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Four single-chain variable fragments (scFvs) against protective antigen (PA) and 2 scFvs against lethal factor
(LF) of anthrax were isolated from a phage display library generated from immunized chimpanzees. Only 2
scFvs recognizing PA (W1 and W2) neutralized the cytotoxicity of lethal toxin in a macrophage lysis assay.
Full-length immunoglobulin G (IgG) of W1 and W2 efficiently protected rats from anthrax toxin challenge.
The epitope recognized by W1 and W2 was conformational and was formed by C-terminal amino acids 614—
735 of PA. W1 and W2 each bound to PA with an equilibrium dissociation constant of 4 X 10~"' mol/L to 5
X 107" mol/L, which is an affinity that is 20-100-fold higher than that for the interaction of the receptor and
PA. W1 and W2 inhibited the binding of PA to the receptor, suggesting that this was the mechanism of
protection. These data suggest that W1 and W2 chimpanzee monoclonal antibodies may serve as PA entry
inhibitors for use in the emergency prophylaxis against and treatment of anthrax.

Anthrax has emerged as a serious bioterrorist threat.
Inhalational anthrax is usually fatal if treatment is de-
layed [1]. The lethality of anthrax is primarily the result
of the effects of anthrax toxin, which has 3 components:
a receptor-binding protein known as “protective anti-
gen” (PA) and 2 catalytic proteins known as “lethal
factor” (LF) and “edema factor” (EF). Entry of the
toxins into the cell is initiated by rapid binding of the
83-kDa PA to the cellular receptor, whereupon a fu-
rinlike protease cleaves the bound PA into an N-ter-
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minal 20-kDa protein (PA20) and a C-terminal 63-kDa
protein (PA63) [2]. There is spontaneous oligomeri-
zation of PA63 into an antigenically distinct heptameric
ring that can no longer be displaced from the cellular
receptor. The heptamer binds up to 3 molecules of LF
or EF. The resulting complexes enter the cell by en-
docytosis, and a conformational change induced by low
pH results in the release of bound LF and EF into the
cytosol. Several steps in this process could be targets
for antibodies; for example, antibodies to PA might
block receptor binding, oligomerization, or binding of
LF and EF, and antibodies to LF and EF might prevent
their binding to PA.

Passive immunization with polyclonal antibodies
protects laboratory animals from the effects of anthrax
toxins [3, 4]. Passive immunization of humans with
anthrax neutralizing antibodies may provide an effec-
tive treatment when vaccination against anthrax is not
practical or antibiotic treatment is not effective. Anti-
body therapy given in conjunction with antibiotics would
also be useful when the accumulated level of toxin
would be detrimental, even if further bacterial growth
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Figure 1.

Alignment of the deduced amino acid sequences of the variable domains of the heavy chain (VH) and « chain (V). Substitutions relative

to W1 are expressed as single letters denoting amino acids. Dashes denote identical residues, and asterisks denote the absence of corresponding
residues relative to the longest sequence. Complementarity-determining regions (CDR1-3) and framewaork regions (FR1-4) are shown above the sequence

alignments.

was inhibited. Recently, several recombinant monoclonal an-
tibodies (MAbs) against PA were shown to protect animals from
challenge with anthrax toxin [5-7]. Because chimpanzee im-
munoglobulins are virtually identical to human immunoglob-
ulins [8-10], high-affinity chimpanzee antibodies that neutral-
ize anthrax toxins should have therapeutic value comparable
to that of human antibodies. Here, we report the identification
and characterization of potent neutralizing chimpanzee MAbs
against PA.

MATERIALS AND METHODS

Recombinant PA, PA63, LE, and EF were obtained
from List Biologicals or were made in our laboratory. Enzymes

Reagents.

used in molecular cloning were purchased from New England
BioLabs, and oligonucleotides were synthesized by Invitrogen.
Anti-His horseradish peroxidase (HRP) conjugate, anti-human
Fab HRP conjugate, and anti-human Fc agarose were pur-
chased from Sigma. Nickel-agarose beads were obtained from
Invitrogen.

