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Abstract—A less than adequate therapeutic plan for the treatment of anthrax in the 2001 bioterrorism attacks has highlighted the
importance of developing alternative or complementary therapeutic approaches for biothreat agents. In these regards passive immu-
nization possesses several important advantages over active vaccination and the use of antibiotics, as it can provide immediate pro-
tection against Bacillus anthracis. Herein, we report the selection and characterization of several human monoclonal neutralizing
antibodies against the toxin of B. anthracis from a phage displayed human scFv library. In total 15 clones were selected with distinct
sequences and high specificity to protective antigen and thus were the subject of a series of both biophysical and cell-based cytotox-
icity assays. From this panel of antibodies a set of neutralizing antibodies were identified, of which clone A8 recognizes the lethal
(and/or edema) factor binding domain, and clones F1, G11, and G12 recognize the cellular receptor binding domain found within
the protective antigen. It was noted that all clones distinguish a conformational epitope existing on the protective antigen; this steric
relationship was uncovered using a sequential epitope mapping approach. For each neutralizing antibody, the kinetic constants were
determined by surface plasmon resonance, while the potency of protection was established using a two-tier macrophage cytotoxicity
assay. Among the neutralizing antibodies identified, clone F1 possessed the highest affinity to protective antigen, and provided supe-
rior protection from lethal toxin in the cell cytotoxicity assay. The data presented provide the ever-growing arsenal of immunolog-
ical and functional analysis of monoclonal antibodies to the exotoxins of anthrax. In addition it grants new candidates for the
prophylaxis and therapeutic treatment against this toxin.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction one of the six highest-risk threat agents for bioterrorism

(category A agents defined by the Center for Disease

The use of anthrax spores as an agent for bioterrorism
activities in 2001 has led to a renewed interest in the fun-
damental biology and pathology of the bacterium B.
anthracis as well as research initiatives to identify reli-
able treatments for the inhalation anthrax. Indeed, this
terrorist attack has elevated anthrax to the position of
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Control and Prevention (CDC), http://www.bt.cdc.gov/
agent/agentlist-category.asp#a).  Consequently, the
development of vaccines has come under intense public
pressure as they are viewed as safe therapeutic counter-
measures against anthrax.

Anthrax toxin, one of the two major virulence factors of
B. anthracis, is a tripartite toxin composed of protective
antigen (PA), lethal factor (LF), and edema factor (EF).
Toxic activity is expressed only when receptor-binding
moiety PA is combined with distinct enzymatic moieties
LF and/or EF, consequently forming the lethal toxin
(LeTx) and edema toxin (EdTx), respectively.!~3 Protec-
tive antigen, named for its use in vaccines, is central to
the action of the LeTx and EdTx, and is singularly the
most important antigen required for conferring specific
immunity to anthrax; additionally it is the most critical
factor presented in all current anthrax vaccine efforts.* ¢
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Research using vaccination as a therapeutic for the pro-
tection against anthrax exposure has been known for
more than a century.’ However, the prolonged vaccina-
tion schedules and induction times required in mounting
an immune response are considered serious drawbacks,
as the therapeutic window for treatment of a deliberate
release of B. anthracis is limited. Furthermore, vaccina-
tion would not be effective with immunocompromised
individuals, and would offer little or no protection for
the inhalation of anthrax and thus the mucosal surface.
Alternatively, recently developed antibiotic prophylaxis
for the treatment of anthrax exposure while important
would also be of lesser value in cases of infection with
antibiotic-resistant strains that could be encountered.”

Passive immunization has provided an attractive avenue
as a post-exposure and/or pre-exposure treatment. In-
deed, passive transfer of antiserum has successfully pro-
vided protection from anthrax in a large body of animal
studies.!® '3 Serum therapy has also been used in the past
for the treatment of human anthrax with some success.!*
Furthermore, studies with various vaccines indicate a
strong correlation between the titer of PA neutralizing
antibodies and the potency of the vaccine,! and suggest
that PA neutralizing antibodies are the main mechanism
of vaccine-induced protective immunity.'® Overall these
findings highlight the importance of PA neutralizing anti-
bodies in conferring protection against anthrax and also
demonstrate the ability of such antibodies to be effectively
applied as a post-exposure therapy. Finally, passive
immunization could have advantages over active vaccina-
tion and antibiotic treatments via low toxicity, high spec-
ificity, large scale stockpile capabilities, and immediate
protection against a biological attack.!”

The molecular mechanisms by which anthrax toxin en-
ters cells,!® structural information on each of the toxin
components,'®?! and the action of toxin enzymes are
fairly well understood.?>23 Hence, anthrax presents a
very good model for antidote design, and antitoxins that
act upon the mechanism of action of the toxin (including
toxin binding, assembly, translocation into target cells)
have been developed .'>?* 27 This suggests that intrinsic
neutralizing epitopes exist within the toxin structural
motif. However, it may also require a combination of
toxin neutralizing antibodies to simultaneously neutral-
ize several epitopes to provide full protection.

It has been noted that antiserum can provide protection
against the toxicity of anthrax toxin; yet, the development
of effective human neutralizing antibodies that can be
produced in sufficient amounts will be of great value not
only to allow complete assessment of passive immuniza-
tion, but as a conduit to provide safe and effective clinical
applications in humans. In these regards, human mono-
clonal antibodies, which are derived from vaccinated do-
nors, have been developed that prevent PA binding to its
receptor,'?!328 or LF binding to PAg; heptamer.'> How-
ever, complete protection is still an important goal.

