold
dilutions, ranging from 1:4 to 1:256, of the human dose of AVA. The
group 5 rabbits received two immunizations with adjuvant alone (saline
with 650 �g of aluminum hydroxide gel). On day 70, all animals were
challenged via inhalation with aerosolized B. anthracis (Ames strain)
spores at a target dose of 200 LD50, which was chosen based on published
LD50 calculations (35).

Blood was collected from all animals at selected time points to measure
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prechallenge serum neutralizing antibody levels by TNA assay, as well as
to assess the presence or absence of bacteremia. Complete gross necropsy
was performed on any animal found dead or that was euthanized due to
moribund condition. Histopathology analysis was performed as needed
to confirm death due to anthrax disease.

(iii) NHP preexposure prophylaxis study. Cynomolgus macaques
(24 males and 24 females) were randomly assigned to six groups of eight
animals each, with an equal number of male and female animals per
group. All animals were also randomized to one of three challenge days.
On days 0 and 28, the monkeys in groups 1 to 5 were vaccinated i.m. with
serial 4-fold dilutions of the human dose of AVA, ranging from the undi-
luted human dose to 1:256. The monkeys in group 6 received two i.m.
injections of phosphate-buffered saline (PBS). On day 70, all animals were
challenged via inhalation with aerosolized B. anthracis (Ames strain)
spores at a target dose of 200 LD50, which was chosen based on published
LD50 calculations (36).

Blood was collected from all animals at selected time points to measure
serum neutralizing antibody levels (by TNA assay) pre- and postchal-
lenge, as well as to assess the presence or absence of bacteremia. Complete
gross necropsy was performed on any animal found dead or that was
euthanized due to moribund condition. Histopathology analysis was per-
formed as needed to confirm death due to anthrax disease.

(iv) Exploratory clinical immunogenicity and safety study. Subjects
received 0.5 ml of AVA administered as a 0.5-ml subcutaneous (s.c.) in-
jection in the deltoid region (alternating arms) on days 0, 14, and 28, using
a 5/8-in., 25- to 27-gauge needle and syringe. Safety and immunogenicity
data were collected at screening and on days 7, 14, 21, 28, 35, 42, 49, 56, 63,
70, 84, and 100. The primary endpoints for this study were antibody titers
on days 35, 42, 49, and 56 as measured by TNA assay, assessed by sero-
conversion rates (4-fold increase in antibody titer from screening), and
geometric mean titers (GMTs) in the per protocol (PP) population, de-
fined as subjects that received all three vaccinations within the protocol-
specified time windows of �2 days for day 14 and day 28 and had fol-

low-up visits with evaluations on days 35, 42, 49, and 56 within the
protocol-specified time windows (�1 day on days 35 and 42, and �2 days
on days 49 and 56). The primary analysis of immunogenicity was in the PP
population. Serum samples from a subset of 30% (n � 45) of the subjects,
balanced by gender, were tested by anti-PA IgG ELISA.

Subjects were required to fill out a daily diary for 7 days after each
vaccination to assess the presence and severity of injection site and sys-
temic symptoms. Baseline safety data collected at screening consisted of
subjects’ medical history, laboratory data (hematology, chemistry, urinal-
ysis, history of human immunodeficiency virus [HIV], hepatitis B virus
[HBV], hepatitis C virus [HCV], and pregnancy test), physical examina-
tion (complete), vital signs, adverse events (AEs), and concomitant med-
ications. Safety data collected during or following the vaccination period
included medical history, laboratory data (hematology, chemistry, urinal-
ysis, pregnancy test), physical examination (complete and symptom-di-
rected), vital signs, AEs, and concomitant medications.

Analysis of immune response. (i) TNA assay. Anthrax toxin-neutral-
izing antibody levels in the serum samples of laboratory animals and hu-
man subjects were measured using a validated TNA assay (37, 38). The
assay colorimetrically determines the viability of cells exposed to LT using
a tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), as the reporter or signal system. The serum-mediated
neutralization of LT manifests as a suppression of cytotoxicity, and hence,
preservation of cell viability. A human serum reference standard, AVR801
(BEI Resources, Manassas, VA), was used for all human and animal TNA
analyses, and the data analysis was conducted using a SAS platform and
the analysis algorithm developed by the CDC (37, 38). All TNA analyses
were conducted at Battelle.