Animals. Chimpanzees 1603 and 1609 were immunized 3
times, at 2-week intervals, with 50 pg each of recombinant PA,
LE, and EF with alum adjuvant. Eight weeks after the last im-
munization, bone marrow was aspirated from the iliac crest of
these animals. Fischer 344 rats were purchased from Taconic

Farms. All experiments involving animals were performed un-

der protocols approved by the Animal Care and Use Commit-
tee of the National Institute of Allergy and Infectious Diseases,
National Institutes of Health.
Library construction and selection. Lymphocytes from the
bone marrow aspirate were isolated on a Ficoll gradient. nRNA
was extracted from 10® lymphocytes by use of an mRNA pu-
rification kit (Amersham Biosciences). cDNA was synthesized
using a first-strand cDNA synthesis kit (Amersham Biosciences).
The heavy-chain (VH) and « light-chain (Vk) genes were am-
plified by polymerase chain reaction (PCR) for 30 cycles (for 1
min at 95°C, for 1 min at 58°C, and for 1 min at 72°C), by use
of a mixture of primers for human V genes described elsewhere
[11]. The single-chain variable fragment (scFv) was assembled
from VH and Vk via splicing by overlap extension PCR. Gel-
purified scFv DNA was digested with Sfil and then was cloned
into a pAK100 vector that also had been cut with Sfil [12].
The recombinant plasmids were transformed into Escherichia
coli XL1-blue (Stratagene) by electroporation, resulting in a
library of 5 X 107 individual clones. The phagemid production,
panning, and screening were essentially the same as those re-
ported by Krebber et al. [12] in 1997. In brief, the phagemids
were rescued by superinfection with helper phage VCS M13
(Stratagene) and then were subjected to panning on PA, LE
and EF proteins coated on ELISA wells. Nonspecifically ad-
sorbed phages were removed by extensive washing. Specifically
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Table 1.

Human immunoglobulin germline genes most closely related to the chimpanzee heavy chain (VH)

and « light chain (Vk) of various anti-anthrax protective antigen (PA) and lethal factor (LF) antibodies.

Monoclonal

antibody VH family ~ VH segment D segment JH segment Vk family Vi segment  Jx segment
W1 VH3 DP-42 ND Jéc Vi 1l DPK-15 Jk3
W2 VH3 DP-42 ND Jéc 7l DPK-15 Jk1

W5 VH4 DP-78 D2-15 J5b Vk Il A2b Jkd
AB3-6 VH3 DP-47 D1-14 Jéc Vi | HK 102 Jkd
F3-6 VH3 DP-49 ND Jab Vi | HK 102 Jkb
F5-1 VH5 DP-73 ND Jéc Vi | HK 102 Jk1

NOTE. The closest human VH and Vk germline genes were identified by V-BASE database similarity searches [25]. ND, not

determined because of a lack of identifiable homologue.

bound phages were eluted with 100 mmol/L triethylamine, neu-
tralized in pH, and amplified. After 3 rounds of panning, ran-
domly chosen single-phage scFv clones were screened for spe-
cific binding by phage ELISA [13]. Clones that differentially
bound to specific antigens with values of >1.0 for absorbance
measured at 450 nm (A,;,) were considered to have a positive
result, whereas A,;, values of <0.2 were considered to denote
a negative result. For clones that bound specifically to PA, LF,
or EE, the variable regions of VH and light (VL)—chain genes
were sequenced, and their corresponding amino acid sequences
were aligned.

Conversion of scFv to Fab and to full-length IgG. To con-
vert scFv to Fab, the following 8 primers were designed:

1. Fab H-5" ACCGTCTCCTCAGCCTCCACCAAGGGC-

CCATCGGT,

2. Fab H-3" AATGAGATCTGCGGCCGCTTAAATTAA-
TTAAT,

3. Fab L-5@ GTGGAAATCAAACGAACTGTGGCTGCA-
CCATCTGT,

. Fab L-3: AGGTATTTCATTTTAAATTCCTCCT,
5. PA H-5:

