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Systemic anthrax is caused by unimpeded bacillar replication and
toxin secretion. We developed a dually active anthrax vaccine
(DAAV) that confers simultaneous protection against both bacilli
and toxins. DAAV was constructed by conjugating capsular poly-
y-pD-glutamic acid (PGA) to protective antigen (PA), converting the
weakly immunogenic PGA to a potent immunogen, and synergis-
tically enhancing the humoral response to PA. PGA-specific anti-
bodies bound to encapsulated bacilli and promoted the killing of
bacilli by complement. PA-specific antibodies neutralized toxin
activity and protected immunized mice against lethal challenge
with anthrax toxin. Thus, DAAV combines both antibacterial and
antitoxic components in a single vaccine against anthrax. DAAV
introduces a vaccine design that may be widely applicable against
infectious diseases and provides additional tools in medicine and
biodefense.

Recent events dramatically highlight the universal threat
posed by the potential use of anthrax in terrorism and
warfare (1). Anthrax is a highly lethal infectious disease caused
by the spore-forming bacterium Bacillus anthracis (2). After
entering the host, anthrax spores germinate inside macrophages,
which transport the bacteria to regional lymph nodes. Released
bacilli then multiply extracellularly, secrete high levels of exo-
toxins, and spread systemically in the blood stream, where they
reach up to 10° organisms per milliliter. Systemic anthrax
progresses rapidly from nonspecific initial symptoms to death
with little opportunity for therapeutic intervention (1, 2). An
effective and safe prophylactic approach to anthrax would be
highly desirable, especially in the context of public health.
Currently, the only human vaccine available in the United States,
anthrax vaccine adsorbed, is primarily directed at anthrax toxins
but does not directly target the bacilli (3). Because anthrax
involves a dual process of bacterial replication and toxin pro-
duction, we sought to develop a dually active anthrax vaccine
(DAAYV) that confers simultaneous protection against both
bacilli and toxins.

We chose the two major virulence factors of B. anthracis as
target antigens for DAAV, namely, the capsular poly-y-D-
glutamic acid (PGA) and the essential toxin component, pro-
tective antigen (PA) (4). The weakly immunogenic and antiph-
agocytic PGA capsule disguises the bacilli from immune
surveillance in a similar manner to the role of capsular polysac-
charides in protecting pathogens, such as pneumococci and
meningococci (5, 6). Encapsulated B. anthracis strains grow
unimpeded in the infected host, whereas isolates lacking the
capsule are phagocytized and are virtually avirulent (7, 8).
Anthrax toxins are formed by PA, lethal factor (LF), and edema
factor, which are secreted separately as nontoxic monomers (9).
The binding of LF or edema factor to PA results in the formation
of active lethal toxin or edema toxin, respectively (10). Because
of its ability to elicit a protective immune response against both
anthrax toxins, PA is the target antigen of existing anthrax
vaccine (3). However, we reasoned that a vaccine based on both
PGA and PA would allow direct targeting of bacillar growth, as
well as inhibiting toxin activity, making it more effective than a
vaccine based on PA alone. PGA is an attractive antigen because

www.pnas.org/cgi/doi/10.1073/pnas. 1834478100

it consists of D-glutamic acid residues linked by -y peptide bonds,
and thus bears no resemblance to mammalian host molecules.

DAAYV was designed as a PGA-PA conjugate vaccine to
optimize the immunogenicity of both components, especially of
the poorly immunogenic PGA (11), because covalent linking of
epitopes often significantly enhances a specific immune response
(12). Recombinant PA from Escherichia coli and PGA from
Bacillus licheniformis ATCC 9945a were prepared, and conju-
gates were synthesized by coupling carboxyl groups of PGA to
the amines of PA by carbodiimide-mediated condensation. We
present results for two sets of conjugates with 1:2 and 1:1
(wt/wt) PGA-to-PA ratios, designated DAAV-1 and DAAV-2,
respectively.

