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Background: Protective antigen (PA), a key component of anthrax toxin, is neutralized by the antibody cAb29 by an

unknown mechanism.

Results: cAb29 binds monomeric or heptameric PA, preventing its ability to form the characteristic transmembranal pore.
Conclusion: cAb29 exerts its potent neutralizing activity in a novel and unique manner.
Significance: This study mechanistically demonstrates how cAb29 affects the hallmark steps in PA-based intoxication.

Protective antigen (PA), a key component of anthrax toxin,
mediates the entry of lethal factor (LF) or edema factor (EF)
through a membranal pore into target cells. We have previously
reported the isolation and chimerization of cAb29, an anti-PA
monoclonal antibody that effectively neutralizes anthrax toxin
in an unknown mechanism. The aim of this study was to eluci-
date the neutralizing mechanism of this antibody ix vitro and to
test its ability to confer post-exposure protection against
anthrax in vivo. By systematic evaluation of the steps taking
place during the PA-based intoxication process, we found that
cAb29 did not interfere with the initial steps of intoxication,
namely its ability to bind to the anthrax receptor, the consecu-
tive proteolytic cleavage to PAg;, oligomerization, prepore for-
mation, or LF binding. However, the binding of cAb29 to the
prepore prevented its pH-triggered transition to the transmem-
branal pore, thus preventing the last step of intoxication, i.e. the
translocation of LF/EF into the cell. Epitope mapping, using a
phage display peptide library, revealed that cAb29 binds the 2a;
loop in domain 2 of PA, a loop that undergoes major conforma-
tional changes during pore formation. In vivo, we found that
100% of anthrax-infected rabbits survived when treated with
cAb29 12 h after exposure. In conclusion, these experiments
demonstrate that cAb29 exerts its potent neutralizing activity in
a unique manner by blocking the prepore-to-pore conversion
process.

Bacillus anthracis, the causative agent of anthrax, exerts its
toxicity via the dissemination of a tripartite exotoxin composed
of protective antigen (PA),> lethal factor (LF), and edema factor
(EF). Cell intoxication involves several steps, the first of which is
the binding of PAg; to its cellular receptor (TEM8 or CMG2).
Following binding, a 20-kDa region is proteolytically removed
by a furin-like protease, whereas the remaining PA; forms an
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oligomeric structure (heptamer or octamer, also referred to as a
prepore) that binds EF or LF to form edema toxin or lethal toxin
(LeTx), respectively. Following endocytosis of the prepore-
EF/LF complex, an acid-driven prepore-to-pore conversion
occurs, thus promoting the entry of EF/LF into the cytosol,
where they exert their toxic effects (1).

Anthrax is considered a biological threat, and B. anthracis is
classified as a category A agent by the Centers for Disease Con-
trol and Prevention. Currently, a three-dose vaccination sched-
ule for anthrax using PA-based vaccine is indicated by the Food
and Drug Administration as the post-exposure treatment
together with a prolonged antibiotic regimen (2, 3). However, in
cases where disease has progressed and a substantial amount of
anthrax toxins has been delivered to the bloodstream, or when
antibiotic-resistant B. anthracis strains are involved, these
treatments will be less effective, highlighting the need for addi-
tional post-exposure treatment. To this end, passive transfer of
neutralizing antibodies directed against either PA or LF was
suggested as a complementary treatment that can provide
immediate, specific, and low toxicity protection (4, 5). Indeed,
over the past decade, extensive research was carried out to
develop therapeutic antibodies that target anthrax toxins and
can provide protection either when given alone or when given
with antibiotic treatment (6). The neutralizing mechanisms of
these antibodies were shown to span almost every step of the
intoxication process, including the inhibition of PA-receptor
interaction, proteolytic cleavage, heptamerization, internaliza-
tion, and EF/LF binding.

We have previously isolated a monoclonal antibody, mab29,
which possesses a highly potent LeTx neutralization activity,
and converted it to a human IgG1-based chimeric antibody
(cAb29), which was able to confer full protection to guinea pigs
when given prior to infection with 40 LD, B. anthracis spores
(7, 8). The main goals of this study were to characterize the
LeTx-neutralizing mechanism of cAb29 by systematic bio-
chemical examination of the influence of this antibody on the
hallmark steps in the PA-based intoxication process and to test
its ability to confer post-exposure protection against anthrax in
vivo.
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EXPERIMENTAL PROCEDURES

Materials—PA and LF were purified by Q-Sepharose chro-
matography, essentially as described previously (9). Chimeric
anti-PA monoclonal antibody (cAb29) was produced from a
recombinant CHO cell line as described previously, and mouse
IgG anti-PA monoclonal antibody (Ab33) was produced in
ascetic fluid (8). Antibodies were purified by affinity chroma-
tography on HiTrap protein G/A (GE Healthcare, Uppsala,
Sweden) according to the manufacturer’s instructions and dia-
lyzed against PBS, pH 7.4.