Herein, we describe the screening and selection of hu-
man antibodies against PAg; and PAg; via phage display
technology, including assessment of identified antibod-

ies to neutralize distinct epitopes existing on PA. The
rationale of our approach is based on the structure
and function of PA as displayed in anthrax toxin’s
mechanism of action'®?°; our experimental design is
shown in Figure 1, which features a series of selection
and characterization criteria with its foundation
grounded upon the following potential neutralizing epi-
topes: (1) The proteolytic cleavage site as found within
PAg; domain 1 that is essential for toxin activation;
(2) Oligomerization sites as found on the activated
PAg; domain 2, which are important for heptamer for-
mation and subsequent LF and EF binding; (3) LF
and/or EF binding site(s) on heptameric (or oligomeric)
PA¢; domain 1’, which are essential for both LeTx and
EdTx action; (4) The cellular receptor-binding site on
PA domain 4, which is central in strategies for the devel-
opment of vaccines for anthrax.

Using this ‘road map’ for selection purposes, 15 unique
human monoclonal antibody scFvs were uncovered, the
most important of which, F1, G11, and G12, recognize
and obstruct the PA cellular receptor-binding site; while
Fab A8 blocked the LF/EF binding site on PA¢; hepta-
mer (or oligomer). We also demonstrate that these anti-
bodies can provide protection in a LeTx challenged
murine RAW264.7 macrophage cell cytotoxicity assay.

2. Results
2.1. Screening and selection of human anti-PA scFvs

A human naive pIX display scFv-phage library’® was
used to screen for scFvs against PAgz and PAgs. The li-
brary was subjected to four rounds of panning, and 96
clones were randomly picked from each antigen panning
experiment, which were subsequently screened for anti-
gen binding by ELISA; the positive rate was 96% for
coated PAg; and 80% for coated PAgs, respectively.
Forty clones for each antigen were selected for sequenc-
ing in accordance with the general diversity and the
strength of their binding activity. Twelve clones for
PAg; and three clones for PAgs; with distinct VH and/
or VL sequences were employed in specificity analysis
by cross-reactive ELISA against PAg;, PAgs, LF, EF,
and BSA. Finally, PCR assembly converted eight se-
lected clones with exquisite specificity against PAg;
and/or PAg; to a Fab format. The resulting Fab frag-
ments were subcloned into a pET-His expression vector.
While each Fab protein was expressed in Rosetta 2
(DE3) E. coli strain in their corresponding optimum
medium, and purified by IMAC and protein G chroma-
tography. The yield of purified Fab was in the range of
2-8 mg/L; ELISA reconfirmed binding activity and
specificity. The purity of each Fab was analyzed by
SDS-PAGE (reduced and non-reduced) and was found
to be greater than 90%.

2.2. Epitope mapping by surface plasmon resonance
Epitope mapping was conducted using surface plasmon

resonance (SPR) technology, which granted a means to
determine steric relationships between antigenic sites



B. Zhou et al. | Bioorg. Med. Chem. 16 (2008) 1903-1913 1905

Panning against PA; and PAg; using
pIX human naive scFv-phage library

Sequential epitope mapping by
surface plasmon resonance (SPR)

PA receptor binding inhibition assay

positive

* negative

Protease protection assay f——————3p

positive

* negative

Oligomerization inhibition assay

positive

%

* negative

Lethal toxin formation inhibition assay ——>»

positive

| negative

(] <

Lethal toxin cytotoxicity assay |-———

Y Y

Y Yy

g:;;z‘éiitdose Higher challenge || Epitope Kinetic

cytotoxicity assa, i i

protection assay ytotoxicity assay | | Architecture analysis
- I ! !

Future experiments including affinity maturation, converting
to full length IgG, producing whole IgG in mammalian cells

Figure 1. Flowchart detailing the process for the selection and characterization of human monoclonal neutralization antibodies against B. anthracis

toxin.

within PAg; as defined by affinity/specificity of each of
the selected Fabs. The method used to uncover each epi-
tope was based on a sequential binding assay wherein
the antigen was immobilized on a sensory chip surface
and different pairs of antibodies were used in an attempt
to recognize distinct epitopes. Using this protocol the
first probe (antibody) was allowed to bind and reach sat-
uration; this was followed by the addition of a second
probe; if distinct epitopes were recognized then a further
increase in the resonance signal would be observed with
the pair of antibodies. Otherwise, recognition of a same,
or a shared overlapping epitope would result in either no
signal enhancement or less signal enhancement. The or-
der of probes was also reversed and by examining all se-
lected clone combinations, antibody-PA epitopes were

confirmed. The results of this sequential epitope map-
ping technique revealed that there are four clusters of
epitopes on PA that can be readily recognized by our
defined Fabs. Among them, A8 recognizes a distinct epi-
tope, while F1 and G12, F11 and G3, and G11, H2, and
83H2 recognize same epitope, respectively. The latter
three clusters also have the similar epitope overlapping
between each other. The results of our epitope mapping
of these eight defined Fabs are summarized in Table 1
and illustrated in Figure 3.