Materials and Methods

Strain, Inoculation, and Culture Methods. B. licheniformis ATCC
9945a was obtained from the American Type Culture Collection.
Highly mucoid colonies were selected and grown aerobically in
Erlenmeyer flasks with E broth (13). The formulation of E
medium in gliter™! was as follows: L-glutamic acid, 20.0; citric
acid, 12.0; glycerol, 80.0; NH4CI, 7.0; K,;HPO4, 0.5;
MgS047H,0, 0.5; FeCls:6H,O, 0.04; CaCl,-:2H,0, 0.15;
MnSO4H-0, 0.104. Cultures were incubated at 37°C and shaken
at 250 rpm for 96 h.

Purification of PGA. PGA was purified from culture supernatant
following the procedure described by Perez-Camero ef al. (14)
with slight modifications. The highly viscous bacterial culture
was centrifuged at 4°C (6,500 X g, 20 min) to remove bacteria.
The supernatant was collected and precipitated with 3 vol of
ethanol at 4°C overnight. PGA precipitate was collected by
centrifugation and dialyzed against deionized water. PGA solu-
tion was acidified to pH 1.5 with 6 M HCI and immediately
precipitated with 3 vol of 1-propanol at —20°C. PGA was
collected by centrifugation and washed twice with acetone and
once with ethyl ether. The purified PGA was then dissolved in
water, dialyzed extensively, and lyophilized. The purity and
structure of PGA were verified by UV-vis scanning from 190 to
300 nm and by 'H NMR spectroscopy.

Degradation of PGA. The average molecular mass of native PGA
was ~500 kDa as determined on a Superose 12 (Amersham
Biosciences) column that had been calibrated with dextran
standards. Because of the large size of PGA, direct conjugation
to PA would result in an insoluble gel, which is undesirable for
vaccine formulation. Therefore, we degraded PGA by using an
ultrasonic processor (Tekmar, Cincinnati) operating at 20 kHz
(14). PGA solution (6.5 mg'ml~! in PBS) was placed in an ice
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bath to maintain the system at room temperature. The PGA
solution was irradiated for 1.5 h, and the average molecular size
of PGA was decreased to 100 kDa, as determined by the
dextran-calibrated Superose 12 column.

Purification of PA. Recombinant wild-type PA was expressed in E.
coli BL21* (DE3) from a pET-22b expression vector as described
(15). PA was purified from periplasmic proteins by means of Q
Sepharose and Superdex 200 (Amersham Biosciences) columns.
Purity and molecular size of PA were verified by SDS/PAGE
analysis.

Synthesis of PGA-Protein Conjugates. Either 1.0 mg (for prepara-
tion of DAAV-1) or 0.5 mg (DAAV-2) of PA in 0.6 ml of PBS
(pH 7.0) was mixed with 0.5 mg of degraded PGA. Five
milligrams of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (Sigma) was added, and the mixture was stirred
for 4 h at room temperature. The conjugates were purified on a
PD-10 (Amersham Biosciences) column, verified by SDS/PAGE
analysis, and stored at —20°C until use. Similarly, PGA was
conjugated to BSA at a ratio of 1:1 (wt/wt) for use in antibody
measurements.

Mouse Immunization. Groups of female BALB/c mice at 6-8
weeks of age (The Jackson Laboratory) were immunized by i.p.
injection on days 0, 14, and 28. DAAV-1 was tested at 10- and
20-pg doses, and DAAV-2 was tested at 2-, 10-, and 20-ug doses
(doses refer to PA content). PA and PGA were tested at 20-ug
doses. Unconjugated PGA-PA mixture included 20 ug of PGA
and 20 ug of PA. Each dose was dissolved in 50 ul of PBS and
adsorbed to an equal volume of AI(OH); gel adjuvant (equiv-
alent to 0.187 mg per dose). PBS/Al(OH); was used as a negative
control. Sera were obtained before immunization (preimmune)
and 1 week after each vaccination.