GAGGTGCAGCTGCTCGAGACTGGAGG-
AGGCTT,

6. PA H-3: CTTGGTGGAGGCTGAGGAGACGGTGA-
CCGTGGTCCCT,

7. PA L-5:@ TGGAGGTGGATCCGAGCTCGTAATGAC-
GCAGTCT,

8. PA L-3: AGCCACAGTTCGTTTGATTTCCACCTT-
GGTCCCAGG.

First-strand ¢cDNA of constant chain 1 of heavy chain (CH1)
and constant region of « light chain (Ck) gene fragments was
synthesized from total RNA obtained from human spleen cells
(BD Biosciences) and was amplified by PCR performed using
Fab H-5/Fab H-3' and Fab L-5/Fab L-3' primers, respectively.
The VH and Vk gene fragments were amplified by PCR per-
formed using anti-PA scFv DNA as a template and PA H-5"
PA H-3' and PA L-5/PA L-3' as primers. The Fd (VH-CH1)
and «k-chain (Vk-Ck) segments were produced through splic-
ing by overlap extension PCR of VH and CH1 and of Vk and

Ck, with use of PA H-5/Fab H-3' and PA L-5/Fab L-3' as
primers. The Fd region was digested with Xhol and Notl, and
the k-chain region was digested with Xbal and Sacl. The di-
gested DNA fragments were cloned into pComb3H at the
matching restriction sites [14].

Fab was converted to full-length IgG by digestion of Fd with
Xhol and Apal and by cloning into a pCDHC68b vector [15]
that contains human heavy-chain constant region to yield plas-
mid pPAH. The k-chain was digested with Xbal and Sacl and
was cloned into a pCNHLC vector [15] to yield plasmid pPAk.

Expression and purification of scFv, Fab, and IgG. Both
scFv and Fab were expressed in E. coli. In brief, bacteria were
cultured at 30°C in 2X YT (yeast extract—tryptone-rich) me-
dium containing 2% glucose and appropriate antibiotics, until
the ODy,, was 0.5—1. The culture was diluted 5-fold in 2X YT
without glucose and containing 0.2 mmol/L isopropyl-3-p-
thiogalactopyranoside, and it then was incubated for 20 h at
27°C. The expressed proteins were purified by chromatogra-
phy performed on nickel-charged affinity resins (Invitrogen).

The full-length IgG plasmids pPAH and pPAk, which con-
tained the VH and VL of anti-anthrax toxin components, were
cotransfected into 293T cells for transient expression. The IgG
was purified by affinity chromatography performed on anti—
human Fc agarose (Sigma).

The purity of each antibody was determined by SDS-PAGE
(Novex; Invitrogen), and the protein concentration was deter-
mined by bicinchoninic assay (BCA; Pierce Biotechnology) and
ELISA performed with a purified human IgG (Jackson Immu-
noResearch) as a reference standard.

ELISA. PA, LF, and unrelated proteins (bovine serum al-
bumin [BSA], thyroglobulin, lysozyme, and phosphorylase b)
were coated onto a 96-well plate by placing 100 uL of protein
in carbonate buffer (pH 9.5) at a concentration of 5 ug/mL in
each well and incubating the plate at room temperature over-
night. Serial dilutions of soluble scFv, Fab, IgG, or phage were
added to the wells, and the plates were incubated for 2 h at
room temperature. The plates were washed, and the second-
ary antibody conjugate (anti-His-HRP, anti-human Fab-HRP,
or anti-M13-HRP) was added and incubated for 1 h at room

Chimpanzee Neutralizing MADb to Anthrax ¢ JID 2006:193 (1 March) 627



A Anti-PA
3—
2_
2 w1
Q AW2
(@] Y W5
- * W63-6
® W1 (BSA)
0
10° 10 10? 102 10*
B Anti-LF
3_
| ]
A
2_
a
(@]
= = F3-6
A F5-1
v F5-1 (BSA)
c A 4 Y110y T Y111 ¥ — - A L el
10° 10’ 102 10° 10°
Concentration of antibody, ng/mL
Figure 2. ELISA titration of anti—protective antigen (PA) (A)and anti—

lethal factor (LF) (B) single-chain variable fragments (scFvs). Recombinant
PA or LF or unrelated proteins, bovine serum albumin (BSA), thyroglobulin,
lysozyme, and phosphorylase b were used to coat the wells of an ELISA
plate. Wells then were incubated with various dilutions of scFvs. Bound
scFv was detected by the addition of peroxidase-conjugated anti-His an-
tibody, followed by tetramethylbenzidine substrate. The anti-PA and anti-
LF scFvs did not bind to the unrelated proteins; only BSA is shown as
an example. OD, optical density measured at 450 nm.

temperature. The plates were washed, and the color was de-
veloped by adding tetramethylbenzidine solution (TMB; Sig-
ma). The plates were read, at an optical density measured at
450 nm, in an ELISA plate reader.

