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The botulinum neurotoxins (BoNTs) are category A biothreat agents which have been the focus of intensive
efforts to develop vaccines and antibody-based prophylaxis and treatment. Such approaches must take into
account the extensive BoNT sequence variability; the seven BoNT serotypes differ by up to 70% at the amino
acid level. Here, we have analyzed 49 complete published sequences of BoNTs and show that all toxins also
exhibit variability within serotypes ranging between 2.6 and 31.6%. To determine the impact of such sequence
differences on immune recognition, we studied the binding and neutralization capacity of six BONT serotype A
(BoNT/A) monoclonal antibodies (MAbs) to BoNT/A1 and BoNT/A2, which differ by 10% at the amino acid
level. While all six MAbs bound BoNT/A1 with high affinity, three of the six MAbs showed a marked reduction
in binding affinity of 500- to more than 1,000-fold to BoNT/A2 toxin. Binding results predicted in vivo toxin
neutralization; MAbs or MADb combinations that potently neutralized Al toxin but did not bind A2 toxin had
minimal neutralizing capacity for A2 toxin. This was most striking for a combination of three binding domain
MADbs which together neutralized >40,000 mouse 50% lethal doses (LDs,s) of Al toxin but less than 500 LD,s
of A2 toxin. Combining three MAbs which bound both Al and A2 toxins potently neutralized both toxins. We
conclude that sequence variability exists within all toxin serotypes, and this impacts monoclonal antibody
binding and neutralization. Such subtype sequence variability must be accounted for when generating and

evaluating diagnostic and therapeutic antibodies.

Botulism is caused by botulinum neurotoxin (BoNT) pro-
duced by members of the genus Clostridium and is character-
ized by flaccid paralysis, which, if not rapidly fatal, requires
prolonged hospitalization in an intensive care unit and me-
chanical ventilation. Naturally occurring botulism is found in
infants or adults whose gastrointestinal tracts become colo-
nized by neurotoxigenic clostridia (infant or intestinal botu-
lism), after ingestion of contaminated food products (food
botulism), or in anaerobic wound infections (wound botulism)
(10). BoNTs are also classified by the Centers for Disease
Control and Prevention as one of the six highest-risk threat
agents for bioterrorism (the “category A agents”) due to their
extreme potency and lethality, ease of production and trans-
port, and need for prolonged intensive care (3). Both Iraq and
the former Soviet Union produced BoNT for use as weapons
(8, 53), and the Japanese cult Aum Shinrikyo attempted to use
BoNT for bioterrorism (3). As a result of these threats, specific
pharmaceutical agents are needed for prevention and treat-
ment of intoxication.

No specific small-molecule drugs for prevention or treat-
ment of botulism exist, but an investigational pentavalent tox-
oid vaccine is available from the Centers for Disease Control
and Prevention (45), and a recombinant vaccine is under de-
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velopment (46). Regardless, mass civilian or military vaccina-
tion is unlikely, due to the rarity of disease or exposure and the
fact that vaccination would prevent subsequent medicinal use
of BoNT. Postexposure vaccination is useless, due to the rapid
onset of disease. Toxin-neutralizing antibody (Ab) can be used
for pre- or postexposure prophylaxis or for treatment (14).
Small quantities of both equine antitoxin and human botuli-
num immunoglobulin (Ig) exist and are currently used to treat
adult (7, 19) and infant (4) botulism, respectively. Recombi-
nant monoclonal antibody (MAb) could provide an unlimited
supply of antitoxin free of infectious disease risk and not re-
quiring human donors for plasmapheresis. Given the extreme
lethality of the BoNTs, MAbs must be of high potency in order
to provide an adequate number of doses at reasonable cost.
The development of such MAbs has become a high-priority
research aim of the National Institute of Allergy and Infectious
Diseases (http://www2.niaid.nih.gov/Biodefense/Research/high
_priority.htm). While no single highly potent MAbs have been
described to date, we recently reported that combining two to
three MAbs could yield highly potent BoNT neutralization (39).