Quantification of Antibodies to PA and PGA. Serum levels of anti-PA
and anti-PGA IgG and IgM were determined by enzyme-linked
immunosorbent assays (ELISAs) (12). In brief, Immulon 96-well
Maxisorp plates (Nalge Nunc) were coated with 2.5 ug'ml~! PA
or PGA-BSA conjugate in 0.1 M carbonate buffer (pH 9.6) at
4°Cfor 16 h. Serum samples were serially diluted in Tris-buffered
saline (TBS) (50 mM Tris'HCl/0.15 M NaCl, pH 7.4) containing
5% (vol/vol) FCS with 0.05% Brij and titrated 2-fold across the
plates. The plates were incubated at 37°C for 1.5 h. After
washing, bound IgG or IgM antibodies were detected with 1
mg-ml~! alkaline phosphatase-labeled goat anti-mouse IgG or
rat anti-mouse IgM (Southern Biotechnology Associates) at
1:2,000 dilutions. The plates were developed with p-nitrophenyl
phosphate (Sigma), and their absorbances were determined at
405- and 630-nm wavelengths. Antibody isotypes were deter-
mined in a similar manner, except that alkaline phosphatase-
labeled anti-mouse IgGl, IgG2a, IgG2b, or IgG3 (Southern
Biotechnology Associates) was used as the secondary antibody.
Standard curves were obtained for each plate by using goat
F(ab'), anti-mouse Ig as the capturing agent and known con-
centrations of mouse IgM, IgG, 1gG1, IgG2a, IgG2b, and 1gG3
as standards. Specific Ig concentrations were determined by
comparison with the standard curves.

Statistical Analysis. The Mann—Whitney test was used to assess the
statistical significance of differences between independent sam-
ple groups. A two-sided probability value of <0.05 was consid-
ered statistically significant.

Immunoelectron Microscopy. Immunoelectron microscopy was
performed to determine whether antibodies raised against
PGA-PA conjugates bind to PGA capsules of B. licheniformis
9945a. B. licheniformis 9945a cells were grown in E medium
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broth at 37°C overnight. Drops of bacterial solution (5 ul) were
placed on a piece of Parafilm, and a 200-mesh Formvar carbon-
coated copper grid (Electron Microscopy Sources, Fort Wash-
ington, MA) was placed on top of each drop for 1 min. The grids
were blocked by placing them on a 5-ul drop of 0.5% fish skin
gelatin in PBS with 0.1% Tween 20. The grids were then
incubated with immune mouse sera (at dilutions of 1:5) for 20
min at room temperature and washed with PBS/Tween. Subse-
quently, the grids were incubated with rabbit anti-mouse anti-
body (at a dilution of 1:5) for 20 min and washed with PBS/
Tween. Gold-labeled protein A (20-nm gold particles) was
applied at a dilution of 1:10 to detect bound antibodies. After
incubation for 20 min at room temperature, the grids were
washed four times with deionized water. Photographs were taken
on a JEOL 1200 EX electron microscope at magnifications of
10,000- to 25,000-fold. Preimmune mouse sera were tested as
controls by using the same procedure.

Antibody-Specific and Complement-Mediated Bacteriolysis. To eval-
uate the functional specificity of anti-PGA sera against bacilli, we
adapted a complement-mediated bactericidal assay with slight
modifications (16). In brief, pooled sera from groups of immu-
nized mice were serially diluted in PBS. Samples of 30 ul of B.
licheniformis 9945a (=100 colony-forming units) in PBS were
incubated with 50 ul of diluted serum and 20 wl of human
complement (diluted 1:4 in PBS) at 37°C for 1 h on a platform
shaker. Sera from mice immunized with 10-pg doses of DAAV-1
and DAAV-2 were tested. Preimmune sera were tested analo-
gously as negative reference controls. Bacteria were also cul-
tured with sera or complement alone as controls. Samples of
incubation mixture (50 pl) were plated on 5% sheep-blood agar
plates. After the plates had been incubated at 37°C overnight, the
colonies were counted, and the percentage of bacterial killing
was calculated for each antibody titration by comparison with the
number of colonies on preimmune reference plates. All tests
were performed in four replicates.