2.3. Screening for human PA neutralizing Fabs

An MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltet-
raolium bromide) cell proliferation assay3! based macro-
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Table 1. Reactivity pattern matrix for the panel of eight selected Fabs

Second probe

A8 F1 F11 G3 Gl1 GI12 H2 83H2
First Probe A8 X Vv Vv Vv Vv Vv Vv Vv
F1 Vv X ucC ucC ucC X V4 V4
F11 Vv ucC X X ucC ucC Vv Vv
G3 v uc X X uc uc i i
Gl1 Vv ucC ucC ucC X ucC X X
GI12 Vv X ucC ucC ucC X 4 V4
H2 Vv Vv Vv Vv X Vv X ucC
83H2 v i v Vi X v ucC X

The epitope mapping results revealed four different epitopes exist on PA. Fab A8 recognizes a distinct epitope. Fab F1 and G12, F11 and G3, and
G11, H2 and 83H2 recognize a similar epitope, respectively. The later three clusters also have epitope overlapping with each other to some extent.
x, Recognition of the same or a very similar epitope; 1/, recognition of a different epitope; UC, uncertain, may recognize an overlapping or slightly

shifted epitope.

phage cytotoxicity? was engaged to identify human PA
neutralization antibodies. To begin, a linear range for
the MTT assay was determined and found to be
0.8 x 10* — 6 x 10* cells/well; based on this finding we
seeded 100 pl of 5 x 10° cells/mL cell suspension for each
well in 96-well culture plates. Titration of the cytotoxic-
ity for LeTx on cultured RAW264.7 macrophage cells
was determined and the optimal concentration of PAg;
and LF used for the experiment was found to be of
1 pg/mL for both components, which resulted in 100%
killing of RAW264.7 cells. Using a time course for the
LeTx challenge assay, it was discovered that upon expo-
sure of the RAW264.7 cells to LeTx at a concentration
of 1 pg/mL, 30 min was the threshold time for protec-
tion. Hence, 30 min was considered to be the minimum
time course needed for LeTx to enter and/or bind to the
cell surface and eventually grant 100% killing of the cul-
tured RAW264.7 macrophage cells. This was true even
if LeTx was removed from the culture medium in
MTT assay that requires a longer incubation period.

For preliminary screening for potential neutralizing
antibodies, the antibody concentration utilized was
400 pg/mL. A less stringent protocol (lower challenge
assay, LCA) in the cell-based LeTx neutralization assays
was initially examined, that is, an individual antibody
was first incubated with PAgs; for 1h, and then LF
was added to cultured RAW264.7 cells.

To identify all possible neutralization Fabs, we designed
four different assay protocols (Fig. 1) based on the struc-
ture of PA and the mechanism of anthrax toxin intoxi-
cation, namely: (1) A PA receptor-binding inhibition
assay; (2) a protease protection assay; (3) an oligomeri-
zation inhibition assay; (4) a LeTx formation inhibition
assay. Protocols were also devised for a LeTx cytotoxic-
ity assay for general use. Through the processing of all
four protocols, we identified three Fabs (F1, Gll,
G12) from protocol 1 and one Fab (AS8) from protocol
4 that could provide protection from LeTx challenge
to various extents. Unfortunately, we did not identify
any neutralizing Fabs using protocols 2 and 3. The neu-
tralizing ability of all identified Fabs was further con-
firmed as positive using the general LeTx cytotoxicity
assay.

2.4. Characterization of human PA neutralization Fabs

To evaluate the potency of defined neutralizing Fabs, an
antibody dose dependent protection assay was con-
ducted. Thus, serially diluted individual antibodies rang-
ing from 400 pg/mL to 6.25 pg/mL were used in the
LeTx cytotoxicity assay; only the assay results are
shown in Figure 2A and are summarized in Table 2.
Among those defined neutralizing Fabs, F1 provided a
superior protection from LeTx in the macrophage cyto-
toxicity assay, while A8 and G11 provided some protec-
tion, while G12 was observed to provide the least
protection. Also noted was that Fab F1 could provide
up to 50% of protection even at a Fab/LeTx molar ratio
as low as ca. 10.

To further explore the PA neutralizing activities of de-
fined Fabs, a more challenging antibody dose dependent
protection assay (higher challenge assay, HCA) was per-
formed. In this assay, serially diluted individual antibod-
ies ranging from 400 pg/mL to 6.25 pg/mL were mixed
with PAg; and LF, the mixture was immediately added
to the RAW26.7 cells, and no pre-incubation was al-
lowed. Only the assay results are shown in Figure 2B,
and are also summarized in Table 2. As anticipated, in
the higher challenge assay, the LeTx neutralization abil-
ity for all Fabs declined, and the molar ratio of Fab/
LeTx, which could provide 50% protection, also in-
creased approximately 3-fold for A8 and approximately
9-fold for F1, respectively.

Western-blot and dot-blot investigations were also car-
ried out so as to characterize the epitope architecture,
that is, linear versus conformational epitope. We note
that Western-blot analysis can only present a linear,
hence a contiguous structure to a detecting probe, while
dot-blot will provide both linear and a conformational
structure to the detecting probe. Here individual Fabs
were used as the detecting probe in both blots. The blot
results revealed that all neutralizing Fabs recognized a
conformational epitope rather than a linear epitope.

To determine the kinetic constants of the defined neu-
tralizing Fabs, kinetic analysis using Biacore 3000 was
employed. PAg; or PAg; were immobilized onto a
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Figure 2. Antibody dose dependent LeTx protection assay for defined
neutralization Fabs. Results represent the mean values from 21 wells of
a representative experiment. Culture medium with 1 pg/mL of PAg;
and 1 pg/mL of LF was used as a positive control, while culture
medium alone was used as a negative control. (A) For the lower
challenge assay (LCA), individual Fab concentrations ranged from
400 pg/mL to 6.25 pg/mL; each were incubated with 1 pg/mL of PAg;
at room temperature for 1 h, and then added to cultured RAW264.7
cells and incubated at 37°C for 1h. LF (final concentration of
1 pg/mL) was added to culture medium and incubated at 37 °C for 4 h.
Cell viability was estimated using an MTT assay. (B) For the higher
challenge assay (HCA), serial diluted individual Fabs ranging from
400 pg/mL to 6.25 pg/mL were mixed with 1 pg/mL of PAgs; and
1 pg/mL of LF, the mixture was added to the RAW26.7 cells
immediately, and incubated at 37 °C for 4h. Cell viability was
estimated by the MTT assay.