The development of MAb therapy for botulism is compli-
cated by the fact that there are seven BoNT serotypes (A to G)
(16) that show little, if any, antibody cross-reactivity. While
only four of the BoNT serotypes generally cause human dis-
ease (A, B, E, and F), there has been one reported case of
infant botulism caused by BoNT serotype C (BoNT/C) (40),
one outbreak of food-borne botulism linked to BoNT/D (11),
and several cases of suspicious deaths where BoNT/G was
isolated (47). Aerosolized BoNT/C, BoNT/D, and BoNT/G
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TABLE 1. Clostridial strains used in sequence analyses

Serotype Subtype Strain Acicz)silon Reference or source
A Al NCTC 2916 X52066 50
62A M30196 6
ATCC 3502 M. Peck, unpublished
Hall hyper AF461540 12
Hall Allergan® AF488749 58
A2 Kyoto-F X73423 57
FRI-H1A2 AY953275 M. Bradshaw et al., unpublished
B B1 Danish MS81186 56
BGB 25
Okra 21
B2 Strain 111 AB084152 21
Nonproteolytic B Eklund 17B X71343 20
Bivalent B CDC 588 AF300465 23
CDC 593 AF300466 23
CDC 1436 AF295926 23
CDC 3281 Y13630 44
C C1 Stockholm X66433 18
X62389 22
C 468 X72793 17
Yoichi AB061780 42
C/D 6813 D49440 36
6814 AB037166
TW/2003 AY251553
D D BVD/-3 X54254 5
CB-16 S49407 48
1873 ABO012112 38
D/C South Africa D38442 36
D 4947 AB037920 26
E E botulinum NCTC 11219 X62683 55
Beluga X62089 41
35396 AB082519 48 52
E butyricum BL5262, BL6340 X62088 41
X62088
BL5520 QI9FARG6 54
KZ 1886 AB037708 54
KZ 1887 AB037709 54
KZ 1889 AB037710 54
KZ 1890 AB037711 54
KZ 1891 AB037712 54
KZ 1897 AB037706 54
KZ 1898 AB037707 54
KZ 1899 AB037705 54
LCL 063 AB037713 54
LCL 095 AB037714 54
LCL 155 AB037704 54
F Proteolytic F Langeland X81714 20
L35496 M. J. Elmore, unpublished
Nonproteolytic F Eklund 202F M92906 13
F baratii ATCC 43756 X68262 51
Bivalent F CDC 3281 (Bf) Y13631 44
G G 1113/30 X74162 9

¢ Hall Allergan (GenBank accession no. AF488749) was obtained from Ed Schantz’ lab at the University of Wisconsin—Madison and is likely the same strain as Hall

hyper (accession no. AF61540).
b Accession numbers are from the NCBI databases.

have also been shown to produce botulism in primates by the
inhalation route (34) and would most likely also affect humans.
Thus, it is likely that any one of the seven BoNT serotypes can
be used as a biothreat agent.

Variability of the BoNT gene and protein sequence within

serotypes has also been reported, and there is evidence that
such variability can affect the binding of monoclonal antibodies
to BoNT/A (15, 29). The extent of such toxin variability within
the different serotypes, or its impact on the binding and neu-
tralization capacity of monoclonal antibody panels, is currently
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TABLE 2. Classification of Clostridium botulinum neurotoxin
gene sequences”’

INFECT. IMMUN.

line sulfonic acid)] (KPL). Average absorbance at 405 nm after subtraction of
background control was plotted against toxin concentration.

