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The botulinum neurotoxins (BoNTs) cause the paralytic human
disease botulism and are one of the highest-risk threat agents for
bioterrorism. To generate a pharmaceutical to prevent or treat
botulism, monoclonal antibodies (mAbs) were generated by phage
display and evaluated for neutralization of BoNT serotype A
(BoNT兾A) in vivo. Although no single mAb significantly neutralized
toxin, a combination of three mAbs (oligoclonal Ab) neutralized
450,000 50% lethal doses of BoNT兾A, a potency 90 times greater
than human hyperimmune globulin. The potency of oligoclonal Ab
was primarily due to a large increase in functional Ab binding
affinity. The results indicate that the potency of the polyclonal
humoral immune response can be deconvoluted to a few mAbs
binding nonoverlapping epitopes, providing a route to drugs for
preventing and treating botulism and diseases caused by other
pathogens and biologic threat agents.
monoclonal antibody 兩 immunotherapy 兩 antibody engineering 兩
vaccine 兩 phage display

he spore-forming bacteria Clostridium botulinum secrete
botulinum neurotoxin (BoNT), the most poisonous substance known (1). The protein toxin consists of a heavy and light
chain that contain three functional domains (2–4). The Cterminal portion of the heavy chain (HC) comprises the binding
domain, which binds to a sialoganglioside receptor and a putative
protein receptor on presynaptic neurons, resulting in toxin
endocytosis (5, 6). The N-terminal portion of the heavy chain
(HN) comprises the translocation domain, which allows the toxin
to escape the endosome. The light chain is a zinc endopeptidase
that cleaves different members of the SNARE complex, depending on serotype, resulting in blockade of neuromuscular transmission (7, 8).
There are seven BoNT serotypes (A–G; ref. 9), four of which
(A, B, E, and F) cause the human disease botulism (10). Botulism
is characterized by flaccid paralysis, which if not immediately
fatal requires prolonged hospitalization in an intensive care unit
and mechanical ventilation. The potent paralytic ability of the
toxin has resulted in its use in low doses as a medicine to treat
a range of overactive muscle conditions including cervical dystonias, cerebral palsy, posttraumatic brain injury, and poststroke
spasticity (11). BoNTs are also classified by the Centers for
Disease Control (CDC) as one of the six highest-risk threat
agents for bioterrorism (the ‘‘Class A agents’’), because of their
extreme potency and lethality, ease of production and transport,
and need for prolonged intensive care (10). Both Iraq and the
former Soviet Union produced BoNT for use as weapons (12,
13), and the Japanese cult Aum Shinrikyo attempted to use
BoNT for bioterrorism (10). As a result of these threats, specific
pharmaceutical agents are needed for prevention and treatment
of intoxication.
No specific small-molecule drugs exist for prevention or
treatment of botulism, but an investigational pentavalent toxoid
is available from the CDC (14) and a recombinant vaccine is
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under development (15). Regardless, mass civilian or military
vaccination is unlikely because of the rarity of disease or
exposure and the fact that vaccination would prevent subsequent
medicinal use of BoNT. Postexposure vaccination is useless
because of the rapid onset of disease. Toxin neutralizing antibody (Ab) can be used for pre- or postexposure prophylaxis or
for treatment (16). Small quantities of both equine antitoxin and
human botulinum immune globulin exist and are currently used
to treat adult (17, 18) and infant botulism (19), respectively.
Recombinant monoclonal antibody (mAb) could provide an
unlimited supply of antitoxin free of infectious disease risk and
not requiring human donors for plasmapheresis. Such mAbs
must be of high potency to provide an adequate number of doses
at reasonable cost. In some instances, the potency of polyclonal
Ab can be recapitulated in a single mAb (20). In the case of
BoNT, potent neutralizing mAbs have yet to be produced: single
mAb neutralizing at most 10 to 100 times the 50% lethal dose
(LD50) of toxin in mice (21, 22). In this work, we report that
BoNT serotype A (BoNT兾A) can be very potently neutralized
in vitro and in vivo by combining two or three mAbs, providing
a route to drugs for preventing and treating botulism and
diseases caused by other pathogens and biologic threat agents.
Methods
IgG Construction. VH genes of C25, S25, and 3D12 single-chain
fragment variable (scFv) were amplified using PCR from the
respective phagemid DNA with the primer pairs GTCTCCTGAGCTAGCTGAGGAGACGGTGACCGTGGT and either
GTACCA ACGCGTGTCT TGTCCCAGGTCCAGCTGCAGGAGTCT (C25), GTACCAACGCGTGTCTTGTCCCAGGTGAAGCTGCAGCAGTCA (S25), or GTACCAACGCGTGTCT TGTCCCAGGTGCAGCTGGTGCAGTCT (3D12).
DNA was digested with Mlu1 and NheI, ligated into N5KG1ValLark (gift of Mitch Reff, IDEC Pharmaceuticals, San Diego) and
clones containing the correct VH identified by DNA sequencing.
V genes of C25, S25, and 3D12 scFv were amplified from
the respective phagemid DNA with the primer pairs TCAGTCGTTGCATGTACTCCAGGTGCACGATGTGACATCGAGCTCACTCAGTCT and CTGGA A ATCA A ACGTACGTTTTATTTCCAGCTTGGT (C25), TCAGTCGTTGCATGTACTCCAGGTGCACGATGTGACATCGAGCTCACTCAGTCT and CTGGAAATCAAACGTACGTTTGATTTCCAGCTTGGT (S25), or TCAGTCGTTGCATGTACTCCAGGTGCACGATGTGACATCGTGATGACCCAGTCT
and CTGGA A ATCA A ACGTACGT T T TATCTCCAGCTTGGT (3D12), cloned into pCR-TOPO (Invitrogen) and
clones containing the correct V identified by DNA sequencing.
V genes were excised from pCR-TOPO with DraIII and BsiWI
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were conducted in Hepes-buffered saline, pH 7.4, with total
antibody concentrations of 342, 17.2, and 17.2 pM, respectively.
In all cases, the concentration of soluble toxin was varied from
less than 0.1 to greater than 10-fold the value of the apparent Kd
(twelve concentrations, minimum). Reaction mixtures comprised of one, two, or three different antibodies were incubated
at 25°C for 0.5, 3, and 17 h, respectively, to ensure that
equilibrium was achieved.