CMS5 chip using NHS/EDC chemistry with a target of
500 RU. Various concentrations of each Fab ranging
from 800 nM to 3.125 nM were injected over the chip
surface, and the interaction between Fab and immobi-
lized PA was recorded within the sensorgram. The ki-
netic data were evaluated via fitting the sensorgram
data by BIAevaluation software using 1:1 (Langmuir)
binding model. The kinetic constants, including associa-
tion and dissociation equilibrium constants (K and Kp)
and association and dissociation rate constants (k,, and
kof), were determined for each Fab and are summarized

in Table 3. The affinities of the selected neutralizing
Fabs to PA were in the range of 50-470 nM. Among
them, F1 possessed the most potent affinity, while G12
had the poorest affinity. The on-rates for all the Fabs
were found to be in the lower range, that is, 10*M~ s,
and the off rates were also in the lower range and found
to be 107> s~ ! except for G12, which was determined to
be at 107%™,

3. Discussion

The toxin secreted by B. anthracis, that is, anthrax toxin,
possesses the ability to impair innate and adaptive im-
mune responses, which in turn potentiates the bacterial
infection. Tragically, the use of anthrax spores in several
paper envelopes may have exposed as many as 30,000
US citizens, resulting in 11 cases of inhalational anthrax
and 5 deaths, which have led to a renewed interest in the
fundamental microbiology and pathology of the bacte-
rium B. anthracis. Indeed, it was the inadequate antibiotic
therapy for the treatment of anthrax>* and obstacles con-
fronted by the current anthrax vaccines that has high-
lighted the importance of, and renewed thrust for the
development of alternative or complementary therapeutic
approaches, including passive immunization.

Passive immunization has successfully provided protec-
tion from anthrax in both animal'®'?> and human stud-
ies.!* Factors that have driven these studies have include
low toxicity, high specificity, stockpile capabilities, and
immediate protection, hence, passive immunization
may offer an excellent avenue for either post-exposure
and/or pre-exposure treatments for anthrax attack.
Accordingly, the goal of our research initiative was to
select and characterize human monoclonal neutralizing
antibodies directed against the central component of an-
thrax toxin, the protective antigen. In these regards we
have successfully identified several PA neutralizing anti-
bodies; our tact relied upon the use of a high quality hu-
man scFv-phage library, coupled with a novel set of
panning/selection protocols and conformation of anti-
body neutralization activity through a reliable cell-based
assay.

Since PA binding to its cellular receptor is essential for
both LeTx and EdTx activity, prevention and/or inhibi-
tion of binding of PA to its receptor are central in cur-
rent strategies for therapeutic advancement for the
treatment of anthrax. In accordance with these tenets
we utilized a designed in-house pIX human scFv-phage
library to directly pan against various forms of PA using
a guided approach (Fig. 1) based on the molecular
mechanism by which anthrax enters cells. Thus, using
this unique panning strategy we uncovered antibodies
against both PAg; and PAg;. The results were deemed
to be encouraging as four out of fifteen selected human
Fabs were identified as PA neutralizing; excitingly some
of these antibodies provided excellent protection in an
in vitro macrophage cytotoxicity assay.

A biosensor-based epitope mapping approach was em-
ployed that greatly facilitated the efficacy and the accu-
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Table 2. Fab neutralization potency and possible PA interaction domains

Fab Neutralization Potency (IC)

Possible Epitope on PA

AS %65% at 400 pg/mL, 50% at 110 pg/mL

Domain 1’, LF binding site

°54% at 400 pg/mL, 50% at 300 pg/mL

F1 #100% at 400 pg/mL, 50% at 6.25 pg/mL

Domain 4, ATR binding site

°80% at 400 pg/mL, 50% at 58 pg/mL

Gl1°¢ #80% at 400 pg/mL, 50% at 60 pg/mL

Gl12¢ 229% at 400 pg/mL

Domain 4, ATR binding site
Domain 4, ATR binding site

Antibody PA neutralization potency was determined in an antibody dose dependent protection assay with lower and higher challenge approaches as
stated in the text. In a lower challenge assay, antibody is pre-incubated with PA, added to the RAW264.7 cells, and then LF is applied for the MTT
assay. In the higher challenge assay, antibody, PA and LF are mixed and immediately applied to the RAW264.7 cells for the MTT assay. The
possible epitopes on PA are defined by a neutralizing antibody as deduced via the assay.

#Lower challenge assay.
® Higher challenge assay.
¢ Lower challenge assay only.

Table 3. Kinetic constants determined for all neutralizing Fabs by
Biacore 3000

Fab  k, (1/Ms) kq (1/s) Ky (M) Kp (M)

A8 347x10*  378x107%  9.17x10°  1.09x 1077
Fl 2.71 x 10* 1.38x1073 1.96 x 107 5.09% 1078
Gll1 2.84%x10*  231x1073 1.23 x 107 8.13x 1078
G2 4.03x10* 1.96x1072  2.13x10°  4.68x1077

racy of the mapping process. The most common ap-
proach to epitope mapping using Fabs is a two-site
binding sandwich assay, where the first probe (a Fab)
is captured or immobilized on the chip followed by
injection of antigen and the second probe.3* An alterna-
tive approach is sequential epitope mapping, where anti-
gen is first captured or immobilized on a chip, followed
by injection of the first probe so as to reach saturation,
and finally the injection of the second probe. Because of
its adaptability, we used sequential mapping in our
experiments that is especially useful, as PAgz tends to
form homo-heptamers, which possess problems with
two-site mapping. Thus, the first probe can saturate
the antigen surface epitope, which in turn can save a sig-
nificant quantity of antigen, PAss;. More salient is the
use of a capture molecule (e.g., antibody) to secure the
[PAgs]- or tagged [PAgs]; in the sequential epitope map-
ping experiment. A significant benefit using this scheme
includes the elimination of conformational changes of
the antigen that may occur during the immobilization
process.