Cellular Impedance Assay—The xCELLigence system
(Roche Applied Science) was employed to measure the changes
in cellular impedance following the addition of PA. Initial back-
ground measurements were carried out from 0.1% gelatin-
coated E-plates (Roche Applied Science) filled with cell culture
medium (EGM-2, Lonza Clonetics) followed by the addition of
human vascular endothelial cells (Lonza Clonetics; 10,000 cells/
well). Cells were grown overnight (37 °C, 5% CO,) until growth
plateau was achieved. Cells were treated with the indicated
compounds, and the cell index values were obtained immedi-
ately following ligand stimulation every 20 s. Cell index values
are normalized to parallel values recorded in vehicle-treated
wells.

Inhibition of Furin Cleavage—PA was incubated with furin
(Sigma) for 30 min at room temperature in the absence or pres-
ence of neutralizing antibody (1:1 molar ratio). Samples were
then resolved on a 4—15% SDS-PAGE and visualized using sil-
ver stain.

Prepore and Pore Formation—PAg, (5 ug, 60 pmol) was incu-
bated with trypsin (5 ng) for 30 min at room temperature, and
the reaction was stopped by the addition of a 5-fold excess of
soybean trypsin inhibitor. The nicked PA was incubated with
LF (60 pmol) for 20 min at room temperature, resolved on a
4-16% native gel (Novex), and visualized with Coomassie Blue.
To obtain purified PA,; oligomers (prepore), nicked PA (2 mg)
was desalted and loaded on a HiTrap Q-column (GE Health-
care) in a buffer containing 20 mm Tris-HCI, pH 8, and the
prepore fraction was eluted by 1 M NaCl gradient (10). Prepore
was converted into the SDS-resistant pore by incubation in low
pH (50 mm MES buffer, pH 5.5, 150 mm NaCl), resolved ona 7%
SDS-PAGE gel, and visualized with silver stain.

Binding Assays—Binding studies were carried out using the
Octet RED system (ForteBio) that measures bio-layer interfer-
ometry. All steps were performed at 30 °C with shaking at 1500
rpm in a 96-well plate containing 200 ul of solution in each well.
Streptavidin-coated biosensors were used throughout this
study, and analytes (10 wg/ml) were diluted in PBS buffer, pH
7.4, containing 1 mg/ml BSA and 0.1% (v/v) Tween 20. Biosen-
sors were loaded with biotinylated antibodies (50 ng/ml) for
300 s followed by wash. Binding and dissociation were mea-
sured as changes over time in light interference, and curves are
presented after subtraction of parallel measurements from
unloaded biosensors.

Neutralization Assay—Toxin cytotoxicity and neutralizing
antibody activity were determined essentially as described pre-
viously (8, 9, 11) using the murine macrophage J774A.1 cells
(ATCC). Cells (30 X 10%/well) were incubated for 5 h with
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either PAg, or PA prepore (10 ng/ml) in the presence of LF (100
ng/ml) and different concentrations of neutralizing antibodies.
Cell viability was determined using the XTT assay (Biological
Industries, Beit Haemek, Israel), and the percentage of cell sur-
vival was plotted against antibody concentration.

Animal Studies—New Zealand white rabbits (2.5-3 kg) were
obtained from Charles River Laboratories (Wilmington, MA).
All animal experiments were performed in accordance with
Israelilaw and were approved by the Ethics Committee for Ani-
mal Experiments at the Israel Institute for Biological Research.
Animals were maintained at 20-22 °C and a relative humidity
of 50 = 10% on a 12-h light/dark cycle, fed with commercial
rodent chow (Koffolk Inc.), and provided with tap water ad
libitum. Treatment of animals was in accordance with regula-
tions outlined in the United States Department of Agriculture
Animal Welfare Act and the conditions specified in the Guide
for the Care and Use of Laboratory Animals (National Institutes
of Health, 1996).