Measurement of IgG Affinity and Binding Kinetics. IgG binding

Results
To generate mAbs capable of neutralizing BoNT兾A, we previously generated scFv phage antibody libraries from mice immunized with recombinant BoNT兾A binding domain (HC) and
from humans immunized with pentavalent botulinum toxoid (23,
24). After screening more than 100 unique mAbs from these
libraries, three groups of scFv were identified that bound nonoverlapping epitopes on BoNT兾A HC and that neutralized toxin
in vitro (prolonged the time to neuroparalysis in a murine
hemidiaphragm model; refs. 23 and 24). In vitro toxin neutralization increased significantly when two scFv binding nonoverlapping epitopes were combined. In vivo toxin neutralization
could not be determined because of the rapid clearance of the
25-kDa scFv from serum (25).
To evaluate in vivo BoNT neurotoxin neutralization, IgG were
constructed from the VH and V genes of three BoNT兾A scFv
that neutralized toxin in vitro. VH and V genes were sequentially
cloned into a mammalian expression vector, resulting in the
fusion of the human C gene to the V and the human ␥1 gene
to the VH. Stable expressing cell lines were established and IgG
purified from supernatant yielding chimeric IgG with murine
V-domains and human C-domains, for the murine scFv C25 and
S25, and a fully human IgG for the human scFv 3D12. IgG
equilibrium binding constants (Kd) were measured and found to
be at least comparable to the binding constants of the scFv from
which they were derived (Table 1). The antigen binding affinity
of two of the IgG (S25 and 3D12) was significantly higher (lower
Kd) than for the corresponding scFv, largely because of an
increase in the association rate constant (kon). We presume this
reflects an increase in the stability of the molecule and hence an
increase in the functional antibody concentration.
In vitro toxin neutralization by IgG was determined in the
mouse hemidiaphragm assay (26). Compared with toxin alone,
each of the three IgG significantly increased the time to neuroparalysis, with C25 being the most potent (Fig. 1). Significant
synergy in toxin neutralization was observed when pairs of IgG
were studied. For these studies, it was necessary to decrease the
concentration of C25 IgG studied 3-fold to 20 nM because of its
high potency and the fact that the hemidiaphragm preparations
have an 8-h lifespan. Each pair of IgG significantly increased the
time to neuroparalysis compared with the time for either single
IgG (Fig. 1). A mixture of all three IgG further increased the
time to neuroparalysis, although this difference did not reach
statistical significance compared with antibody pairs because of
the small number of diaphragms studied.
In vivo toxin neutralization was studied using a mouse assay in
which toxin and Ab are premixed and injected i.p., and time to
death and number of surviving mice determined (27). Fifty