Briefly, 96-well microtiter cell plates were seeded with J774A.1 cells,
and the cells were allowed to adhere. In separate microplates (“prep
plates”), serial dilutions of the test samples and controls were prepared.
LT was added to the prep plate and incubated to allow for LT neutraliza-
tion by neutralizing antibodies. The contents of the prep plate were then

FIG 1 Survival of NZW rabbits following lethal B. anthracis spore challenge and levofloxacin treatment with or without concomitant AVA vaccination (rabbit
PEP study). Rabbits were challenged via inhalation with aerosolized B. anthracis spores on day 0 and treated once daily for 7 days with levofloxacin at 50 mg/kg
via oral gavage, starting at 6 to 12 h postchallenge; untreated controls were treated with WFI. Concomitantly, animals received two i.m. immunizations with AVA
at 6 to 12 h postchallenge (day 1) and on day 8. Antibiotic-only controls received adjuvant alone (saline with 650 �g of aluminum hydroxide gel). Animals were
monitored for morbidity and mortality for 30 days postchallenge. Overall group survival rates at the time of study termination are shown in parentheses. *,
Survival rate was significantly greater than that in the control group (P � 0.004).
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transferred to the cell plate and incubated to allow intoxication to pro-
ceed. MTT was then added to the cell plates to assess cell viability, as only
viable cells are able reduce the MTT dye. The cells were then lysed using a
sodium dodecyl sulfate (SDS)-based solubilization buffer to release the
reduced MTT, and optical density (OD) values for each plate were deter-
mined using a microplate reader (BioTek Instruments, Winooski, VT) at
a wavelength of 570 nm with a 690-nm reference wavelength. The raw OD
data were exported into the SAS software (SAS Institute, Cary, NC), and
the CDC TNA SAS program (37) was used to fit a four-parameter logistic-
log (4PL) function to the seven-point serial dilutions of the reference
serum standard and the test sample OD values. This 4PL curve was in turn
used to calculate the reportable values.

The primary assay endpoints were the 50% effective dilution (ED50)
and the 50% neutralization factor (NF50). The ED50 was defined as the
reciprocal of the dilution of a serum sample that results in 50% neutral-
ization of anthrax lethal toxin and was calculated as the reciprocal of the
dilution corresponding to the inflection point (“c” parameter) of a 4PL
curve. The NF50 was defined as the quotient of the ED50 of the test sample
and the ED50 of the reference serum. The mean ED50 of the AVR801
reference standard was 656 (38). The limit of quantitation (LOQ) values
for ED50 were 39, 55, and 33 for the rabbit, NHP, and human serum,
respectively. The LOQ values for NF50 were 0.086, 0.105, and 0.064 for the
rabbit, NHP, and human serum, respectively. Values below the LOQ were

replaced with the LOQ (in the animal studies) or 1/2 LOQ (in the clinical
study) for geometric mean titer (GMT) calculation and statistical analysis.

(ii) Anti-PA IgG ELISA. Serum anti-PA IgG levels were measured in
30% of clinical study subjects using ELISA based on a method originally
developed and validated by the CDC (39). The assay is designed to quan-
tify IgG antibodies against anthrax PA using purified recombinant PA
(rPA) as the solid-phase immobilized antigen and an enzyme-conjugated
anti-gamma chain secondary antibody as the reporter system. The human
serum reference standard AVR801 (BEI Resources), with the anti-PA IgG
concentration of 109.4 �g/ml (38), was used.

Briefly, microtiter plates were coated with purified rPA. Test samples,
anti-PA IgG reference standard serum, and positive-control sera were
added to the microtiter plate, and the plate was incubated to allow the
PA-specific antibodies to bind to the rPA coated on the plate. After wash-
ing, the bound anti-PA antibodies were detected by a species-specific anti-
gamma chain IgG-horseradish peroxidase (HRPO) conjugate, followed
by the addition of a peroxidase substrate. The OD values were determined
using a microplate reader (BioTek) at a wavelength of 405 nm, with a
reference wavelength of 490 nm.