Competitive ELISA. Recombinant PA at a concentration
of 5 pg/mL in carbonate buffer (pH 9.5) was coated onto the
wells of an ELISA plate. The wells were then incubated with
anti-PA W2 Fab at different concentrations for 1 h at room
temperature. Anti-PA W2 Fab was removed from the wells, and
mouse anti-PA MAbs 14B7 and 2D3 [16], respectively, were
added to the wells at a concentration of 0.5 ug/mL. Plates were
incubated for 1 h and washed, and bound MAbs were detected
by the addition of HRP-conjugated anti-mouse antibody, fol-
lowed by TMB substrate. Binding to PA by 14B7 and 2D3 was
calculated by dividing the optical density value in the absence
of W2 by the optical density value in the presence of W2.
Competition between W1 Fab and W2 IgG or between W2 Fab

and W1 IgG was tested as described above, except that HRP-
conjugated anti-human Fc was used as the secondary antibody.

Affinity measurement. Surface plasmon resonance (SPR)
biosensor experiments were conducted using a Biacore 3000
instrument (Biacore) with short carboxymethylated dextran
sensor surfaces (CM3; Biacore) and standard amine coupling,
as described in detail elsewhere [17]. Experiments were con-
ducted in 2 configurations. First, antibodies were immobilized
to the surface, and the kinetics of binding and dissociation of
PA were recorded for 10 min and 2 h, respectively, at PA con-
centrations of 1, 10, 100, and 1000 nmol/L. To eliminate the
effects of immobilization-induced surface-site heterogeneity and
mass transport limitation in the determination of the binding
constants [18], the kinetic traces were globally fitted with a
model for continuous ligand distributions [19] combined with
a 2-compartment approximation of mass transport. Second,
we conducted solution competition experiments in which dif-
ferent concentrations of soluble Fab were preincubated with
PA for 24 h and the concentration of unbound PA was deter-
mined from the initial slope of surface binding noted when the
mixture was passed over the antibody-functionalized surface.
Standard competition isotherms were used for analysis [17, 18].

Epitope mapping. A series of PA fragments that differed in
size were amplified from PA-encoding vector pPA26 [20] by
means of PCR, as described elsewhere [21], and were inserted
into pGEM-T vectors (Promega). PA peptides labeled with *S-
methionine (Amersham Biosciences) were prepared with the
TNT T7/SP6—coupled in vitro transcription/translation system
(Promega). A radioimmunoprecipitation assay was performed
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Figure 3. In vitro neutralization assay. Anti—protective antigen (PA) IgG
was mixed with anthrax toxin and was incubated for 1 h at 37°C. The
mixture was added to RAW264.7 cells in a 96-well plate and was in-
cubated for 4 h at 37°C. After washing, the cells were stained with MTT
dye, and then lysis was performed in a solution containing 0.5% SDS in
90% isopropanol and 0.05 mol/L HCI. The plate was read at an optical
density measured at 570 nm, and the cell survival was calculated rela-
tive to untreated cells. Results were plotted and analyzed using Prism
software (version 4; Graphpad Software). EC,,, effective concentration for
50% neutralization. I, W1; ¥, W2; [, 14B7.
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Table 2. Affinity of anti-anthrax protective antigen (PA) W1 and W2 antibodies, com-
pared with other human anti-PA monoclonal antibodies (MAbs).