The bacteriolysis mediated by complement and antibodies was
confirmed by electron microscopy. For preparation of samples
for electron microscopy, 30-ul samples of B. licheniformis 9945a
(=3.7 X 107 colony-forming units) in PBS were incubated with
20 pl of undiluted serum and 50 wl of undiluted human
complement at 37°C for 30 min on a platform shaker. As negative
controls, samples of B. licheniformis were incubated with undi-
luted preimmune sera and complement. Bacteria were also
incubated with sera or complement alone. After incubation,
reaction mixtures were centrifuged, and pellets were fixed for 1 h
in a mixture of 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4), washed in 0.1 M cacodylate buffer, and fixed
with 1% osmium tetroxide (OsO4) and 1.5% potassium ferro-
cyanide [K4Fe(CN)g] for 1 h. Pellets were then washed in water,
stained with 1% aqueous uranyl acetate for 30 min, dehydrated
in alcohol (5 min in 70%, 5 min in 90%, twice for 5 min in 100%),
and then embedded in TAAB Epon (Marivac Canada, St.
Laurent, QC, Canada). Ultrathin sections (=60 nm) were cut on
a Reichert Ultracut-S Microtome, transferred onto copper grids,
stained with uranyl acetate and lead citrate, and examined in a
JEOL 1200 EX transmission electron microscope.

Inhibition of PA Cytotoxicity. To evaluate the ability of PA-specific
antibodies to inhibit the biological activity of PA, we performed
PA-mediated cytotoxicity experiments with CHO (Chinese ham-
ster ovary) K1 cells (17, 18). Sera obtained from mice immunized
with DAAV-1, DAAV-2, or PA were normalized with respect to
their concentrations of anti-PA IgG and serially diluted. Control
sera from mice immunized with PBS or PGA were serially
diluted based on the group that had the lowest concentration of
anti-PA IgG. Confluent CHO K1 cells in a 96-well plate were
incubated with 0.1 nM PA, 0.1 nM LFx-diphtheria toxin A chain

Rhie et al.



z
/|
~ |

1 Anti-PGA IgG B 204 Anti-PGA IgM

Conc. (ug/ml
(o))
T

N B
.
HTh
I
Conc. (ug/ml)
N © 5
| T T |
| 20 pg| HT—F——

N ol o]
) x O O 0 X O O %) X O %) X O O
mé&ﬁiimé&ﬁii mgégi mégﬁii
o g o o a g o o o q =} o a 2 g
. \—(\III \—(\II . -~ . FN'

After 2nd dose After 3rd dose After 2nd dose After 3rd dose

C 10009 Anti-PA IgG D 207 Anti-PAIgM

,-\800_ ~ 1.5
€ 1 =
%,600— >
=2
\ES'I/ - v10_
S 400 E g
S 3
200 0.5 é |'l'| é
H— LT _ _ 0.0—*? 8.
N X D0ND < L X OO NI X D00 < X OO
3. 3 3. 3 3. = 3. 3.
EE&EOOEEQEOO Egm§oogga§oo
~— N ~— N — N — N
L 1 L 1 L 1 L

After 3rd dose After 2nd dose After 3rd dose

Fig. 1. Specific antibody response to DAAV-1 immunization in mice. (A and B) Anti-PGA IgG (A) and IgM (B). Anti-PGA IgG concentrations after the third dose
were significantly higher than those after the second (P = 0.002, 10-ug group; P = 0.007, 20-ug group). (C and D) Anti-PA 1gG (C) and IgM (D). After three doses,
DAAV-1 induced significantly more anti-PA IgG than did PA alone (P = 0.02, 10-ng group vs. PA; P = 0.01, 20-ug group vs. PA). Note that all anti-PA IgM
concentrations are very low and close to the detection limit. No significant difference exists between 10- and 20-ug groups. Anti-PGA and anti-PA responses were
>98% IgG1. Control immunization agents included PBS, PGA, PA, and unconjugated PGA-PA mixture (Mix). Boxes represent 25th to 75th percentiles of eight

After 2nd dose

data points, and bars indicate minimum, median, and maximum values.