The anti-PA IgG levels were determined by taking the average of the
acceptable concentrations from the 8-point dilution of the test sample
back-calculated from the standard curve. Results were reported in �g/ml
of anti-PA IgG, and the assay endpoint was reported as the median serum
concentration (�g/ml). The LOQ of the assay was 3.7 �g/ml.

Analysis of blood plasma levofloxacin levels. For blood plasma levo-
floxacin level determination in the rabbit PEP study, blood was collected
6 days before (baseline) and following levofloxacin or WFI administration
on days 1, 2, 7, 8, and 11. Blood samples collected on days 1 and 7 were for
peak levofloxacin levels (collected 1 � 0.5 h after dosing). Blood samples
collected on days 2 and 8 were for trough levofloxacin levels (collected
24 � 0.5 h after the previous dose). Blood collection on day 11 was not a
timed collection. At each time point, approximately 2 ml of blood was
collected from each rabbit into a chilled ethylenediaminetetraacetic acid
(EDTA)-containing tube, inverted 2 to 3 times to mix the blood with the
anticoagulant, and placed on wet ice or cold packs. Blood samples were
centrifuged at �1,300 relative centrifugal force for 10 to 15 min at 4°C,
within 1 h of collection, to separate the plasma. The plasma was filtered
through 0.2-�m filters, transferred into labeled storage tubes, and stored
at or below �20°C until assayed by high-performance liquid chromatog-
raphy (HPLC). HPLC calibration standards and quality-control (QC)
standards were prepared by spiking naïve rabbit plasma with levofloxacin.

Chromatography was performed on an autosampler-equipped (injec-
tion volume, 10 �l) Waters 2690/2790 separation module (Waters, Mil-
ford, MA) using an Inertsil ODS-2 C18 column (5 �m, 4.6 by 250 mm;
Phenomenex, Torrance, CA). Mobile phase A consisted of 5 mM coppe-
r(II) sulfate and 10 mM L-isoleucine in water; mobile phase B consisted of

TABLE 1 Survival of NZW rabbits following lethal B. anthracis spore
challenge and levofloxacin treatment with or without concomitant AVA
vaccination (rabbit PEP study)

Group
Vaccine
dose

Levofloxacin
treatment

Spore
challenge

Survival rate

Pa

No. alive/
total no. %

1 Human
dose

� � 24/24 100 �0.0001

2 1:4 � � 24/24 100 �0.0001
3 1:16 � � 21/22b 95.5 �0.0001
4 1:64 � � 16/23b 69.6 0.0038
5 Adjuvant � � 5/22b 22.7
6 None � � 0/12 0
7 1:4 � � 23/23b 100
8 1:16 � � 24/24 100
a Compared to group 5.
b Two rabbits each in groups 3 and 5, and one rabbit each in groups 4 and 7, died
during the oral gavage levofloxacin administration. The death of these animals was not
related to anthrax infection (which was confirmed by histopathology for the challenged
animals), and these animals were excluded from the statistical analyses.

TABLE 2 TNA NF50 GMTs in NZW rabbits following lethal B. anthracis spore challenge and levofloxacin treatment with or without concomitant
AVA vaccination (rabbit PEP study)

Group
Vaccine
dose

Levofloxacin
treatment

Spore
challenge

Survival
rate (%)

TNA NF50 GMTa by postchallenge day:

11 13 15 18 22 30

1 Undiluted � � 100 3.84 4.28 5.49 7.99 8.00 7.48
2 1:4 � � 100 2.03 3.93 4.73 7.45 7.66 7.01
3 1:16 � � 95.5 0.31 2.38 3.19 3.20 3.91 3.87
4 1:64 � � 69.6 0.10 0.81 2.74 4.15 3.65 2.69
5 Adjuvant � � 22.7 0.09 0.09 0.09 0.19 0.25 0.26
6 WFIc � � 0 —b —b —b —b —b —b

7 1:4 � � 100 0.69 2.14 2.30 3.63 4.44 4.28
8 1:16 � � 100 0.13 0.82 1.38 1.51 1.72 1.82
a For calculation of the geometric mean titers (GMTs), individual TNA NF50 values below the LOQ were replaced with the LOQ value (0.086; rounded to 0.09 for this table).
b All animals in group 6 died prior to the day 11 blood collection.
c WFI, water for injection.
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methanol. Isocratic elution mode was used. Detection was performed by
fluorescence at the excitation wavelength of 335 nm and emission wave-
length of 475 nm. Levofloxacin retention time was approximately 7.7 min.