Kons

(mol/ Kot Ky,
Antibody L)'s™! s™! mol/L Reference
W1 2.90 x 10° 1.15 X 10°° 3.97 x 107" Present study
W2 2.77 X 10° 152 X 107° 5.49 x 107" Present study
AVP-21D9 1.8 X 10° 1.48 X 10°° 8.21 x 107" [7]
AVP-1C6 1.85 X 10° 1.31 X 107* 7.11 x 107" [7]
AVP-4H7 1.74 X 10° 2.45 X 107° 1.41 x 107'° [7]
AVP-22G12 1.01 x 10° 5.17 X 10°® 5.12 X 107'° [7]
83K7C 1.16 X 10° 426 X 1074 3.67 X 107° [6]
63L1D 1.50 X 10° 1.90 X 107 1.3 X 107" [6]
scFv1 NA NA 1.9 X 1077 [26]
scFv4 NA NA 3.1 X 1077 [26]
scFv12 NA NA 1.1 X 10°° [26]
scFv24 NA NA 4.3 %X 1077 [26]
ETI-204° 457 X 10° 1.50 X 107 3.3 X 107" [27]

NOTE. K, equilibrium dissociation constant; kg, dissociation rate; k., association rate; NA, not avail-

able; scFv, single-chain variable fragment.

@ ETI-204 is an affinity-improved, humanized MAb derived from murine MAb 14B7.

essentially as described elsewhere [21]. In brief, a mixture of a
»S-labeled peptide and anti-PA W2 was incubated at 4°C over-
night, and immune complexes were collected with protein G-
coupled agarose beads (Amersham Biosciences). The precipitated
complex was washed and subjected to SDS-PAGE. The PA pep-
tide was detected by exposing the dried gel to an x-ray film.

RAW?264.7 cells [22] were grown, in 6-
well plates, to 90% confluence. Ten microliters of PA (10 pg/
mL) was mixed with neutralizing antibody 14B7 [23] or with
W2 at molar ratios of PA to MAb of 1:1 or 1:10 in a final
volume of 200 uL, and it then was incubated for 5 min or 15

PA binding assays.

min. PBS was mixed with PA in control samples. The mixture
was added to the cells and was incubated for 20 min at 37°C.
The medium was removed, and cells were washed 5 times with
ice-cold PBS, followed by lysis in radioimmunoprecipitation
assay buffer (1% Nonidet, 0.5% sodium deoxycholate, and
0.1% SDS in PBS) plus EDTA-free complete protease inhibitor
cocktail (Roche Applied Science). Equal amounts of protein
(as measured with BCA; Pierce Biotechnology) were loaded
onto SDS-PAGE gels. Western blot analysis was performed us-
ing anti-PA polyclonal antibody 5308 (dilution, 1:3500), which
was developed in our laboratory (Bacterial Toxins and Ther-
apeutics Section, National Institute of Allergy and Infectious
Diseases), and HRP-conjugated goat anti—rabbit IgG secondary
antibody (dilution, 1:2000) (Santa Cruz Biotech).

In vitro neutralization assay. An established RAW264.7
cell-based assay was used to determine the in vitro neutrali-
zation activity of antibodies [22, 24]. Results were plotted, and
the effective concentration for 50% neutralization (EC,,) was
calculated using Prism software (Graphpad Software).

In vivo neutralization assay. Groups of 3 Fischer 344 rats
(sex, female; body weight, 150—170 g) were injected via the tail
vein with PBS or a mixture of antibody and PA +LF (lethal
toxin [LT]), at different molar ratios (antibody:LT, 1:3—-4), pre-
pared in sterile PBS. Injection volumes were 200 pL/rat. Rats
were observed continuously for the first 8 h and then were
observed at 16 h and 24 h; twice-daily checks then occurred
for 1 week. Rats were monitored for signs of malaise and death.
When rats were pretreated with antibody, they were injected
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Figure 4. Competitive ELISA. Recombinant protective antigen (PA) was
coated onto the wells of an ELISA plate. Wells then were incubated with
anti-PA W2 Fab at the concentrations indicated. After incubation for 1
h at room temperature, anti-PA W2 Fab was removed from the wells,
and mouse anti-PA monoclonal antibodies (MAbs) 14B7 and 2D3 [16, 23]
were added to the wells. Bound MAbs were detected by the addition of
peroxidase-conjugated anti-mouse antibody, followed by tetramethylben-
zidine substrate. The binding to PA was calculated by dividing the optical
density value in the absence of W2 by the optical density value in the
presence of W2. W, 14B7; A, 2D3.
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Figure 5. Summary of epitope mapping of anti—protective antigen (PA)
W2 antibody by radioimmunoprecipitation assay. *S-labeled PA peptides,
prepared in vitro, were incubated with anti-PA W2. The immune com-
plexes were captured by protein G—coupled agarose beads and were
separated by SDS-PAGE. The PA peptide was detected by exposing the
dried gel to an x-ray film. Numbers denote the starting and ending amino
acids. The peptides that reacted with antibody and, hence, were detected
on an x-ray film were considered to be positive (+). Faint intensity of the
band on an x-ray film denoted a partial reaction ().