(DTA), and diluted serum at 37°C for 4 h. LFx-DTA is a fusion
protein of the N-terminal PA-binding domain of LF to the DTA
chain. The DTA moiety catalyzes ADP-ribosylation of elonga-
tion factor 2 within the cytosol and inhibits protein synthesis.
Cytotoxicity was measured by the decrease of [*H]leucine uptake
by cells. Inhibition of cytotoxicity was expressed as the percent-
age of incorporated radioactivity relative to control (radioactiv-
ity recovered from cells incubated without LFN-DTA). Experi-
ments were performed in duplicates and repeated three times.

Protection of Mice Against Lethal Toxin Challenge. To verify the
protective activity of PGA-PA conjugates as anthrax vaccine, we
tested whether immunization with DA AVs protects mice against
challenge with lethal toxin. Two weeks after the third dose of
vaccination, each mouse was challenged through its tail vein with
a mixture of 48 ug of PA and 20 pg of LF (List Biological
Laboratories, Campbell, CA), the equivalent of approximately 4
times the LDs of lethal toxin in mice (19). Without exception,
unprotected mice died within 24 h. Protected mice were moni-
tored closely for at least 2 weeks. Unprotected mice were
characterized by minor initial hyperactivity, which was soon
followed by pronounced moribund lethargy, whereas protected
mice progressed through a short phase of reduced activity to full
recovery.

Histopathologic Analysis. Mouse organs were fixed in Bouin’s
fixative for 2 days and embedded in paraffin. Five-micrometer
thin sections were cut and stained with hematoxylin and eosin.
Macroscopically and histologically, unprotected mice had hyp-
oplastic spleens and necrotic intestinal lesions. Other major
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organs, such as kidneys, liver, lungs, heart, and brain, appeared
normal.

Results and Discussion

After three immunizations in mice, DAAV-1 induced high levels
of serum anti-PGA IgG and booster injections significantly
enhanced the IgG response (Fig. 14). Anti-PGA IgM levels were
lower and there was no booster effect (Fig. 1B). In contrast, PGA
alone elicited virtually no specific IgG and barely detectable
levels of IgM. Thus, although PGA by itself displays poor
immunogenicity that could not be improved by coadministration
in an unconjugated PGA-PA mixture, covalent linkage to an
immunogenic carrier significantly enhanced immunogenicity.

DAAV-1induced high anti-PA IgG concentrations after three
immunizations (Fig. 1C). Comparing effects of second and third
immunizations, booster doses increased specific IgG by ~10-fold
over 14 days. PA alone and PGA-PA mixture induced signifi-
cantly lower titers than those elicited by DAAV-1. PA-specific
IgM levels remained barely detectable (<1 ug/ml) in all groups
(Fig. 1D). Overall, the conjugation of PGA and PA in DAAV-1
synergistically enhanced the immunogenicity of both PGA
and PA.

The antibody response pattern after DAAV-2 immunization
resembled that after DAAV-1 immunization, except for signif-
icantly lower specific IgG levels (Fig. 2). With 2-, 10-, and 20-ug
doses and after three injections, DAAV-2 elicited median values
of 18, 38, and 37 ug/ml anti-PGA IgG, respectively. Notable
amounts of anti-PGA IgM were detected after two doses, rising
very slightly to median values of 8-14 ug/ml after three doses.
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Specific antibody response to DAAV-2 immunization in mice. Anti-PGA 1gG (A), anti-PGA IgM (B), anti-PA 1gG (C), and anti-PA IgM (D) are shown. Both

anti-PGA and anti-PA IgG display booster responses. With respect to IgG, the 10-and 20-ug doses are superior to the 2-ug dose (P < 0.05). The maximum attainable
1gG concentrations are ~2-fold (anti-PGA) and ~10-fold (anti-PA) below those attained with DAAV-1. Anti-PGA and anti-PA responses were >98% IgG1. PBS
served as a negative control. Boxes represent 25th to 75th percentiles of eight data points, and bars indicate minimum, median, and maximum values.