Pharmacokinetic and Challenge Studies—For pharmacoki-
netics studies, rabbits were injected intravenously with 1 mg of
purified cAb29, and blood samples were drawn at different time
points. Antibody concentration in the blood samples was deter-
mined by ELISA using PA-coated 96-well microtiter plates
(Nunc, Roskilde, Denmark) and alkaline phosphatase-conju-
gated secondary anti-human antibody for detection. The phar-
macokinetic parameters were calculated using the PK Solutions
software (Summit Research Services). For challenge experi-
ments, animals were inoculated via the respiratory route by
intranasal instillation of 5 X 10° cfu of fully virulent Vollum
spores (200 LD,,). The infected rabbits were treated with dif-
ferent doses of purified cAb29 antibody given intravenously at
the indicated time points. Animal viability was monitored for at
least 14 days.

Epitope Mapping—The Ph.D.-7 phage display library kit
(New England Biolabs) was used for panning against immobi-
lized cAb29 antibody, essentially as recommended by the man-
ufacturer. After three rounds of selection, individual phage
clones were isolated and tested for specific binding to cAb29 by
ELISA. The positive clones were subjected to DNA sequencing
to deduce the amino acid sequence of the presented peptides.
The peptide sequences from the positive phages were aligned
with Clustal W software.

RESULTS

Post-exposure Prophylaxis following Intranasal B. anthracis
Challenge— cAb29 is a chimeric antibody that was selected
from a large panel of PA-neutralizing monoclonal antibodies
(8). It was shown that if given to guinea pigs prior to infection,
cAb29 can provide full protection against anthrax. Here, we
first sought to evaluate its ability to confer post-exposure pro-
tection in the stricter model of anthrax infection, namely infec-
tion by the respiratory route. Because the ability of the antibody
to neutralize PA in vivo is a function of its residence time in the
blood (8), we first determined the pharmacokinetic profile of
the chimeric antibody following intravenous administration to
rabbits. Blood samples were drawn at different time points after
administration, antibody levels were determined by ELISA, and
the obtained data were fitted to a one-compartment, first-order
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FIGURE 1. Post-exposure protection of rabbits against anthrax infection.
A, circulatory clearance profile of cAb29 in rabbits. Rabbits (n = 3) were
injected intravenously with 1 mg of cAb29. Blood samples drawn at various
time points were assayed for antibody concentration by ELISA. Mean = S.D.
values are presented as percentages of maximum blood levels (C,.,,). B, sur-
vival of rabbits following intranasal B. anthracis infection. Rabbits (n = 5 for
each group) were intranasally infected with 5 X 10° cfu of Vollum spores (200
LDso) and treated with two successive treatments of cAb29 at the indicated
doses, given intravenously 12 and 60 h after infection (indicated by arrows).

elimination model (Fig. 14). The cAb29 antibody exhibited a
biphasic elimination profile with mean resident time of 82 h.
The first elimination phase () displayed a 1, value of 4 h (5% of
area under the curve), whereas the second phase (3) was signif-
icantly longer, with £, of 59 h.

The prophylaxis efficacy of cAb29 was evaluated in rabbits
that were intranasally infected with 5 X 10° cfu of Vollum
spores (200 LD,). Under these conditions, all untreated rabbits
rapidly developed respiratory anthrax and died within 2 days
(Fig. 1B). Based upon the pharmacokinetic profile of the chime-
ric antibody, we decided to administer the antibody in two suc-
cessive treatments, given 12 and 60 h after infection. Treatment
with a low dose of antibody (0.1 mg/kg each) did not provide
protection but prolonged the mean time to death. A slight
increase in antibody to two doses of 0.2 mg/kg each resulted in
20% rabbit survival. All animals treated twice with 1 mg/kg
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survived the challenge with no evident disease within 14 days
after challenge.

The finding that cAb29 is highly potent in vivo encouraged us
to continue and explore its PA neutralization mechanism. To
this end, we systematically examined the effect of cAb29 on the
hallmark steps in the PA-based intoxication process.