No. of No. of No. of Minimum and maximum
Serotype complete partial subt.ypes amjnq acid differences
sequences  sequences i within serotype (%)
A 7 2 10.1
B 9 3 4 3.6-7.7
C 6 2 24.0-24.2
D 5 2 23.7-23.9
E 17 6 3 2.6-5.1
F 4 2 4 10.7-31.6
G 1 1
Total 49 11 18

“ Subtypes were defined as differing by at least 2.6% at the amino acid level.

not clear. For this work, we determined the extent of BONT
toxin variability within serotypes by compiling and analyzing all
available published BoNT sequences. We then determined the
ability of a panel of six BONT/A MADs to bind to, and neu-
tralize, the two different types of BONT/A, Al and A2. The
results have important implications for the generation of diag-
nostic and therapeutic BoNT antibodies as well as vaccines.

MATERIALS AND METHODS

Toxin gene sequences. The NCBI databases and Medline were searched to
identify published or archived sequences of botulinum neurotoxin genes or
proteins. The neurotoxin gene of clostridial strain FRI-H1A2 was sequenced for
this work (unpublished data) (GenBank accession number AY953275). The
neurotoxin gene sequence of clostridial strain NCTC 3502 was a gift of Michael
Peck. Gene sequences were entered into Vector NTI (Invitrogen, San Diego,
CA), translated, classified by serotype, and aligned. Phylogenetic trees were
constructed using ClustalW.

Toxins and antibodies. Purified pure and complexed botulinum neurotoxins
Al (Hall hyper) and A2 (FRI-H1A2) were purchased from Metabiologics Inc.
(Madison, WI). Antibodies S25 and C25 were derived from a single-chain Fv
phage display library constructed from the V genes of a mouse immunized with
recombinant BONT/A1 C-terminal heavy chain (H¢) and boosted with BoNT/A1
toxin (1, 39). Antibody 3D12 was derived from a single-chain Fv phage display
library constructed from the V genes of a human volunteer donor immunized
with investigational pentavalent toxoid (2, 39). The subtype of BoNT/A in the
toxoid is known to be BONT/A1. Antibody B4 was derived from a single-chain Fv
phage display library constructed from the V genes of a mouse transgenic for the
human immunoglobulin locus (Xenomouse) immunized with recombinant
BoNT/A1 He (I. Geren and J. D. Marks, unpublished data). The V genes of each
of these four antibodies were cloned into a mammalian expression vector con-
taining human IgG1 and kappa constant regions as previously described (39).
Stable CHO DG#44 cell lines were established, and IgG was purified using protein
G as previously described (39). Antibody purity and concentration were deter-
mined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and absor-
bance at 280 nm. Antibodies 9D8 (murine IgG1/kappa) and 7C1 (murine IgG1/
kappa) were derived from hybridomas generated from mice immunized with
recombinant BONT/A H¢ and boosted with BoNT/A toxin. IgG was purified
from hybridoma supernatants using protein G, and purity and concentration
were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and bicinchoninic acid assay (Pierce Chemical Co.). For subsequent studies, IgG
antibodies were stored in phosphate-buffered saline, pH 7.4, at approximately 1
to 3 mg/ml.

Toxin capture ELISA. For toxin capture enzyme-linked immunosorbent assay
(ELISA), 96-well microtiter plates (Immunolon 2; Dynatech) were coated with
antibody at 2 pg/ml overnight at 4°C. After blocking for 30 min in 5% skim
milk—phosphate-buffered saline, toxins were applied in half-log dilutions from
100 nM to 1 pM in duplicate and incubated for 90 min at 37°C. Plates were
washed and incubated with equine anti-BoNT/A antibody (PerImmune), diluted
to 0.2 TU/ml, for 60 min followed by washing and incubation with a 1:1,000
dilution of goat anti-horse antibody conjugated to horseradish peroxidase (KPL)
for 60 min. Plates were developed with ABTS [2,2'-azinobis(3-ethylbenzthiazo-