intravenously with PBS or antibody at 5 min, 4 h, or 1 week
before an intravenous injection with PA +LF (7.5 pg each).

RESULTS

Isolation of anti-PA and anti-LF clones. Recombinant pro-
teins were used as antigens to select antibodies from an scFv
library derived from immunized chimpanzees. After 3 rounds
of selection with PA, LF, or EF, a total of 192 phagemid clones
were screened for specific binding by use of ELISA. We did not
detect clones that bound specifically to EF protein. Ninety per-
cent of the clones recognized PA or LF proteins but not BSA
control protein. Four unique anti-PA and 2 unique anti-LF
scFv phagemid clones were identified (W1, W2, A63-6, W5,
F3-6, and F5-1) by sequence analysis (figure 1). Two clones,
W1 and W2, had very similar sequences in the VH and Vk
regions (figure 1), with only a 9-aa difference (3 of the amino
acids are located within the primer region). The amino acid
sequences of the other 4 clones differed greatly. As expected,
the greatest divergences in sequence and length were noted
in the CDR regions. Because there is extensive homology be-
tween chimpanzee and human immunoglobulins [8], similarity
searches of all known human immunoglobulin genes in the V-
BASE database were conducted [25]. The VH3 family of VH
and the Vk I and II families of Vk were preferentially used by
anti-anthrax antibodies (table 1). As expected, W1 and W2
clones were derived from the same VH and Vk germline genes.

The 6 scFvs were expressed in E. coli, purified by affinity
chromatography, and tested for binding activity and specificity
by ELISA. Clones W1, W2, A63-6, and W5 bound strongly to
PA antigen, and clones F3-6 and F5-1 bound strongly to LF
antigen (figure 2); none of the clones bound to BSA, thyro-
globulin, phosphorylase b, or lysozyme (data not shown).

In vitro neutralizing activity and affinity of W1 and W2.
The effect of anthrax toxin was strongly inhibited by the W1

and W2 scFvs, but not by A63-6, F3-6, F5-1, and W5 scFvs (data
not shown). The latter scFvs did not undergo further study.
scFv fragments have limited use in passive immunotherapy,
because these monovalent fragments are rapidly cleared from
the blood. In most cases, bivalent full-length immunoglobulin
is more effective than is the corresponding scFv, because of
avidity effects, effector functions, and prolonged half-life in the
blood. Therefore, W1 and W2 scFvs were converted to bivalent
whole IgG1ls and were compared for neutralization activity in
the RAW264.7 cell-based in vitro assay. Well-characterized mouse
anti-PA 14B7 was used as a comparison control [23].
Neutralization by complete IgGs was 5-20-fold better than
neutralization by scFvs (data not shown) and was 5-fold higher
(for W2) and 15-fold higher (for W1) than that by mouse anti-
PA 14B7 (figure 3). The equilibrium dissociation constant
(Ky) for W1 and W2 IgGl, respectively, was determined by
Biacore analysis. W1 and W2 antibody displayed very high af-
finity, with a K; of 4 X 107" and 5 X 10™"" mol/L, respectively,
compared with a K of 4 X 10~° mol/L for 14B7 (in the present
study) (table 2). These affinities compared favorably with those
reported for human anti-PA MAbs (table 2), and they were the
highest recorded affinities against anthrax PA [6, 7, 26].
Characterization of the neutralization epitope and mech-
Competitive ELISA results indicated
that W1 and W2 may recognize the same epitope, because they

anism of neutralization.