cAb29 Does Not Hinder PA Binding to Cellular Receptors—
The first event in LeTx intoxication involves the binding of
PAg; to one of its specific cellular receptors, TEM8 or CMG2
(12, 13). To evaluate whether cAb29 hampers PAg,-cell recep-
tor binding, we utilized the cellular impedance assay (using the
xCELLigence system), which allows detection of physiological
responses of cells, such as morphology, cell adhesion, and via-
bility, expressing them as a change in cell index (14). Loss of cell
adhesion in this system would generate a reduction in cell
index, whereas increase in cell adhesion (usually seen after
receptor binding) would result in an increase in cell index.
Here, primary culture of human vascular endothelial cells was
used as a model. These cells were found to obtain a minimal
“transient negative phase,” which allows a more accurate mon-
itoring of rapid changes in cell impedance following receptor
binding. The addition of PA (25 nm) to these cells results in a
typical change in cellular impedance starting 10 min following
stimulation and returning to the resting cell index within 60
min (Fig. 2A). A similar pattern was observed when PA was
added to the cells in the presence of a nonspecific antibody or in
the presence of the neutralizing antibody cAb29 (125 nm), sug-
gesting that this antibody does not interfere with the binding of
PA to its receptor. In addition, cAb29 did not affect the binding
of biotinylated PA to cultured cells, as judged by Western blot
analysis (data not shown).

cAb29 Does Not Affect in Vitro Proteolytic Cleavage of PA—
After PAg, binds to its cell surface receptor, a 20-kDa fragment
(PA,,) is cleaved by furin-like proteases, thus enabling the sub-
sequent oligomerization of PA and the exposure of a large
hydrophobic surface that later on facilitates binding of either LF
or EF. In vitro, incubation of PA with furin results in the forma-
tion of PA,, that remains associated to PA,, (referred to as
nicked PA), and the two fragments can be dissociated and
resolved by SDS-PAGE (Fig. 2B). To determine whether cAb29
inhibits the proteolysis of PA by furin, the antibody was incu-
bated with PA prior to furin addition. It was found that the
presence of cAb29 has no effect on this process as judged by the
appearance of PA; (Fig. 2B). As a control, we used another
anti-PA-neutralizing antibody, Ab33. This antibody was iso-
lated from the same pool of PA-neutralizing antibodies as
cAb29 and exhibited high neutralization potency both in vitro
and in vivo (7, 8). Moreover, based on the binding pattern in
ELISA, it was previously suggested that cAb29 and Ab33 bind
PA at nonoverlapping epitopes (7, 8). Indeed, Ab33 signifi-
cantly inhibited PA proteolysis by furin (Fig. 2B).

To use Ab33 as an internal control throughout the rest of this
study, we performed a pairwise mapping analysis to verify that
these two antibodies can bind different epitopes on PA. To this
end, we used the Octet RED bio-layer interferometry system, in
which binding of molecules to the biosensor causes a wave-
length shift in the interference pattern, which can be measured
in real time. In this experiment, binding of PA to a cAb29-
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FIGURE 2. cAb29 does not interfere with the initial steps of intoxication. A, PA induced cellular impedance. Measurements were carried out on human
vascular endothelial cells following the addition of nonspecific antibody (NS Ab) or cAb29 in the absence or presence of PA. Impedance responses were
normalized, and the baseline was corrected and expressed as the change in cell index. B, in vitro proteolysis of PA. PA was incubated with furin in the absence
or presence of antibodies, and the samples were analyzed on SDS-PAGE. C, pairwise mapping analysis. Real time binding of antibodies to PA was measured
using bio-layer interferometry. Biotinylated cAb29 was immobilized to streptavidin biosensor and then immersed in PA solution (0-180 s). Following a short
wash (180-260 s), the sensor was dipped in Ab33 solution (indicated by the arrow, 260-440 s) followed by another wash step (440-550 s).

coated biosensor resulted in a wavelength shift, and the addi-
tion of Ab33 to this complex resulted in an additional shift,
indicating that these two antibodies indeed bind different, non-
overlapping epitopes on PA (Fig. 2C).

cAb29 Can Bind the Prepore Form—Although in vitro cleav-
age of PA results in the formation of PA; and PA,, these two
subunits do not readily dissociate from each other, therefore
preventing the spontaneous oligomerization of PA; (15).
However, the addition of LF or EF to nicked PA releases PA,,
and induces the spontaneous oligomerization of PA; to its
prepore form, which appears as a flat and discrete band in
native PAGE analysis (Fig. 3A4). The fact that the formation of
the prepore can be initiated by the addition of LF was utilized as
a tool for determining the role of the different antibodies in
prepore formation. As can be expected, the formation of the
prepore was not affected by the presence of a nonspecific anti-
body that was added either before or after LF addition. How-
ever, incubation of nicked PA with Ab33 prior to the addition of
LF inhibited prepore formation. In this sample, a band with a
somewhat higher molecular weight than the antibody
appeared, probably representing the Ab33-PA complex, the
formation of which prevented the oligomerization process.
When Ab33 was added to the LF-induced oligomer, this band
was much fainter, probably because most of the PA was already
converted to the prepore form. When cAb29 was incubated
with nicked PA prior to the addition of LF, prepore was not
formed, suggesting that the presence of this antibody has also
inhibited the ability of LF to interact with PA. However, no
prepore was observed even when the cAb29 was added to the
pre-existing prepore (after LF addition). These unexpected
results led us to hypothesize that cAb29 does not interfere with
the process of PA oligomerization, but rather binds the
oligomer and produces a high molecular weight complex that
cannot be resolved on the native PAGE.