Statistical analysis. Survival rates were compared between groups us-
ing Fisher’s exact tests. A Bonferroni-Holm adjustment was used to con-

trol the overall error rate at 0.05 within each study. For the PEP study, the
survival rates in the vaccinated groups (groups 1 through 4) and the naïve
control group (group 6) were compared to the survival rate in the group
that received antimicrobial treatment alone (group 5) using a one-sided
test. For the preexposure prophylaxis studies, the survival rate in each

FIG 2 Survival and time to death of NZW rabbits following vaccination with AVA and subsequent lethal B. anthracis spore challenge (rabbit preexposure
prophylaxis study). Animals were immunized with serial dilutions of the human dose of AVA on days 0 and 28. Control animals were immunized with adjuvant
alone (saline with 650 �g of aluminum hydroxide gel). On day 70, all rabbits were challenged via inhalation with 200 LD50 of aerosolized B. anthracis spores.
Animals were monitored for morbidity and mortality for 30 days postchallenge. Overall group survival rates at the time of study termination are shown in
parentheses. *, Survival rate was significantly greater than that in the control group (P � 0.0005).

FIG 3 Survival and time to death of cynomolgus macaques following vaccination with AVA and subsequent lethal B. anthracis spore challenge (NHP preexpo-
sure prophylaxis study). Animals were immunized with serial dilutions of the human dose of AVA on days 0 and 28. Control animals were immunized with PBS.
On day 70, all monkeys were challenged via inhalation with 200 LD50 of aerosolized B. anthracis spores. Animals were monitored for morbidity and mortality for
63 days postchallenge (survival up to 30 days postchallenge shown in the figure; no additional deaths occurred after that period). Overall group survival rates at
the time of study termination are shown in parentheses. *, The survival rate was significantly greater than that in the control group (P � 0.0006).
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vaccinated group was compared to the survival rate in the control group
using a two-sided test.

Logistic regression analysis was performed on the data from the pre-
exposure prophylaxis studies to estimate the relationship between sur-
vival and immunogenicity in both animal species. The models were fitted
to the survival data with an effect for the base-10 log-transformed TNA
NF50 titers on day 69 from the rabbit study and day 70 from the NHP
study. These models included only vaccinated animals, and individual
values below the LOQ were replaced with the LOQ value (0.086 for rabbit
samples and 0.105 for NHP samples).

Predictive vaccine efficacy (VE) was evaluated based on the continu-
ous relationship method developed by Kohberger (29), which can be de-
scribed by the equation VE � 100 (1 � pv/pu)%, where pv is the popula-
tion probability of death in a vaccinated individual, and pu is the
probability of death for an unvaccinated individual.

Applying this relationship to the use of AVA for postexposure prophy-
laxis of anthrax, pv (the population probability of death at a specific time
point in a vaccinated subject) can be estimated using equation 1:

pv � �
��

�

f�x� g�x� dx (1)

where f(x) is probability of death, given x � log10(NF50); this function is
estimated by logistic regression modeling using survival data from the
animal preexposure prophylaxis studies; and g(x) is probability density
function of log10(NF50); the distribution g(x) is assumed to be normal,
with an adjusted mean and observed standard deviation from the clinical
immunogenicity data.

RESULTS
PEP efficacy of AVA in rabbits. The purpose of the PEP study in
rabbits was to determine whether AVA vaccination postchallenge
increased survival after the cessation of the antibiotic treatment
compared with antibiotic treatment alone. The actual exposure

dose received by the animals was 260 � 45 (mean � standard
deviation) LD50 of aerosolized B. anthracis Ames spores. The sub-
sequent postexposure vaccination with AVA (groups 1 to 4) in-
creased survival rates in a dose-dependent manner (Fig. 1, Table
1). Survival enhancement induced by undiluted AVA (100% sur-
vival), as well as the 1:4, 1:16, and 1:64 dilutions (100%, 96%, and
70% survival, respectively), was statistically significant (P �
0.004) compared with antimicrobial treatment alone (Table 1). In
contrast, animals that received the adjuvant and antibiotic (group
5) began to die on day 10, and ultimately, 77% of these animals
succumbed to the disease, including one animal that died as late as
day 25 postinfection (17 days after the cessation of antimicrobial
treatment); all untreated controls (group 6) succumbed to the
disease by day 4 (Fig. 1).