competed with each other in binding to PA (data not shown),
and because the complementarity-determining regions of their
VH chains are identical. Therefore, only W2 was used to map
the neutralization epitope. In ELISA, competition was also ob-
served between 14B7 and W2 but not between 2D3 and W2
(figure 4). 14B7 binds to the site responsible for binding to the
cellular receptor, whereas 2D3 does not compete with 14B7 and
binds to a distinct binding site [16]. The binding site for W2
was mapped by radioimmunoprecipitation assay. The smallest
peptide that reacted with W2 antibody contained 121 aa, cor-
responding to aa 614-735 at the C-terminus of PA (figure 5).
This result indicated that W2 bound to a conformational epi-
tope that encompassed almost the entire domain 4 of PA [28].

PA (nmoliL) 0 6 6 6 6 6

14B7 (nmollL) 0 0 6 0 60 O

W2 (nmoliL) 0 0 0 6 0 60
-==PAS83
~==PAG3

Figure 6. Inhibition of the hinding of protective antigen (PA) to
RAW264.7 cells by preincubation of toxin with monoclonal antibodies.
PA at a concentration of 6 nmol/L (500 ng/mL) was incubated with anti-
PA 14B7 or W2 antibodies at a molar ratio of 1:1 or 1:10 for 5 min.
The mixture was added to RAW264.7 cells and was incubated for 20
min at 37°C. After the cells were washed and lysed, separation by SDS-
PAGE was performed. The proteins were transferred to a membrane and
were probed with anti-PA polyclonal antibody.
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Table 3. Neutralization of protective antigen
(PA) of anthrax toxin by W2 in rats.

No. of rats
that survived/
no. of rats
Molar ratio that received
Antibody of MAb to PA? injections
None b 0/5°
14B7 1:4 1/3°
W2 1:4 3/3
14B7 1:3 3/3
W2 1:3 3/3

NOTE. Antibody and lethal toxin (protective antigen
+ lethal factor) were mixed at the molar ratios indicated
and were injected intravenously. MAb, monoclonal
antibody.

@ The amount of PA was kept constant (at 7.5 ug).

® Lethal toxin only was administered (amount injected,
7.5 pg).

® Time to death, 100-134 min.

9 Time to death, 128 and 168 min.

Because domain 4 of PA is responsible for cellular receptor
binding [29, 30], the results suggested that W2 neutralizes the
toxin by blocking binding of PA to the cellular receptor. This
conclusion was confirmed in a binding assay, by use of Western
blot analysis, which showed that W2 prevented the binding of
PA to RAW264.7 cells (figure 6). The affinity (K,) of binding
of PA to the receptor is 1 X 107 mol/L to 5 X 10~° mol/L [31].
Therefore, the affinity of W2 antibody binding to PA is 20—
100-fold higher than the affinity of PA for the cellular receptor.

In vivo animal protection. Because affinity of anti-PA is
strongly correlated with its neutralization activity, it is reason-
able to assume that anti-PA W1 and W2 are potent neutralizing
antibodies. As has been reported for other anti-PA MAbs [6,
7], one remarkable feature of our antibodies is the very slow
dissociation rate, which may provide a significant physiological
advantage for toxin neutralization in vivo.

To evaluate the neutralization of PA by W1 and W2 in vivo,
we measured protection against anthrax toxin challenge in the
Fischer 344 rat model in 2 ways. First, MAb and toxin were
mixed at different molar ratios, and the mixtures were injected

into 3 rats each, which were then observed for morbidity and
death. Injection of 7.5 pg of LT (7.5 ug of PA + 7.5 ug of LF)
alone killed all 3 rats within 100134 min (table 3). W2 antibody
conferred protection at very low concentrations. Addition of W2
antibody at a molar ratio of 1:4 (Ab:PA), the lowest concentra-
tion of antibody tested, completely protected the rats from an-
thrax toxin challenge. In comparison, 14B7 mouse antibody pro-
tected only 1 of the 3 rats at this ratio, probably reflecting the
difference in affinity between W2 and 14B7.