To try and determine whether cAb29 can bind the prepore
form of PA, another approach was taken. It was previously
shown that a purified prepore fraction can be obtained without
the need for LF/EF, merely by disrupting the electrostatic inter-
actions between PA,, and PA; using anion exchange chroma-
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tography (10). Here, nicked PA was loaded on a HiTrap Q-col-
umn, and a purified prepore form was obtained (Fig. 3B).
Adding Ab33 or a nonspecific antibody to the prepore fraction
had no effect on its appearance in the gel. However, when
cAb29 was incubated with the purified prepore (in an equimo-
lar concentration of antibody per calculated PA,; monomers),
both bands of the prepore-associated antibody and the anti-
body itself were diminished, thus supporting the notion that
cAb29 forms high molecular weight complexes with the
prepore.

To further verify that cAb29 can bind the preformed
oligomer, we again utilized the Octet RED apparatus. If PAg,
monomer was used as the analyte and allowed to interact with
cAb29- or Ab33-coated biosensors, classic 1:1 association/dis-
sociation kinetics were obtained for both antibodies, with slight
differences between them (cAb29 has a higher &, and a some-
what lower k) (Fig. 3C). However, if the purified prepore frac-
tion was used as the analyte, a binding curve was observed only
for the cAb29-coated biosensor (Fig. 3D), supporting the over-
all findings presented so far.

¢Ab29 Does Not Interfere with LF Binding to Prepore—The
next step of LeTx intoxication that follows the spontaneous
oligomerization of PA; on the cell surface is binding of three to
four LF or EF units to the exposed hydrophobic subunit-sub-
unit interface (16). Here, we took advantage of the fact that we
can monitor the binding of the antibody to the purified prepore
in the Octet RED system to determine whether its presence will
affect the binding of LF to the prepore. To this end, a cAb29-
coated Octet RED biosensor was saturated with the purified
prepore, and after removal of prepore excess, a baseline was set.
In theory, one molecule of fixed antibody is enough to bind one
molecule of oligomer, hence leaving several antibody binding
sites unoccupied on each oligomer. We therefore added
another step in which the cAb29-prepore complex was incu-
bated again with free cAb29 to saturate all antibody binding
sites (Fig. 44, 0-280s). The complex was then immersed in LF,
resulting in another significant wavelength shift (~0.4 nm) that
clearly indicates that LF can bind to the cAb29-prepore satu-
rated complex. Similarly, adding LF to the bound prepore
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bio-layer interferometry. Biotinylated cAb29 was immobilized on a streptavidin biosensor and reacted with the purified prepore. The biosensor was then
immersed (0-180 s) in cAb29 solution (A) or LF (B) followed by a short wash (180-260 s). The sensor was then dipped (indicated by arrows) in a solution
containing LF (A) or cAb29 (B) (260 -440 s) followed by another wash step (440-550 s). C and D, the neutralization assay was performed using cultured J774A
macrophages that were incubated for 5 h with fixed amounts of LF and PAg; (C) or purified prepore (D) in the presence of cAb29 (circles) or Ab33 (triangles) in
the indicated concentrations. Cell survival was determined by XTT and plotted as the percentage of untreated control cells. Points are mean = S.D. of triplicate

determinants. Ab concentration, antibody concentration.

before saturating the cAb29 binding sites resulted in the same
wavelength shift amplitude (~0.4 nm) and interference pattern
as seen before (compare Fig. 4B, 0—280 s with Fig. 44, 280-550
s). Moreover, saturating the LF-bound complex with cAb29
also revealed a similar shift and pattern as seen earlier. It can be
therefore concluded that the binding of cAb29 to the prepore
complex does not interfere with the subsequent binding of LF,
and vice versa, and that the two molecules bind different sites.