M rement of antibody affinity for toxin. IgG association and dissociation
rate constants for purified BONT/A1 and BoNT/A2 toxins were measured using
surface plasmon resonance with a BIAcore 1000 (Pharmacia Biosensor) and
used to calculate the K, as previously described (39). Briefly, approximately 100
to 400 response units of purified IgG (10 to 20 wg/ml in 10 mM acetate, pH 3.5
to 4.5) was coupled to a CMS sensor chip using NHS-EDC [N-hydroxysuccinate
and N-ethyl-N’-(dimethylaminopropyl)carbodiimide] chemistry. The association
rate constant for purified BONT/A1 and BoNT/A2 neurotoxins was measured
under continuous flow of 15 wl/min using a concentration range of 50 nM to 800
nM toxin. Association rate constant (k,,,) was determined from a plot of [In(dR/
dt)]/t versus concentration, where dR is the derivative of response and dt is the
derivative of time. The dissociation rate constant (k) was determined from the
dissociation part of the sensorgram at the highest concentration of toxin analyzed
using a flow rate of 30 pl/min to prevent rebinding. K, was calculated as kqg/k o,

Measurement of in vivo toxin neutralization. Fifty micrograms of the appro-
priate IgG was added to the indicated number of mouse 50% lethal doses
(LDsgs) of BoONT/A1 neurotoxin complex (Hall strain) or BONT/A2 neurotoxin
complex (FRI-H1A2 strain) in a total volume of 0.5 ml of gelatin phosphate
buffer and incubated at room temperature for 30 min. Both BoNT/A1l and
BoNT/A2 complex toxins were titrated to determine the LDs,. Average specific
activities of the two toxins were as follows: 3.6 X 107 LDsys/mg (n = 2) for the
Hall complex and 7.5 X 107 LDs,s/mg (n = 2) for the FRI-H1A2 complex. Since
the molecular weight of the BONT/A1 complex is ~500,000 Da and that of the
A2 complex is ~300,000 Da, that would be 1.8 X 10'® and 2.25 X 10'® LDss per
mole for the two toxins, respectively. Thus, BONT/A1 and BoNT/A2 toxins are
approximately equally potent.

For pairs of MAbs, 25 pg of each MAb was added, and for the combination of
three MADs, 16.7 ug of each MAb was added. Stoichiometric ratios of total
antibody to toxin were 500:1 at 10,000 LDsys of toxin. The mixture was then
injected intraperitoneally into female CD-1 mice (16 to 22 g on receipt). Mice
were studied in groups of 10 and were observed at least daily. The final death
tally was determined 5 days after injection. Studies using mice were conducted in
compliance with the Animal Welfare Act and other Federal statutes and regu-
lations relating to animals and experiments involving animals and adhere to
principles stated in the Guide for the Care and Use of Laboratory Animals of the
National Research Council (38a). The facility where this research was conducted
is fully accredited by the Association for Assessment and Accreditation of Lab-
oratory Animal Care International.

RESULTS

Sequence variation within botulinum neurotoxin serotypes.
To determine the extent of sequence variability within toxin
serotypes, the literature was searched, revealing 60 published
neurotoxin sequences. These data included 49 complete toxin
gene sequences and 11 partial toxin gene sequences (Table 1).
The 49 complete sequences were classified by serotype and
aligned, and the extent of sequence identity was determined
(Table 2). Of the 49 sequences analyzed, there were 7
BoNT/A, 9 BoNT/B, 6 BoNT/C, 5 BoNT/D, 17 BoNTJ/E, 4
BoNT/F, and 1 BoNT/G sequences. Within serotypes, two
types of toxin gene sequences were observed, those that were
virtually identical to each other (see below) and those that
differed by at least 2.6% at the amino acid level. Such sequence
variability was observed within all six serotypes where more
than one toxin gene had been sequenced (BoNT serotypes A,
B, C, D, E, and F). Within serotypes, variability ranged from a
high of 32% for BoNT/F to a low of 2.6% for BoNT/E (Table
2). Three BoNT/C/D and two BoNT/D/C mosaic strains were
sequenced. These strains typically contained light chains and
N-terminal heavy chains that matched their parental serotype,
with the terminal third of the neurotoxin sequence having
strong, but not absolute, identity with the alternative serotype
of the mosaics (Table 1).