Thus, through sequential epitope mapping, we have iden-
tified at least four clusters of epitopes from a panel of eight
selected Fabs. The possible cross-relationships of these
epitopes between themselves and each other are illus-
trated in Figure 3. Noteworthy is that the epitope recog-
nized by Fab A8 is distinct from any other epitope
clusters, and we have mapped its binding to the LF and/
or EF binding domain according to our LF inhibition as-
say. Whether this antibody interacts with the monomer
PAg; or oligomerized PAgs, which would mirror LF/
EF? interactions, is under further investigation.

The stoichiometry of Fab A8 with [PAg;]; is unknown,
but should be less than seven as judged by size exclusion

LF/EF binding site

f " PA,; heptamer ring

Cellular receptor binding site

F1 F11
G1 G3

Figure 3. Four clusters of epitopes recognized by selected Fabs. The
picture depicts a set of potential epitopes (overlapping circles), as
defined by the selected Fabs binding to the PAg; heptamer surface
(PDB code: 1TZO). Fab A8 recognizes an epitope within LF/EF
binding site. Fabs F1 and G12, F11 and G3, and G11, H2 and 83H2 all
recognize a similar epitope near the PA cellular receptor binding site.
The later three clusters also have epitopes overlapping with each other
but with less homology than the other identified epitopes.

chromatography analysis (data not shown). The second
(Fab F1 and G12), third (F11 and G3), and fourth (G11,
H2, and 83H2) cluster of antibodies recognize the same
epitope, respectively. However, in the fourth cluster, the
epitope recognized by G11, H2, and 83H2 has slightly
shifted, and thus does not overlap or share perfect
homology as is seen in the second and third cluster.
Based on the results of LeTx cytotoxicity assay, the lat-
ter three clusters should be localized at the cellular
receptor-binding domain and cover a broad area of
PA domain 4. The second cluster may be the most po-
tent epitope of the four as Fab F1 provides the most
protection under the least antibody/PA ratio. Poten-
tially, the reason why G12, in cluster 2, provided weak
protection may be due to its lower affinity to PA. Inter-
estingly, no neutralizing antibodies were uncovered to
cluster 3, which may imply that this cluster is not a pro-
tective epitope(s). In cluster 4, only G11 was protective,
this may mean a slight shift in the epitope domain by
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Fabs H2 and 83H2 that dramatically decreased their
protection potency. Finally, the stoichiometry of F1 to
PAg; should be one, but is unknown to [PAgz]; where
the actual stoichiometry of F1 to [PAg;]; may be equal
or less than seven, and will need to be determined in fu-
ture investigations.

Analysis of our mapping results has provided evidence
that at the cellular receptor-binding site there is a broad
region that can confer protection. We note that the epi-
topes in these domains may be more accessible than oth-
ers, and this may explain why the cellular-receptor-
binding domain of PA, in contrast to the EF/LF binding
site, is more important in generating a protective anti-
body response to PA.! Furthermore, in accordance with
our epitope mapping findings, we hypothesize that in-
creased protection may be obtained by combining anti-
bodies that recognize different clusters of epitopes. We
believe this approach would greatly enhance the oppor-
tunity of blocking the interaction between PA and its
cellular receptor and between enzymatic moiety and its
PA docking apparatus.

The molecular mechanisms by which anthrax enters
cells,'® structural information on each toxin’s compo-
nents,!*2! and the enzymatic action of the toxin are
fairly well understood.?>?3 Based on the knowledge of
the reported structure of PA and its role in anthrax tox-
icity,'”?® we developed four protocols for selecting anti-
bodies that may recognize/block the following potential
neutralizing epitopes: (1) the proteolytic activation site
within PAg; domain 1, which is essential for toxin ac-
tion; (2) the oligomerization sites on activated PAgz do-
main 2, which is important for heptamer formation and
subsequent LF and EF binding; (3) the LF and/or EF
binding sites on heptameric (or oligomeric) PAg; do-
main 1/, which is essential for both LeTx and EdTx ac-
tion; (4) the cellular receptor binding site on PA domain
4. Application of these protocols is a central precept in
the strategic development of therapeutic vaccines for an-
thrax. The data we have provided clearly show that
these protocols when used in concert can successfully
grant the identification of several anti-PA human neu-
tralizing monoclonal antibodies. Among those defined
as neutralizing human Fabs, F1, G11, and G12 appear
to recognize and thus block the PA cellular receptor
binding domain, while A8 blocks the LF/EF binding site
on PAg; heptamer (or oligomer). We also noted that to
gain an insight into how these antibodies exactly interact
with anthrax toxin, a fine epitope mapping, including
fragment library, site-directed mutagenesis, and/or crys-
tallographic analysis, should be conducted in the future.