It was previously shown that PA can be cleaved in the blood-
stream, thus forming soluble heptamers that complex with
EF/LF and bind their cellular receptor (17). In vitro, this process
can be simulated by incubating the purified prepore fraction
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with LF and then intoxicating the cells. Because cAb29 can bind
to the prepore-LF complex, we asked whether the antibody will
be able to neutralize the toxic activity of this preformed com-
plex. In the classic LeTx neutralization assay, cultured J774A
macrophages are exposed to a lethal dose of PAg, and LF in the
presence of increasing antibody concentration, and cell survival
is determined 5 h later. In this format, both cAb29 and Ab33
can protect the cells, and the effective concentration needed to
neutralize 50% of LeTx activity (ECs,) was 140 and 450 ng/ml
for cAb29 and Ab33, respectively (Fig. 4C). In the second sce-
nario, cells were exposed directly to the prepore-LF complex
(calibrated to >90% cell killing) in the presence of increasing
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concentrations of cAb29 and Ab33 antibodies, and cell survival
was monitored. It was found that under these conditions, only
cAb29 could neutralize the toxicity of the preformed LEF-
oligomer complex, whereas antibody Ab33, which cannot bind
the prepore form, had no effect on cell survival (Fig. 4D).
c¢Ab29 Prevents Prepore-to-Pore Conversion—The internal-
ization of the receptor-bound prepore oligomer into the acidic
endosome enables the prepore to undergo a major conforma-
tional change, which mainly involves the large disordered flex-
ible loop of domain 2 (23,-235; residues 302—325) (15, 18). The
resulting 14-stranded transmembranal B-barrel pore forms the
channel through which LF or EF is translocated into the cytosol.
In vitro, stable, irreversible pore structures can be obtained by
exposing the purified prepore to low pH (19) without the need
for membranal receptors or LF/EF. We therefore sought to
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determine whether these conformational changes will have any
effect on the ability of cAb29 to bind the oligomer. Purified
prepore was converted to the pore state by a pH drop (to pH
5.5), and the binding of cAb29 to the pore was determined in
the Octet RED system. It was found that the antibody cannot
bind the pore, as judged by the lack of change in wavelength
interference (Fig. 5A4). Even after readjusting the pH back to its
original value (pH 8.5), no binding could be detected, suggest-
ing that once the prepore converts to pore, the antibody recog-
nition site is not accessible.

Interestingly, if the prepore was allowed to bind the antibody
in a neutral pH (Fig. 54, 0-180s), and the cAb29-prepore com-
plex was then immersed in an acidic solution (180-250 s), the
bound oligomer did not dissociate from the antibody. These
surprising results hinted that the binding of cAb29 to the pre-
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pore may inhibit the transition of the prepore into the pore
form. To further explore this hypothesis, we took advantage of
the fact that the pore form can be easily distinguished from the
prepore form by SDS-PAGE analysis (19). Treatment of the
prepore (kept at pH 8.5) with SDS results in its dissociation to
its monomeric PA ; subunits (Fig. 5B). However, the pore form
(equilibrated to pH 5.5) is SDS-resistant and appears mainly as
a high molecular weight band in SDS-PAGE analysis. Here, the
prepore was first incubated with the tested antibodies at pH 8.5,
after which the pH was either kept at the same value or changed
to pH 5.5 (supposedly resulting in the formation of the SDS-
resistant pore). As established previously, our control antibody
(Ab33) does not bind the purified prepore and indeed had no
effect on the pH-dependent prepore-to-pore conversion as
indicated by the appearance of the SDS-resistant high molecu-
lar weight band. Incubating the prepore with cAb29 (in pH 8.5)
before exposing the complex to SDS did not alter its dissocia-
tion to its monomeric subunits. However, upon exposure of the
prepore-cAb29 complex to low pH, no SDS-resistant form was
formed, but rather, monomeric PA; is seen in the gel analysis,
clearly demonstrating that the presence of cAb29 inhibited pre-
pore-to-pore conversion.

Mapping of the Epitope Recognized by cAb29—These unique
findings have encouraged us to perform epitope mapping anal-
ysis using a random peptide (7-mer) phage display library to
identify the residues that are recognized by the cAb29 antibody.
After three rounds of panning, several phages that exhibited
high selective binding toward cAb29 were isolated, and the
sequence of the presented peptide was determined. Using
Clustal W software, a consensus sequence was deduced with the
common motif GPXTWRX, which could be best fitted with
the PA sequence ***GERTWAE?*® (Fig. 5C, plotted in red in the
crystal structure of PAg;). Interestingly, this epitope is part of
the 2, loop, which is part of the “Greek key” motif (domain 2,
residues 262—368, colored green) that together with 232 and
233 strands (residues 303—322) are predicted to peel away from
the domain 2 core, thus forming the extended B-barrel pore
(together with the 231, 234 strands) (20, 21). This finding may
explain why the binding of cAb29 to PA prevents its conversion
to pore and why upon conversion the epitope is no longer rec-
ognized by the antibody.