DAAV-2 also induced 2, 49, and 30 pg/ml anti-PA IgG after
three 2-, 10-, and 20-ug doses, respectively.

DAAV-1 appears to be a more promising vaccine candidate
than DAAV-2, because DAAV-1 induced about twice as much
anti-PGA IgG as did DAAV-2, and the anti-PA IgG potency of
DAAV-1 was >14-fold superior to that of DAAV-2. This
difference is likely due to the lower degree of modification of PA
by the coupling to PGA in DAAV-1. The amount of PGA
coupled to PA may alter natural epitopes and affect PA immu-
nogenicity. These results demonstrate that the structural param-
eters of PGA-PA conjugates are critical determinants for the
induction of PGA- and PA-specific antibodies.

To evaluate the dual functional potency of DAAVs against
bacilli and toxins, we first examined the ability of PGA-specific
antibodies to bind encapsulated bacilli and facilitate killing.
Because of the inaccessibility of virulent B. anthracis and the
hazards associated with working with this pathogen, we used B.
licheniformis 9455a in our tests. Encapsulated B. licheniformis is
surrounded by a thick coat of fibrillar PGA (Fig. 34) that is
chemically and immunologically identical to that of B. anthracis
(20, 21). As shown by immunoelectron microscopy, antibodies to
PGA from mice immunized with DAAV-1 or DAAV-2 bound
specifically to the capsule of B. licheniformis and completely
coated the bacterial cells (Fig. 34). Preimmune sera or sera from
mice immunized with PBS did not react with the PGA capsule
at all.

After binding to the capsule, antibodies can mediate the killing
of bacteria by means of complement-driven lysis and/or op-
sonophagocytosis (22). We performed bactericidal assays to test
the potency of PGA-specific antibodies in activating comple-
ment and killing bacilli (16). Sera from DA AV-immunized mice
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exerted potent bactericidal activity (Fig. 3B). Bactericidal po-
tency correlated with serum dilution and anti-PGA Ig concen-
tration. Furthermore, electron microscopic analysis confirmed
the lysis of bacilli (Fig. 3 C and D). Whereas capsular PGA
adheres to B. anthracis, B. licheniformis sheds significant
amounts of its capsule (4, 14). Therefore, future experiments will
need to analyze the effects of PGA-specific antibodies on B.
anthracis directly. These findings demonstrate that DAAV-
induced antibodies to PGA can Kkill bacilli by antibody-specific,
complement-dependent mechanisms. The antibacterial compo-
nent of DAAVs could thus potentially block replication of the
bacilli at an early phase of the infection and preempt the
secretion of large amounts of toxins.

We next evaluated whether DA AV vaccination could protect
against anthrax toxins. PA, the required core component of
anthrax toxins, translocates both LF and edema factor into the
cytosol of host cells. Because blocking PA prevents anthrax
toxicity, we tested the ability of DAAV-induced antibodies to
neutralize PA (17, 18). We exposed CHO cells to PA and
LFN-DTA, a fusion protein of PA-binding domain of LF and
DTA (17, 18). PA-mediated translocation of LFN-DTA into the
cytosol causes inhibition of protein synthesis and cell death,
whereas blocking of PA prevents translocation and protects cells.
Sera from mice immunized with DAAV-1, DAAV-2, or PA
efficiently rescued cells (Fig. 44). In contrast, preimmune sera
or sera from mice immunized with PBS did not inhibit cytotox-
icity. At concentrations =1 pg/ml, anti-PA IgG afforded com-
plete protection. Furthermore, anti-PA IgG induced by
DAAV-1, DAAV-2, or PA displayed very similar concentration-
dependent protection curves. These findings indicate that an-
ti-PA IgGs elicited by DAAVs or PA have the same functional
potency to neutralize PA.