Second, in a more stringent test, the MAb was injected 5
min, 4 h, and 1 week before injection of LT (7.5 pg of PA +
7.5 ug of LF), to investigate the duration of antibody protection.
Single administration of W1 and W2 antibodies at a 2:1 molar
ratio (Ab:PA) protected 6 of 6 rats challenged with toxin 5
min, 4 h, or 1 week later (table 4). A lower dose of antibodies
(0.5:1) still protected all the rats (n = 6) when they were chal-
lenged 5 min or 4 h later but not when they were challenged
1 week later (table 4).

DISCUSSION

We identified 2 chimpanzee MAbs, W1 and W2, which bind
to PA with high affinity. These antibodies neutralized cytotox-
icity of anthrax toxin in the picomolar range in vitro, and they
efficiently protected animals from anthrax toxin challenge in
vivo, most likely by blocking binding to the cell receptor. Our
2 neutralizing MAbs have the highest affinity of any human
antibodies for PA reported thus far. Antibody affinity has been
shown to correlate well with efficacy [5, 32-36].

The neutralization epitope recognized by W1 and W2 MAbs
was mapped to a region of PA comprising aa 614-735. So far,
3 neutralization epitopes in PA have been proposed: the site
for binding to the cellular receptor, the site for binding to LF
[16, 37], and the site for heptamer formation [37]. However,
the locations of these putative epitopes have not been precisely
defined. For example, the epitope recognized by murine MAb
14B7 was suggested to be between Asp-671 and Ile-721, on the
basis of the differential binding of 14B7 to different PA frag-
ments generated through C-terminal deletions [16]. Because
N-terminally deleted PA fragments were not tested, the epi-

Table 4. Duration of neutralization of protective antigen (PA) of anthrax toxin by W1 and W2 in rats.

No. of rats that survived/no. of rats that received injections of lethal toxin®

. 5 min® 4n° 1 week®
Molar ratio
of MAb to PA W1 W2  Combined W1 W2  Combined W1 W2  Combined
2:1 3/3 3/3 6/6 3/3 3/3 6/6 3/3 3/3 6/6
0.5:1 3/3 3/3 6/6 3/3 3/3 6/6 0/3 0/2 0/5
0:1 0/3 0/3 0/6 0/3 0/3 0/6 0/3 0/3 0/6

NOTE. LF lethal factor; MAb, monoclonal antibody.
2 Injection with 7.5 ug of PA plus 7.5 pg of LF

® The interval between injection with MAb and injection with PA plus LF
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tope mapping for 14B7 could be incomplete. The previous
observation that a PA fragment corresponding to aa 624-735
did not compete with PA for binding to the cell receptor [38]
suggests that the region between aa 624 and aa 735 was not
sufficient to generate the receptor recognition site. Some of the
residues in domain 4 of PA that are critical for binding to the
cellular receptor and to anti-PA 14B7 MAb have been deter-
mined by alanine-scanning mutations [39].

Anthrax, whether resulting from natural or bioterrorist-as-
sociated exposure, is a constant threat to human health. Al-
though production of an efficient anthrax vaccine is an ultimate
goal, the benefits of vaccination can be expected only if a large
proportion of the population at risk is immunized. The low
incidence of anthrax suggests that large-scale vaccination may
not be the most efficient means of controlling this disease. In
contrast, passive administration of neutralizing human or
chimpanzee MAb to a subject at risk for anthrax or exposed
to anthrax could provide immediate efficacy for emergency
prophylaxis against or treatment of anthrax. This finding is
supported by a recent study [27], which indicated that passive
immunization with affinity-improved, humanized murine MAb
14B7 against PA (ETI-204) could efficiently protect rabbits be-
fore or after challenge with aerosolized Bacillus anthracis spores.
However, humanized murine MAbs may retain some antigenic
components of the original murine sequences and may elicit
antibodies to the MAb in humans. Human- and chimpanzee-
derived MAbs would not be expected to have this problem,
because the sequences of chimpanzee immunoglobulin genes
are virtually identical to those of humans [8-10, 40]. Further-
more, one would expect that the anti-PA chimpanzee MAbs
W1 and W2 will provide better protection than will ETI-204,
because these MAbs had higher affinity (K,) and lower EC,,
in in vitro neutralization experiments than did ETI-204.
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