Recently, a novel antibody neutralizing mechanism for
anthrax toxin that requires Fc receptor engagement for
maximal activity has been reported.?® The authors dis-
covered that antibodies elicited by anthrax vaccines do
not function by inhibiting initial PA binding but via
other epitopes that permit an Fc receptor-mediated
interaction on the cell surface. They also demonstrated
that this is factual not only for a particular monoclonal
antibody, but also to be true with CDC human reference
antiserum (AVR801) prepared from pooled antisera of

AVA-immunized human individuals and other immune
serum collected from different animal species that were
vaccinated with recombinant PAg;. This has largely ex-
tended the possibility of discovering all potential neu-
tralizing antibodies that may greatly enhance the
efficacy of antibody mediated prophylactic and post-
symptomatic treatment of anthrax. This may also imply
that antibodies, especially those obtained from non-
immunized approaches (such as naive antibody-phage li-
brary), with very high specificity and affinity to anthrax
toxin that cannot inhibit the initial PA/ATR or PA/LF/
EF binding, should be converted to an IgG format with
a proper Fc effector fragment and selection for protec-
tive ability via an Fc mediated cell cytotoxicity assay
or animal studies.

PA possesses one site for EF/LF binding and one site for
receptor binding. These two binding sites may well con-
tain those antigenic epitopes most critical to inducing a
protective immune response to anthrax. In live attenu-
ated strains, the cellular receptor binding domain of
PA, in contrast to the EF/LF binding site, is more
important in generating an antibody response to PA.!
It has been established that vaccination with PA induces
antibodies to both the cell receptor and the EF/LF bind-
ing domains that neutralize the cytotoxicity of lethal
toxin in vitro.’” Our results are consistent with those
findings and confirmed the importance of epitopes on
these two binding sites, especially the cell receptor bind-
ing domain, in conferring the protection to anthrax tox-
in. Among four of our defined neutralizing Fabs, three
are directly targeted at PA cellular receptor binding site,
and only one is targeted at LF/EF binding domains.
Interestingly, we failed to identify neutralizing antibod-
ies against other functional domains, including the pro-
tease activation domain, and oligomerization domain.
This may be due to the fact that the protective epitopes
in these domains are not readily exposed to antibodies in
general, their conformation may be changed when
coated to an immunotube, or the affinity of antibodies
against these epitopes is not high enough to be selected
from the naive antibody library.

For each of the defined PA neutralizing Fabs, we ranked
their neutralization potency via antibody dose depen-
dent protection using two slightly different approaches.
The first approach was less stringent wherein the PA-
Fab mixture was pre-incubated before addition to the
cells or the addition of LF. As a more rigorous test
PA, LF, and Fab were directly mixed into cultured
RAW264.7 cells without pre-incubation. Under such
conditions, the antibody must compete with PA for cel-
lular receptor and/or LF binding. The protection po-
tency was decreased for all antibodies in this assay,
and thus may imply that a higher affinity neutralizing
antibody is needed to compete with the strong interac-
tion between PA and its cell receptor (Kp ~0.2 nM)
or LF (Kp ~1nM).* This latter experiment is a more
likely scenario for a pre-exposure challenge to anthrax
and thus we note a post-exposure cell based assay was
not conducted. Our reasoning here was that results
encountered for the time course of LeTx toxicity re-
vealed that the time window available for antibody pro-
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tection in our cell assay could be found only in the initial
30 min, which would have been difficult to correlate in
this cell cytotoxicity assay.

Through kinetic analysis using surface plasmon reso-
nance technology (SPR) via Biacore, we have deter-
mined the association and dissociation equilibrium
constants (K and Kp) and association and dissociation
rate constants (k,, and k.g) for all defined neutralizing
antibodies. From such studies, the affinities displayed
by the neutralizing Fabs were in a range from 50 to
470 nM. Notably, the association rate constants (k, or
kon) of these Fabs were of the order of 10* (M~'s™1)
and the dissociation rate constants (kg or k.g) were
1072 (s71), which is at the lower end of naturally occur-
ring antibodies. The PA heptamer can bind to its cellular
receptor and a maximum of three molecules of LF and/
or EF with high affinity (Kp 0.2-1 nM).3>-3843 Further-
more, the dissociation rate constant for [PAg;]; itself is
even higher (1 x107%s™!, 1, ~7 days) .** These pieces
of data suggest that neutralizing antibodies with greater
affinity to PA warrant investigation and thus could pro-
vide greater protection. With this thought in mind we
plan to investigate in vitro affinity maturation ap-
proaches to improve not only the dissociation rate con-
stant (kog), but also the association rate constant (kg,)
for all neutralizing antibodies to enhance their affinity
and hopefully their protection potency.

At this time, more than ever, there is a need for addi-
tional countermeasures against anthrax. As evidenced
by the comparatively small-scale events after September
11, 2001, there are weaknesses in our capabilities to deal
with an anthrax attack. Vaccines and antibiotics must
continue to undergo development, as well as new ap-
proaches based on the inhibition of toxin-receptor inter-
actions as well as bacteriolytic phage.*>#7 We believe
that continued investigations into human PA neutraliz-
ing monoclonal antibodies for prophylaxis and/or anti-
body therapeutics are attractive paths that eventually
will be effective in curtailing future acts of bioterrorism.

4. Experimental
4.1. Screening and selection of human anti-PA scFvs

A naive human pIX display scFv-phage library® was
used to screen human scFvs against PAg; and PAgs.
The panning was performed as described elsewhere. 3°
In brief, the library was amplified and the scFv-phage
was rescued. The purified scFv-phage library was ap-
plied to PAg; or PAg; (List Biological Laboratories,
Inc.) coated onto immunotubes and incubated for 2 h
at room temperature. The tubes were thoroughly
washed with PBST (PBS with 0.05% Tween 20), fol-
lowed by the addition of freshly prepared TG1 compe-
tent cells for infection at 37 °C for 20 min. The cells
were placed onto gcLB agar plates (LB agar supple-
mented with 2% glucose and 100 pg/mL carbenicillin)
and incubated at 30 °C overnight. The second day, the
cells were scraped off the plate, amplified and the
scFv-phage was rescued for the next round of panning.