Rhie et al.



-
vd
A |

A
100
B 1 A DAAV-1
_— ¥ DAAV-2
= 804
.
=
5 60
m -
3
2 404
-
E 20—
m -
04
| T T I'IIIII| T Illllll] T T lllllll
101 102 103 104
Serum dilution (fold)

D

Fig. 3. Opsonizing and bacteriolytic activities of antibodies to PGA. (A)
Immunoelectron micrograph showing the binding of PGA-specific antibodies
to B. licheniformis 9455a capsule. Antibodies were from mice immunized with
DAAV-1 and were detected with gold-labeled protein A particles. (xX40,000.)
(B) Bactericidal activity of PGA-specific antibodies against B. licheniformis
9945a. Bacilli were incubated with complement and serial dilutions of sera
from DAAV-immunized mice. Percentage killing was calculated relative to
growth of bacilli incubated with control preimmune serum and complement.
(C) Electron micrograph of two bacilli lysed with anti-PGA Ig and complement.
(x40,000.) (D) Electron micrograph of a viable control bacillus. (x40,000.)

To directly verify the effectiveness of DAAVs in protection
against anthrax, we challenged immunized mice with anthrax
lethal toxin. Ten days after the third immunization, each mouse
was given a mixture of 48 ug of PA and 20 ug of LF through its
tail vein, corresponding to about 4 times the LDs, of lethal toxin
(19). Without exception, control mice immunized with PBS or
PGA died within 24 h (Fig. 4B). In contrast, all mice immunized
with DAAV-1, DAAV-2, or PA survived the lethal challenge.

Unprotected mice had hypoplastic spleens and experienced
extensive splenic cell apoptosis and a sharp decrease in cell density,
whereas DAAV-protected mice had normal spleens (Fig. 4 C and
D). In vitro, lethal toxin induces apoptosis by cleaving mitogen-
activated protein kinase kinases (23, 24). Our analysis illustrates this
specific pathologic damage caused by lethal toxin in vivo.
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Fig. 4. Protective activities of antibodies to PA. (A) Correlation between
levels of anti-PA IgG and protection of CHO cells against PA-mediated cyto-
toxicity; 0% and 100% levels correspond to cells incubated without serum or
without LF\-DTA, respectively. Preimmune sera or sera from mice immunized
with PBS did not inhibit cytotoxicity. (B) Protection of mice immunized with
DAAVs or control agents against lethal toxin (LeTx) challenge. Surviving mice
were monitored for at least 2 weeks. (C) Histologic spleen specimen from an
unprotected mouse challenged with LeTx. The animal had died 24 h after
challenge. Note the marked reduction in cell density and the numerous
pyknotic nuclei of cells undergoing apoptosis. (D) Spleen specimen from a
DAAV-protected mouse 24 h after challenge with LeTx. The microscopic
appearance is normal. (C and D, x40.)

In conclusion, we demonstrated that DAAVs are a class of
promising conjugate anthrax vaccines that can offer simulta-
neous protection against both bacilli and toxins. PGA-PA
conjugation has several advantages. Conjugation can synergis-
tically augment the protective humoral response to both PGA
and PA. Despite the complex life cycle of B. anthracis, systemic
anthrax disease is caused by the massive extracellular replication
of bacilli and the secretion of toxins. We envision that our
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DA AVs may prevent or stop the disease by eliminating bacteria
by means of anti-capsular antibodies early in the sequence of
anthrax infection, well before severe bacteremia and toxemia
take place. In addition, antibodies to PA provide a parallel line
of defense against residual toxins. DAAVs embody the paradigm
of combining both antibacterial (i.e., prophylactic) and antitoxic
(i.e., therapeutic) components into a single vaccine. This concept
may find broad application in combating infectious disease.
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