Two rabbits each in groups 3 and 5 and one rabbit each in
groups 4 and 7 died during the administration of levofloxacin via
oral gavage (Table 1). The death of these animals was determined
to have resulted from the complications of the gavage procedure
and was not related to anthrax infection (confirmed by histopa-
thology for the challenge group animals; data not shown). These
animals were, therefore, excluded from the statistical analyses.

The TNA data indicated that postexposure vaccination with
AVA induced a dose-dependent neutralizing antibody response
(Table 2). In vaccinated animals (groups 1 to 4, 7, and 8), the TNA
NF50 levels increased rapidly between days 11 and 22 and then
started to decline. The TNA results also showed that a significant
component of the antibody response in the challenge groups was a
result of the response to infection, as indicated by the pronounced
differences between the TNA NF50 levels observed in challenge
group animals receiving 1:4 and 1:16 dilutions (groups 2 and 3,

FIG 4 Immune response to vaccination with AVA in NZW rabbits (rabbit preexposure prophylaxis study). Animals were immunized with serial dilutions of the
human dose of AVA on days 0 and 28. Control animals were immunized with adjuvant alone (saline with 650 �g of aluminum hydroxide gel). On day 70, all
rabbits were challenged via inhalation with 200 LD50 of aerosolized B. anthracis spores. Each TNA NF50 value was calculated as the ratio of the ED50 of the test
sample to the ED50 of the reference standard. Individual values below the LOQ were replaced with the LOQ value (0.086) for statistical analysis purposes.
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respectively) of the vaccine compared to animals that were not
challenged and that were administered the same dose levels of
AVA (groups 7 and 8, respectively).

Preexposure efficacy of AVA in rabbits and NHPs. In the pre-
exposure prophylaxis studies, the actual exposure doses received
by the rabbits and NHPs were 254 � 38 and 252 � 65 LD50 of
aerosolized B. anthracis Ames spores, respectively. In both rabbits
(Fig. 2) and NHPs (Fig. 3), AVA conferred protection against
lethal aerosol challenge with B. anthracis spores in a dose-depen-
dent manner, with higher vaccine dose levels affording a statisti-
cally significant (P � 0.006) increase in survival compared to the
control group. A dose-dependent prechallenge immune response
was also observed in both animal models, as measured by TNA
ED50 (data not shown) and NF50 (Fig. 4 and 5) levels. Postchal-
lenge TNA titers measured in surviving NHPs (Fig. 5) were be-
tween 10- and 250-fold higher than the prechallenge titers, sug-
gesting a strong anamnestic immune response to the infection
following vaccination-induced priming.

Safety and immunogenicity of AVA in humans. A total of 210
subjects were screened for this study. Of those, 150 subjects were
enrolled. Of the 150 enrolled subjects, 121 (80.7%) were included
in the PP population. All enrolled subjects received at least one
0.5-ml s.c. dose of AVA, and 138 (92%) completed the study. AVA
was well tolerated at the dose of 0.5 ml administered s.c. three
times over 4 weeks (study days 0 � 1, 14 � 2, and 28 � 2). There
were no clinically significant changes in vital signs or safety labo-
ratory analyses, including chemistry, hematology, and urinalysis
parameters. Clinically significant abnormalities were not found
during physical examinations. In addition, no serious adverse

events or withdrawals due to adverse events occurred during this
study.