This procedure was repeated three to four times until a
desired enrichment was attained. After the final round
of panning, 96 clones were randomly picked from each
antigen panning experiment. The monoclonal scFv-
phage was amplified and rescued in 96-well plates, and
subjected to positive clone selection via standard ELI-
SA. Forty positive clones for each antigen were selected
for sequencing in accordance with the general diversity
and the strength of their binding activity. All sequences
were analyzed and certain numbers of clones were
picked for both PAg; and PAg; with distinct VH and/
or VL sequences based on a specificity analysis by
cross-reactive ELISA against PAg3, PAgs, LF, EF, and
BSA. Finally, clones with high specificity against PAg;
and/or PAg; were selected.

To further characterize these defined scFvs, they were all
converted into a Fab format, which is more stable than
scFv format. The conversion of scFv to a Fab format
was carried out by PCR assembly3; in brief, the variable
region genes of each antibody heavy chain (VH) and
light chain (VL representing either V. or V;) were ampli-
fied directly from the defined scFv genes by PCR. The
constant region gene of the antibody heavy chain (C,,)
and light chain (C, or C;) were amplified from our
Fab expression vector (pETFabHis) by PCR. The heavy
chain gene (VH-C,;) and light chain gene V,—C, (or V,—
C;) were obtained by PCR assembly. The Fab gene was
eventually created by PCR assembling of heavy and
light chain genes as one 1.5 kb fragment, and cloned into
an expression vector, pET-His,* by two flanked asym-
metric Sfi I site. The antibody gene sequences were fur-
ther analyzed and confirmed by DNA sequencing. To
obtain soluble Fab protein, each Fab construct was
transformed and expressed in Rosetta 2 (DE3) E. coli
strain (Novagen, Inc.) in their defined optimum expres-
sion medium (Media Optimization Kit, United States
Biological, Inc.). Fab protein from periplasmic space
was purified by IMAC and then refined by protein G
chromatography (GE Healthcare). The binding activity
and specificity of each converted Fab was characterized
by standard ELISA. The purity was analyzed by SDS-
PAGE (reduced and non-reduced).

4.2. Epitope mapping by surface plasmon resonance

To reveal the steric relationships between antigenic sites
on PA that were recognized by selected Fabs, we per-
formed a sequential epitope mapping experiment using
surface plasmon resonance (SPR) technology on a Bia-
core 3000 instrument (Biacore AB). In brief, PAg; was
immobilized onto CM5 chip by NHS/EDC amine-cou-
pling method as specified by the manufacturer’s instruc-
tions (Biacore AB). Thus, we injected the first Fab and
observed the binding of analyte to ligand via the sensor-
gram. When the surface was saturated, we immediately
injected the second Fab and observed the binding activ-
ity. The order of injection of the Fabs was reversed to
perform additional mapping. This procedure was re-
peated for all Fabs with all possible binary combina-
tions undertaken, and the binding signal for each pair
of Fabs was recorded in a reactivity pattern matrix for
further analysis. For all Biacore analysis, we always in-
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cluded double-reference as controls, that is, a reference
flow cell and blank buffer run.

4.3. Screening of human PA neutralization Fabs

The murine macrophage cell line RAW264.7 was used in
all cell based assays, and the cells were cultured as de-
scribed elsewhere.3>*% An MTT cell proliferation assay>'
(ATCC) was engaged for identification of human PA
neutralization antibodies. For all cell assays, we used
medium alone and cell alone as negative controls, and
excessive LeTx as positive control. To obtain an accu-
rate quantification of changes in the rate of cell prolifer-
ation, the linear relationship between cell number and
signal produced for RAW264.7 cells was first deter-
mined according to manufacturer’s instructions. The fi-
nal concentrations of LeTx used for the experiments
were also determined by LeTx serial titrations so as to
result in a reliable 100% killing end point for the
RAW264.7 cells.

Evaluation of PA and LeTx cell entry into macrophages
was accomplished using a time course of LeTx challenge
on cultured RAW264.7 cells. In brief, PA was added to
cultured RAW264.7 cells and incubated for a period of
5, 15, 25, 30, 45, and 60 min at 37 °C. PA was removed
and the cells were washed by fresh culture medium, fol-
lowed by the addition of LF and incubation at 37 °C for
4 h before conducting the MTT assay. Alternatively, PA
and LF were simultaneously added to cultured cells and
incubated for selected periods of time as detailed (vide
supra). Finally, the PA and LF were removed, and the
cells were continuously incubated at 37 °C for 4 h before
conducting MTT assay.

To identify human PA neutralizing Fabs, four different
protocols (Figure 1) were performed sequentially as fol-
lows: (1) PA receptor-binding inhibition assay: individual
Fabs were first incubated with PAg; at room tempera-
ture for 1 h; here PAg; alone was the positive control.
The Fab-PAg; mixture or PAg; control was added to
cultured RAW264.7 cells and incubated at 4 °C for
1 h. The cells are thoroughly washed with cold PBS, har-
vested and lysed with SDS buffer. The lysate was applied
and separated by SDS-PAGE gel, which was electroni-
cally transferred to a NC membrane, for Western-blot
analysis using mouse anti-PA IgG (C86501M, Biodesign
Intl.). The antibody was ranked as positive, if it could
inhibit the binding and endocytosis of PAg; into the
cells, as evidenced by the absence of the 83 kDa (PAgs)
and/or 63 kDa (PAg;) band as visualized by Western-
blot analysis. Those antibodies that were positive were
examined directly in the LeTx cytotoxicity neutraliza-
tion assay (vide infra); otherwise, antibodies were ad-
vanced to the protease protection assay. (2) Protease
protection assay: here individual Fabs were first incu-
bated with PAg; at room temperature for 1 h. Trypsin
(Sigma) was added to the Fab-PAg; complex to a final
concentration of trypsin/PAg; ratio of 1:1000 (w/w),
and the mixture was incubated at room temperature
for 30 min. A trypsin/PAg; reaction without antibody
was used as a positive control, while PAg; and antibody
were the negative controls. The reaction was stopped by