The two toxin serotypes causing more than 90% of human
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FIG. 1. Analysis of BONT/A gene sequences. (A) Phylogenetic tree
of BoNT/A genes reveals two clusters, Al and A2. (B) Homology of
the different domains of BoNT/A1 and BoNT/A2. (C) Model of the
amino acid side chain differences between BoNT/A1 and BoNT/A2.
Side-chain differences between BONT/A2 and BoNT/A1 were modeled
into the X-ray crystal structure of BoNT/A1 (3BTA [31]) using Mod-
eler (43) in the Insight suite (Accelrys, San Diego, CA). Two different
views of the toxin are shown rotated 180° about the y axis (Pymol;
Delano Scientific, South San Francisco, CA). The BoNT/A heavy-
chain binding domain is in white at the top of the figure, with the
putative ganglioside binding residues (3BTA E1202, H1252, and
W1265) in blue with the ganglioside (red) modeled by superposition
using the O suite program LSQMAN (24) from the BoNT/B crystal
structure (1F31 [49]). The root mean square deviation between the
three ganglioside binding residue C-a positions from BotNT/A and
BotNT/B is 0.22 A. These residues are in the C-terminal subdomain,
for which the root mean square deviation between the binding domain
structures (3BTA residues 1091 to 1295 and 1F31 residues 1092 to
1290) is 1.39 A. The heavy-chain translocation domain is in orange and
the light-chain catalytic domain is in white at the bottom of the figure.
Side-chain differences between BoNT/A1 and BoNT/A2 toxins are
shown in green.

botulism (BoNT/A and BoNT/B [10]) were analyzed in more
detail. Of the seven published BoNT/A toxin sequences, five
(62A, NCTC 2916, ATCC 3502, and Hall hyper [Hall Aller-
gan]) were virtually identical (99.9 to 100% identity) and have
been classified as subtype Al (Fig. 1A). The other two
BoNT/A sequences (Kyoto-F and FRI-H1A2) were 100%
identical and have been classified as subtype A2 (Fig. 1A). The
Al toxins differed from the A2 toxins by 10.1%, with the
greatest difference in sequence in the receptor binding domain
(He). (Fig. 1B). Of the 126 amino acid differences between
BoNT/Al and BoNT/A2, 85% are solvent exposed, 12% are
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FIG. 2. Analysis of BoONT/B gene sequences. Phylogenetic tree of
BoNT/B genes reveals four clusters: BONT/B1, BoNT/B2, nonproteo-
lytic BONT/B, and bivalent BONT/B. Percent differences between clus-
ters range from 3.6 to 7.7%. As with BoNT/A, the greatest differences
are seen in the heavy chain.

partially exposed, and 2.4% are completely buried based on
molecular surface calculations per residue with Pymol
(DeLano Scientific, San Carlos, CA). Besides being greater in
number, the H amino acid differences tended to be located in
solvent-accessible amino acids exposed on the toxin surface
(Fig. 1C). A number of these differences clustered around the
putative ganglioside binding site (Fig. 1C). The sequence of the
catalytic domain (light chain) was more conserved (Fig. 1B),
with the differences more likely to be buried (Fig. 1C). The
nine published BoNT/B sequences could be grouped into four
subtypes based on DNA and protein homology (Fig. 2). These
groups included the bivalent BONT/B (BoNT Ab 1436, BoNT
Ab 588, BoNT Ab 593, and BoNT Bf 3281), BoNT/Bl
(BoNT/B Danish), BoNT/B2 (BoNT/B strain 111), and the
nonproteolytic BONT/B (BoNT/B Eklund 17B). These toxins
differed from each other by 3.6% to 7.7% at the amino acid
level, with greater differences in the heavy chain than in the
light chain (Fig. 2).