DISCUSSION

In this study, we provide evidence that cAb29 inhibits PA in
a unique mechanism by blocking its ability to convert from
prepore-to-pore state. Over the course of this study, we have
systematically evaluated the steps taking place during the PA-
based intoxication process in the presence of cAb29 or another
PA-neutralizing antibody, Ab33, which served as a control. We
found that cAb29 does not interfere with the initial step of
anthrax intoxication, namely its ability to bind to the anthrax
receptor (Fig. 2). Similarly, cAb29 does not inhibit the furin-
based proteolytic cleavage of PA nor its ability to oligomerize
and form the prepore structure, whereas these processes are
inhibited by Ab33 (Figs. 2 and 3). It was also shown that cAb29
can bind the prepore simultaneously with LF (Fig. 4), yet the
binding of cAb29 to the prepore prevents its pH-triggered tran-
sition to the SDS resistance pore (Fig. 5). Based on these results,
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FIGURE 6. Suggested mechanism for PA neutralization by cAb29. The
binding of cAb29 to PAg; does not interfere with the ability of the toxin to
bind to the cellular receptor, to be cleaved by furin, or to form the prepore
oligomer. In contrast, the control antibody, Ab33, does inhibit furin proteol-
ysis and oligomerization. The binding of cAb29 to the prepore (either mem-
brane-bound or soluble) does not prevent the concurrent binding of LF to the
oligomer. However, this antibody blocks the pH-dependent prepore-to-pore
conversion process that takes place in the endosomal compartment, thus
preventing the translocation of LF (or EF) into the cell. ATR, anthrax receptor.

we suggest the following model for the cAb29 neutralization
mechanism (schematically illustrated in Fig. 6). cAb29 can bind
PA either in solution (as a monomer or oligomer) or when it is
bound to the cell membrane (in contrast to Ab33, which can
bind PA only in its monomeric state; its neutralization mecha-
nism is probably due to inhibition of PA cleavage and oligomer-
ization). According to the proposed model, the binding of
cAb29 to the prepore oligomer inhibits the pH-dependent pre-
pore-to-pore conversion inside the acidic endosome, thus pre-
venting the last step of intoxication, namely the translocation of
LE/EF into the cell cytoplasm.

As recently reviewed (6), numerous PA-neutralizing mono-
clonal antibodies directed against all the four domains of PA
were isolated and described. Those antibodies were found to
neutralize almost each step of the intoxication process, yet to
the best of our knowledge, this is the first study that demon-
strates that PA intoxication can be neutralized by inhibiting the
prepore-to-pore conversion process. Although several antibod-
ies against domain 2 of PA were isolated before, all inhibiting
PA proteolysis and/or heptamer formation, the 231 loop was
not described as the target of any monoclonal antibody. More-
over, this epitope was not included in the repertoire of anti-PA
polyclonal sera (22), suggesting that it is not highly immuno-
genic. As elaborated in our previous study (8), cAb29 was
isolated in a stricter approach utilizing a neutralization func-
tionality-based screen as the primary criterion for positive
clones, rather than the classic method of selection of high PA
binders by ELISA. In this screen, cAb29 was superior in its
neutralizing efficacy as compared with other isolated anti-
bodies, although its binding parameters were average, with a
K, of 8 nm. It is therefore possible that the screening
approach allowed us to reveal this otherwise negligible func-
tional neutralizing antibody.
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The epitope mapping analysis, which suggested residues
342-348 as the putative epitope for this antibody (Fig. 5), goes
well with our observation that cAb29 can bind the prepore and
not the soluble pore. These residues are part of the Greek key
motif found in domain 2, which upon the acid-driven prepore-
to-pore conversion undergoes major conformational changes
and unfolds to form the B-hairpin amphipathic loop (residues
275-352) (20, 23), thereby disrupting the spatial structure that
is recognized by the antibody.