the addition of a 10-fold molar excess of soybean trypsin
inhibitor (Sigma). The sample was separated by SDS—
PAGE gel, and Western-blot analysis was performed
as shown in protocol 1. The antibody was ranked as po-
sitive, if it was able to protect PAg; from trypsin cleav-
age, as evidenced by the presence of an 83 kDa (PAgs)
band on the Western-blot. Those antibodies that were
positive were examined directly in the LeTx cytotoxicity
neutralization assay; otherwise, the antibodies were put
forth into the oligomerization inhibition assay. (3) Olig-
omerization inhibition assay: in this assay individual
Fabs were first incubated with PAg; at room tempera-
ture for 1 h. PAg; and antibody were viewed as controls
while all samples were activated by trypsin as described
in protocol 2 and the trypsin activated samples were ap-
plied and separated by Superdex-200 (GE Healthcare).
The antibodies were ranked as positive, if they could in-
hibit PA from forming an oligomer, as evidenced by the
presence of low molecular weight peaks (e.g., Fab and
Fab-PAg3), but without and/or with reduced concentra-
tions of high molecular weight peaks (e.g., [PAgs]s
~441 kDa). Those antibodies that were positive were
examined directly in the LeTx cytotoxicity neutraliza-
tion assay; otherwise, the antibodies were moved for-
ward into the PA LF-binding inhibition assay. (4)
LeTx formation inhibition assay, PAgs; was preincu-
bated with RAW264.7 cells at 4 °C for 2 h followed by
the addition of individual Fabs and incubation at 4 °C
for another hour. In this experiment, PAg; was the posi-
tive control and cultured medium alone a negative con-
trol. Next, LF was added to the Fab-PAgs-cell mixture
and incubated at 37 °C for 4 h. Cell viability was deter-
mined by the MTT assay and the antibody was ranked
as positive, if it could inhibit LeTx cytotoxicity, while
those antibodies that were negative were disregarded
for further studies.

For the general LeTx cytotoxicity assay, individual Fabs
were incubated with PAg; at room temperature for 1 h,
and then added to the cultured RAW264.7 cells and
incubated at 37 °C for 1 h. For all LeTx cytotoxicity as-
say, we used medium alone, cell alone, and cell with de-
fined Fab as negative controls, and cell with 1 pg/mL of
PAgs, cell with excessive LeTx, and cell with 1 pg/mL of
LeTx with defined amount of mouse PA-neutralizing
IgG 106 (RDI-TRK3BA16-106, Research Diagnostics,
Inc.) as positive controls. LF was then added to the cul-
ture and incubated at 37 °C for 4 h. Cell viability was
estimated by the MTT assay and the antibody was con-
firmed as positive, if it could inhibit the LeTx cytotoxic-
ity, as evidenced by a higher macrophage cell viability
compared to the control.

4.4. Characterization of human PA neutralization Fabs

To evaluate the potency of all defined neutralizing Fabs,
an antibody dose dependent protection assay was con-
ducted as follows. Serial diluted individual antibody
ranging from 400 pg/mL to 6.25 pg/mL was used to per-
form the LeTx cytotoxicity assay as described (vide su-
pra). For each antibody concentration, the assay was
repeated within three columns (21 wells in total) of cul-
tured macrophage cells. Antibody dose dependent pro-
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tection curves were created from mean values by Micro-
soft Excel.

To further explore the PA neutralizing activity of de-
fined Fabs, a more stringent antibody dose dependent
protection assay was examined. Thus, serial diluted indi-
vidual antibody ranging from 400 pg/mL to 6.25 pg/mL
was mixed with PAg; and LF, the mixture was added to
the RAW26.7 cells immediately, and incubated at 37 °C
for 4 h before the MTT assay.

To determine whether the defined Fabs recognized a lin-
ear or conformational epitope, Western- and dot-blot
analyses were performed. PAg; or PAg; was separated
on SDS-PAGE gel and blotted to NC membrane.
PAg; or PAg; was also directly dotted onto the NC
membrane for the assay. Both membranes were blocked,
incubated with defined Fabs, and detected by goat anti-
human IgG (Fab specific) HRP conjugate. Fab detected
on both blots recognized a linear epitope, while Fab
only detected on dot-blot was considered to recognize
only a conformational epitope.

To determine the kinetic constants of those defined neu-
tralizing Fabs, Biacore 3000 was engaged for kinetic
analysis according to manufacturer’s instructions. In
brief, PAg; or PAgs was immobilized onto CMS5 chip
targeting at 500 RU using NHS/EDC coupling chemis-
try, while an in-line reference with BSA immobilized at
the same level was also set up. Various concentrations
of each Fab ranging from 800 nM to 3.125 nM were in-
jected onto the chip surface, and the interaction between
Fab and immobilized PA was recorded in the sensor-
gram. The kinetic data were evaluated via fitting the sen-
sorgram data by BIAevaluation software using 1:1
(Langmuir) binding model. The kinetic constants,
including association and dissociation equilibrium rate
constants (K and Kp) and association and dissociation
rate constants (k,, and k.g), were determined for each
Fab.
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