Impact of BoNT/A toxin sequence variation and antibody
binding. To determine the impact of BONT/A toxin sequence
variability on immune recognition, we measured the ability of
six monoclonal antibodies raised against BONT/A1 to bind to
BoNT/Al and BoNT/A2 by capture ELISA. Binding to both
pure neurotoxin and neurotoxin complex was determined.
Four MAbs (3D12, C25, B4, and S25) bound to nonoverlap-
ping epitopes on the BONT/A Hg, as determined by ELISA on
recombinant H.. 3D12 and S25 have been previously epitope
mapped to the C-terminal subdomain of BoNT/A H, while
C25 recognizes a complex epitope formed by the two H sub-
domains (37). One MAD (9D8) bound the BoNT/A transloca-
tion domain (Hy) as determined by ELISA on recombinant
Hy (data not shown). One MAb (7C1) bound the BoNT/A
light chain, as determined by ELISA on recombinant light
chain.
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FIG. 3. Binding of BONT/A monoclonal antibodies to BONT/A1 and BoONT/A2 toxins as determined by capture ELISA. Wells were coated with
the indicated MADb followed by various concentrations of pure or complex BONT/A1 or BoNT/A2. Toxin binding was detected using polyclonal
equine BoNT/A antisera. Al toxins are indicated by solid squares; A2 toxins are indicated by open circles. Pure toxins are solid lines; toxin
complexes are dashed lines. Differences in binding signals for MAbs C25 and B4 between Al and A2 pure and complex toxins may reflect the
presence of different sets of accessory proteins (reference 30 and see the text).

Three of the four antibodies which bound the BoNT/A H
showed a marked reduction in binding to BONT/A2 toxin com-
pared to BONT/A1 toxin (Fig. 3). In contrast, the two non-H-
binding MAbs showed comparable ELISA signals on both Al
and A2 toxins (Fig. 3). Binding signals were generally compa-
rable for binding to pure versus complex neurotoxin, except for
the binding of MAbs C25 and B4 to pure BONT/A2 compared
to complex A2. These binding differences may reflect a block-
ade of toxin epitopes in the A2 complex toxin by the accessory
proteins. Since Al toxin complex does not share an identical
set of accessory proteins, it is possible that the same epitopes
are not blocked on the Al complex toxin, thus explaining the
binding data. While it is likely that observed differences in
binding to BoONT/A1 compared to that of BONT/A2 reflected
differences in the relative affinities of the capture MADb for the
two toxins subtypes, we cannot exclude differential binding of
the detection polyclonal antibody. To more accurately quanti-
tate the difference in binding to Al and A2 toxins, the equi-
librium dissociation constant and binding rate kinetics were
measured for the binding of each MAD to purified Al and A2
toxins (Table 3). All MAbs bound Al toxin with high affinity
(K, ranging between 6 and 0.17 nM). The three MAbs which
demonstrated decreased binding to A2 toxin by capture ELISA
(C25, S25, and B4) showed a 553- to more than 1,200-fold

reduction in affinity for A2 toxin compared to A1 toxin. It was
not possible to measure a K, for the B4 MAb binding to
BoNT/A2 due to very-low-affinity binding. The majority of the
reduction in affinity was due to a large decrease in the associ-
ation rate constant (Table 3). In contrast, three MAbs (3D12,
9DS8, and 7C1) showed comparable high affinity for both Al
and A2 toxins.

Impact of antibody binding on neutralization of A1 and A2
neurotoxins. We previously studied the in vivo neutralization
capacity of three MAbs described here, 3D12, S25, and C25,
for BoNT/A1 toxin. Despite showing significant in vitro neu-
tralization of BoNT/A1, none of these three MAbs showed
significant in vivo protection of mice receiving 50 g of anti-
body and challenged with 20 mouse LDs,s of BONT/A1 (only
10 to 20% survival [39]). Similarly, none of the remaining three
MADs reported here showed significant in vivo protection
when mice were challenged with 20 mouse LDs,s of BONT/A1
(only 10 to 20% survival [data not shown]). Since we previously
reported significant synergy in in vivo protection when MAbs
were combined, we studied the ability of MAD pairs and trip-
lets to neutralize toxin in vivo. As previously observed, anti-
body pairs showed significantly greater BONT/A1 neutraliza-
tion than single MAbs, with even greater potency observed for
combinations of three MAbs (Fig. 4 and 5A). Synergy was