The three-dimensional structures of PAg; and heptameric
prepore bound to CMG2 revealed that the receptor binds pri-
marily to domain 4 of PA (residues 596 —735), yet another inter-
action occurs between residue 344 and the receptor (12, 18). It
could therefore be expected that the binding of cAb29 to its
epitope will affect PA binding to its receptor. However, we have
found (by two independent methods) that the presence of the
antibody did not interfere in this process (Fig. 2). It was previ-
ously shown that domain 4 constitutes the majority of the bind-
ing interface and that this domain alone is sufficient for binding
both TEM8 and CMG2 (24). Indeed, several antibodies were
found to neutralize PA via receptor binding inhibition and were
all mapped to interact with residues within domain 4 (22). In
addition, analysis of PA,; crystals produced at pH 6 or 7.5
shows that residues 342—348 (cAb29 epitope) are part of a flex-
ible loop (15), altogether suggesting that the binding of cAb29
does not mask the three binding loops in domain 4 and there-
fore does not affect PA binding to the receptor. The importance
of the residues recognized by cAb29 in the conversion process
was demonstrated before by Mourez et al. (21) using scanning
mutagenesis. In their study, replacement of individual PA resi-
dues (including Gly-342 and Trp-346) to cysteine blocked con-
version of the prepore to the SDS-resistant pore, either by
impairing their ability to contact with other residues in the
transition intermediate form or by stabilizing the prepore, thus
increasing the activation energy needed for the process. More
studies will be needed to understand the exact mechanism by
which the binding of cAb29 to the prepore is impeding its abil-
ity to convert to the pore form.

It is now well established that during anthrax progression,
there are two potential mechanisms for cellular intoxication by
LeTx. In the first scenario, PA can bind the receptor as a mon-
omer, and then cleaved by furin to PA,; to form heptamers.
However, PA can also be cleaved in the bloodstream, thus form-
ing soluble heptamers that can bind the cellular receptor either
alone or already bound to EF or LF (17). It can therefore be
hypothesized that antibodies that bind to the heptamer form,
even when it has already bound LF/EF, and inhibit the last
stages of intoxication, i.e. receptor binding, internalization, and
pore formation, will provide better protection against anthrax.
Unfortunately, although numerous data exist regarding the
potency of the numerous PA-neutralizing antibodies, it is
impossible to compare the neutralizing potencies of antibodies
that interfere at different stages of the intoxication process due
to the large variations in the in vitro assays, animal models,
infections, doses, etc. Here, we assayed two neutralizing anti-
bodies (cAb29 and Ab33) that exhibit similar neutralizing
potency in the “gold standard” in vitro LeTx assay and com-
pared their ability to protect cells from the second intoxication
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mechanism (preformed oligomeric PA-LF complexes; Fig. 4).
As expected, only cAb29, which retained its ability to bind the
preformed prepore-LF complex, could protect the cells,
whereas Ab33 was not effective at this stage. Similarly, in a
recent study made by Crowe et al. (25), who compared the
neutralizing activity of two sets of monoclonal antibodies
directed either to the furin cleavage sites or to the receptor
binding site in domain 4, it was found that although both anti-
bodies possessed similar affinities and in vitro neutralization
activities, the receptor binding site antibodies provided the best
protection against in vivo LeTx challenge. It might be specu-
lated that antibodies that will be able to inhibit the very last
stage of the intoxication process, namely the prepore-to-pore
conversion, will be able to confer similar if not better protection
than antibodies that neutralize other intoxication stages, a
point that should be addressed in the future. Moreover, anthrax
toxins belong to the subgroup of bacterial AB binary toxins
such as C2 toxin (Clostridium botulinum), iota toxin (Clostrid-
ium perfringens), and others, all possessing structurally con-
served receptor-binding and pore-forming proteins (26). It is
logical to assume that antibodies that will be able to bind the PA
equivalent of the 232 and 23 strands and to inhibit the pre-
pore-to-pore conversion will provide good protection. The lack
of evidence as to the existence of such antibodies may imply
(among other reasons) that these epitopes are not very immu-
nogenic (as is probably also the case for PA). It therefore might
be advantageous to develop epitope-based vaccines that will
force the immune system to produce antibodies against this
region in other toxins.

To summarize, we have illustrated a novel mechanism of
antibody-based PA neutralization that presents new possibili-
ties for the development of an effective epitope-based vaccine
against anthrax. Moreover, cAb29 can offer post-exposure pro-
tection against B. anthracis infection, making it an attractive
candidate for therapeutic preparations aimed at providing effi-
cient and immediate anthrax toxin neutralization.
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