Subjects that were vaccinated with AVA on days 0, 14, and 28
via the s.c. route demonstrated 100% seroconversion by day 42, or
14 days following the third vaccination (Fig. 6). Seroconversion
was defined as a �4-fold rise in antibody titers compared to those
observed at screening. At day 42, 90% of the subjects had a TNA
NF50 value of �0.788 and an anti-PA IgG concentration (mea-
sured by ELISA) of �217.4 �g/ml. After day 42, slow declines in
both the TNA NF50 levels (Fig. 6) and anti-PA IgG concentrations
(data not shown) were observed. The peak TNA NF50 geometric
mean titer (GMT) was 1.67, and the peak anti-PA IgG geometric
mean concentration (GMC) by ELISA was 454.3 �g/ml. A strong
correlation between TNA titers and PA-specific IgG concentra-
tions measured by ELISA was observed, with Pearson’s correlation
coefficients of 0.993 and 0.996 for the ED50 and NF50 values, re-
spectively.

TNA values associated with survival in animals and predic-
tive vaccine efficacy. The relationship between antibody levels (as
measured by TNA NF50) and the survival of animals vaccinated
with AVA was investigated using logistic regression analysis (Fig.
7). A statistically significant (P � 0.05) relationship was observed
between animal survival and the TNA levels (NF50) measured at
every time point starting 1 week after the second immunization
(i.e., at day 35). In particular, a strong correlation was observed
between TNA levels just prior to challenge (at day 69 in rabbits or day
70 in NHPs) and survival following challenge. Thus, serum neutral-
izing antibody levels measured at the time of challenge, which corre-
sponds to the time point shortly after the recommended 60-day an-

FIG 5 Immune response to vaccination with AVA in cynomolgus macaques (NHP preexposure prophylaxis study). Animals were immunized with serial dilutions of
AVA on days 0 and 28. Control animals were immunized with PBS. On day 70, all monkeys were challenged via inhalation with 200 LD50 of aerosolized B. anthracis
spores. Each TNA NF50 value was calculated as the ratio of the ED50 of the test sample to the ED50 of the reference standard. Individual values below the LOQ were
replaced with the LOQ value (0.105) for statistical analysis purposes. Postchallenge TNA NF50 GMTs (days and 133) were calculated using group sizes based on surviving
animals: 8 (group 1), 7 (group 2), 4 (group 3), 3 (group 4), 1 (group 5). Pre- and postchallenge TNA responses are separated by a vertical dashed line.
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timicrobial regimen would be discontinued in a PEP scenario, was
predictive of the animal survival outcome following challenge.

Based on these findings, a logistic regression model was fitted
to the TNA and survival data, which allowed for the prediction
of the animal survival probability based on the neutralizing
antibody level observed. For example, a preexposure TNA NF50

value of 0.56 (at day 69 or 70) corresponded to a 70% proba-
bility of survival (Fig. 7A) in rabbits and 88% probability of

survival in NHPs (Fig. 7B). The data collected in the explor-
atory clinical immunogenicity study indicated that approxi-
mately 82% of human subjects vaccinated on days 0, 14, and 28
via the s.c. route met or exceeded this TNA level on day 63, i.e.,
3 days after the recommended 60-day antimicrobial PEP regi-
men would be discontinued.

An alternative approach, based on the Kohberger methodology
described previously in Materials and Methods (29), was also em-

FIG 6 Immune response to vaccination with AVA in healthy human subjects (human immunogenicity study). Subjects were immunized with 0.5 ml of AVA via
the s.c. route on days 0, 14, and 28. The figure illustrates the TNA NF50 profile over time (GMT � 95% confidence interval [CI]) in the PP population (n � 121).
Individual values below the LOQ (0.064) were replaced with the 1/2 LOQ value (0.032) for statistical analysis purposes.

FIG 7 Relationship between prechallenge AVA-induced TNA levels and probability of animal survival following lethal challenge with B. anthracis spores in
rabbit (A) and NHP (B) preexposure prophylaxis studies. Logistic regression models were fitted to the survival curve and either day 69 TNA NF50 levels in rabbits
(A) (n � 96) or day 70 TNA NF50 levels in NHPs (B) (n � 39) in order to assess antibody level immediately prior to anthrax challenge as a predictor of survival
in the vaccinated animals. Individual values below the LOQ were replaced with the LOQ value (0.086 for rabbit samples and 0.105 for NHP samples). The graphs
represent the logistic curves fitted to the data (solid lines) and 95% confidence intervals (dashed lines). Individual animal data points are represented by
open-circle symbols (Œ); survival � 1; death � 0.
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ployed. The population probability of death from anthrax in a
vaccinated individual was estimated using equation 2:

pv � �
��

�

f�x� g�x� dx (2)

where f(x), probability of death, is estimated by logistic regression
modeling based on the data from the animal preexposure prophy-
laxis studies and g(x), the distribution of human immune re-
sponses in the exploratory clinical study, is assumed to be normal.