TABLE 3. Association (k,,) and dissociation (k.g) rate constants and equilibrium dissociation constants (Kj,) for BoONT/A IgG binding to
BoNT/Al and BoNT/A2¢

BoNT/Al BoNT/A2
Antibody
Kp (M) kon M™'s71) ko (571 Kp (M) kon M™"s71) ko 571
C25 298 x 10710 1.5 X 10° 447 x 1074 1.65 X 1077 2.09 x 10* 3.63 % 1073
S25 1.69 X 10~° 4.82 X 10° 8.15 x 10~* 2.14 X 107° 1.34 x 10° 287 x 1073
3D12 1.68 x 10710 1.45 x 10° 244 x 1074 1.04 x 107° 3.48 X 10° 3.62 % 1074
B4 1.8 x 107° 7.2 X 10° 1.31 X 1073 NM NM NM
7C1 59x107° 2.89 X 10° 1.71 X 1073 51%x107° 3.38 x 10° 173 x 1073
9D8 1.21 x 107° 1.73 X 10° 211 x 1074 1.3 x107° 2.08 x 10° 273 x 107*

@ Association and dissociation rate constants were determined by surface plasmon resonance in a BIAcore, and K}, was calculated as k,g/k,,. NM, not measurable.
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FIG. 4. Ability of MAb pairs to protect mice challenged with
BoNT/AL toxin. A range of mouse LDs,s of BONT/A1 toxin complex
was mixed with 50 pg of an equimolar ratio of the indicated MAbs, and

the mixture was injected intraperitoneally. The number of mice sur-
viving versus challenge dose is indicated.

observed for MADb pairs that included only one binding domain
antibody (C25 + 9DS8) or no binding domain antibodies (9D8 +
7C1) (Fig. 4) or combinations of three MADs that included
only one binding domain antibody (C25 + 9D8 + 7C1) (Fig.
5A). With respect to neutralization of BoNT/A2 toxin, only
MAD pairs or triplets containing MAbs which bound BoNT/A2
with high affinity showed significant synergy for neutralization
(Fig. 5B). The most potent MAb triplet (3D12 + 9D8 + 7C1)
was able to completely protect mice from a challenge of 10,000
mouse LDg,s of Al or A2 toxin. While this combination (3D12
+ 9D8 + 7C1) was not as potent for neutralization of Al toxin
as a combination of three binding domain MAbs (C25 + 3D12
+ B4), only one binding domain MAb bound A2 toxin with any
affinity, and as a result, the C25 + 3D12 + B4 triplet neutral-
ized less than 200 mouse LDs,s of A2 toxin.

DISCUSSION

Analysis of 49 complete published botulinum neurotoxin
sequences revealed that within serotypes, toxin gene sequences
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were either virtually identical or differed from each other by at
least 2.6% at the amino acid level. We have termed those
toxins with this minimum difference (2.6%) to be subtypes of a
given serotype. Such analysis revealed an average of 2.8 sub-
types for the six serotypes where more than one toxin gene has
been sequenced (range, 2 to 4 subtypes/serotype). While this
analysis probably reveals the most frequent toxin subtypes, it is
likely that additional toxin subtypes remain to be identified,
given the relatively small number of toxin genes sequenced (on
average, 8 toxin genes/serotype).

The importance of toxin subtypes is their impact on diag-
nostic tests and the development of toxin therapeutics. Clearly,
this level of nucleotide polymorphism can affect DNA probe-
based assays such as PCR. Importantly, the extent of amino
acid substitution can affect the binding of monoclonal antibod-
ies used for ELISA and other immunologically based diagnos-
tic tests. We have clearly shown that the 10% amino acid
difference between BoNT/A1l and BoNT/A2 subtypes has a
dramatic effect on the binding affinity and ELISA signals of
three of six monoclonal antibodies analyzed. Interestingly, the
kinetic basis for the reduced MAD affinity is largely due to a
decrease in the association rate constant rather than an in-
crease in the dissociation rate constant. The impact of the
difference in toxin amino acid sequence on the binding of
polyclonal antibody is unknown. Clearly, toxin assays based on
immunologic recognition will need to be validated using the
different toxin subtypes.

The differences in binding affinity translate into significant
differences in the potency of in vivo toxin neutralization. Since
we have not observed potent in vivo toxin neutralization by
single MAbs, we studied the impact of toxin sequence variation
on the potency of MAb combinations. As with the binding
studies, only MAb combinations binding tightly to both A1 and
A2 subtypes potently neutralized toxin in vivo. Thus, the im-
pact of subtype variability on potency must be evaluated in the
development of antibody-based toxin therapy, whether such
therapy is oligoclonal or polyclonal. Similarly, toxin vaccines
based on a single subtype may need to be evaluated for their
ability to protect against related subtypes.

An unexpected finding in these studies was that MAbs bind-
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FIG. 5. Ability of MAD triplets to protect mice challenged with BoNT/A1 or BoNT/A2 toxins. A range of mouse LDs;s of BONT/A1 toxin
complex (A) or BONT/A2 toxin complex (B) was mixed with 50 pg of an equimolar ratio of the indicated MAbs, and the mixture was injected
intraperitoneally. The number of mice surviving versus challenge dose is indicated.



5456 SMITH ET AL.

ing to the translocation domain and/or catalytic domains of
BoNT had neutralizing activity, either when combined with
each other or when combined with a MAD recognizing the
BoNT receptor binding domain (Hc). Neutralizing activity has
also been reported for MAbs binding the catalytic domain of
tetanus toxin (32) and ricin (33). Since MAbs which do not
bind to the BoNT receptor binding domain cannot strictly
block the interaction of BoNT binding domain epitopes to
cellular receptors and subsequent BoNT endocytosis, the
mechanism by which they contribute to neutralization remains
unknown. Possibilities include enhancement of BoNT clear-
ance from the circulation upon binding of multiple MAbs (35),
interference of receptor binding by a steric effect, interference
with required intracellular toxin processes (endosomal escape
or catalytic activity) (25), and/or altering intracellular BoNT
trafficking. Regardless of the mechanism, the ability of non-
binding-domain MAbs to neutralize toxin significantly in-
creases the number of epitopes available for neutralizing MAb
generation, increasing the likelihood of finding MAbs binding
and neutralizing all BoNT subtypes.

While we only studied the impact of sequence variability on
antibody binding and neutralization for a single serotype
(BoNT/A), three serotypes (BoNT/C, BoNT/D, and BoNT/F)
have subtypes which differ from each other by more than the
10% difference between BoNT/A1 and BoNT/A2 (10.7% to
31.6%). For these three serotypes, the impact of sequence
variability on immune recognition is likely to be greater than
that for BONT/A. For two serotypes (BoNT/B and BoNT/E),
sequence variability was less than that observed for BONT/A
(2.6% to 7.6%). The impact of this level of sequence variability
will need to be evaluated but is clearly in a range that could
affect MAb binding, as shown in previous evaluations of MAb
binding to BoNT/B toxin (15, 28) and BoNT/E (27).

In conclusion, we report the existence of considerable se-
quence variability within six of the seven botulinum neurotoxin
serotypes and show that this level of variability can significantly
affect antibody binding and neutralization. Determining the
full extent of such toxin diversity is an important first step in
the development of immunological botulinum toxin assays,
therapeutics, and vaccines. Once the sequence variability has
been defined, it is likely that some number of these toxin
variants will need to be produced for validation of detection
assays, therapeutics, and vaccines.
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