Using this methodology, predictive VE would be estimated to
be 83%.

DISCUSSION

The purpose of the work described here was to evaluate the ability
of AVA to improve survival in vaccinated animals following ex-
posure to aerosolized B. anthracis spores, compared to antimicro-
bial treatment alone, and to provide a mechanism for bridging
animal and human data by identifying an antibody level associ-
ated with survival in animals and assessing the ability of human
subjects to achieve this antibody level.

The PEP study in rabbits described here supports previous
findings by Hewitt and coworkers (29) and demonstrates in-
creased survival with postexposure vaccination with AVA com-
pared with antimicrobial treatment alone. The preexposure effi-
cacy studies in rabbits and NHPs provided the means of
identifying the level of immune response that is associated with a
specific probability of survival in animals. This level of immune
response was based on prechallenge TNA titers, which are a reli-
able predictor of animal survival following lethal anthrax chal-
lenge (5–10), and could then be compared with TNA values ob-
served in humans at day 63, i.e., a time point shortly after the
recommended 60-day antimicrobial PEP regimen would be dis-
continued and the risk of infection resulting from the germination
of any residual spores would increase. The appropriateness of
comparing the animal TNA levels achieved at day 69 or 70 follow-
ing two i.m. immunizations (in the preexposure model) and hu-
man TNA levels achieved at day 63 following three s.c. immuni-
zations (the proposed PEP vaccination regimen) is supported by
the fact that TNA titers in animals at day 69 or 70 correlate with
survival following challenge, and circulating antibody levels at the
time of exposure contribute to survival. The TNA titer associated
with protection in animals may be conservative, considering that
the animals were challenged with a very high dose of B. anthracis
spores (31). The challenge dose of 200 LD50 used to determine the
threshold of protection in immunized rabbits is likely a higher
exposure than that which is expected to occur from residual spores
after a recommended 60-day course of antimicrobials has been
completed.

It should be noted that circulating neutralizing antibody is
probably not the sole mechanism of protection against lethal an-
thrax challenge at day 70 in the preexposure efficacy model. The
rapidly inducible immunological memory response generated af-
ter two vaccinations likely contributes to the protection of ani-
mals. This hypothesis is supported by the long-term protection
study in NHPs conducted by Quinn and coworkers (40). In that
study, animals vaccinated with three doses of AVA (at 0, 1, and 6
months) were protected against inhalation anthrax for up to 4
years after the initial vaccination, despite the fact that the circulat-
ing anti-PA IgG and TNA levels immediately prior to challenge
were near or below the LOQ. The authors concluded that long-

term protection was afforded by PA-specific B- and T-memory
cells that are capable of mounting a rapid protective anamnestic
response following challenge with aerosolized B. anthracis Ames
spores (40). The contribution of memory response to protection is
further supported by observations from passive immunization
studies, in which animals were exposed to 200 LD50 of aerosolized
anthrax spores and treated pre- or postexposure by intravenous
infusion with purified immune globulin derived from blood
plasma samples of human subjects who were vaccinated with AVA
(41, 42, 43). While those studies indicated that neutralizing anti-
body alone could protect animals against lethal anthrax challenge,
the level of circulating antibody associated with 70% survival in
rabbits was 	10-fold higher than that noted in active immuniza-
tion studies (43). This observation suggests that in the case of
active immunization, the anamnestic response leads to a rapid
increase in the level of circulating antibody (33), thereby bridging
the gap between the level of circulating antibody available at the
time of exposure and that which is required for protection.

The studies described here provide initial information on the
neutralizing antibody levels associated with the protection of an-
imals from lethal anthrax challenge, as well as support previous
findings regarding the ability of AVA to provide added protection
to B. anthracis-infected animals compared to those that receive
antimicrobial treatment alone.
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