kinetics were measured using surface plasmon resonance in a
BIAcore (Pharmacia Biosensor) and used to calculate the Kd.
Approximately 200–400 response units of purified IgG (10–20
g兾ml in 10 mM acetate, pH 3.5–4.5) was coupled to a CM5
sensor chip by using N-hydroxysuccinimide –N-ethyl-N⬘(dimethylaminopropyl)-carbodiimide chemistry. The association rate constant for purified BoNT兾A HC was measured under
continuous flow of 15 l兾min, using a concentration range of
50–800 nM. The association rate constant (kon) was determined
from a plot of (ln (dR兾dt))兾t vs. concentration. The dissociation
rate constant (koff) was determined from the dissociation part of
the sensorgram at the highest concentration of scFv analyzed
using a flow rate of 30 l兾min to prevent rebinding. Kd was
calculated as koff兾kon.
Measurement of in Vitro Toxin Neutralization. Phrenic nervehemidiaphragm preparations were excised from male CD-1 mice
(25–33g) and suspended in 135 mM NaCl, 5 mM KCl, 1 mM
Na2HPO4, 15 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2, and 11
mM glucose. The incubation bath was bubbled with 95% O2兾5%
CO2 and maintained at 36°C. Phrenic nerves were stimulated at
0.05 Hz with square waves of 0.2 ms duration. Isometric twitch
tension was measured using a force-displacement transducer
(Model FT03, Grass Instruments, Quincy, MA). Purified IgG
were incubated with BoNT兾A for 30 min at room temperature
and then added to the tissue bath resulting in a final IgG
concentration of 6.0 ⫻ 10⫺8 M (S25 and 3D12 alone) or 2.0 ⫻
10⫺8 M (C25 alone) and a final BoNT兾A concentration of 2.0 ⫻
10⫺11 M. For pairs of IgG, the final concentration of each IgG
was decreased 50%, and for studies of a mixture of all 3 IgG, the
concentration of each IgG was decreased by 67%.
Measurement of in Vivo Toxin Neutralization. Fifty micrograms of
the appropriate IgG were added to the indicated number of
mouse LD50 of BoNT兾A neurotoxin (Hall strain) in a total
volume of 0.5 ml of gelatin phosphate buffer and incubated at RT
for 30 min. For pairs of Ab, 25 g of each Ab was added, and for
the combination of 3 Ab, 16.7 g of each Ab was added. The
mixture was then injected i.p. into female CD-1 mice (16–22 g).
Mice were studied in groups of ten and were observed at least
daily. The final death tally was determined 5 days after injection.
Measurement of Solution Affinity of mAbs. Equilibrium binding

studies were conducted using a KinExA flow fluorimeter to
quantify the antibodies with unoccupied binding sites in reaction
mixtures of the antibody with the antigen. Studies with reaction
mixtures comprised of one, two, or three different antibodies

Table 1. Association (kon) and dissociation (koff) rate constants and equilibrium dissociation constants (Kd) for
BoNT兾A IgG and scFv from which the IgG were derived
IgG
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Antibody
C25
S25
3D12
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scFv

Kd (M⫺1)

kon (M⫺1䡠s⫺1)

koff (s⫺1)

Kd (M⫺1)

kon (M⫺1䡠s⫺1)

koff (s⫺1)

1.69 ⫻ 10⫺9
3.90 ⫻ 10⫺9
5.62 ⫻ 10⫺11

1.32 ⫻ 106
1.46 ⫻ 106
2.26 ⫻ 106

2.24 ⫻ 10⫺3
5.70 ⫻ 10⫺3
1.27 ⫻ 10⫺4

1.10 ⫻ 10⫺9
7.30 ⫻ 10⫺8
3.69 ⫻ 10⫺8

3.00 ⫻ 105
1.10 ⫻ 104
1.30 ⫻ 104

3.30 ⫻ 10⫺4
8.10 ⫻ 10⫺4
5.0 ⫻ 10⫺4
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and ligated into DraIII- and BsiWI-digested N5KG1Val-Lark
DNA containing the appropriate VH gene. Clones containing
the correct VH and V gene were identified by DNA sequencing,
and vector DNA was used to transfect CHO DG44 cells by
electroporation. Stable cell lines were established by selection in
G418 and expanded into 1L spinner flasks. Supernatant containing IgG was collected, concentrated by ultrafiltration, and purified
on Protein G (Pharmacia).
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Fig. 1. In vitro toxin neutralization by mAb, pairs of mAbs, and oligoclonal
Ab. Time to 50% twitch reduction was measured in isolated mouse hemidiaphragms and reported for toxin only control, single mAb (C25, S25, or 3D12),
pairs of mAbs (C25⫹S25, C25⫹3D12, or 3D12⫹S25), and oligoclonal Ab
(C25⫹3D12,⫹S25). Single mAb significantly prolonged time to neuroparalysis
compared with toxin only. Pairs of mAbs significantly prolonged time to
neuroparalysis compared with single mAbs.

micrograms of each single mAb prolonged the time to death but
failed to protect mice challenged with 20 LD50s (Fig. 2A). In
contrast, any pair of mAbs completely protected mice challenged
with 100 LD50s of toxin (Fig. 2B). At 500 LD50s, the majority of
mice receiving two of the pairs of mAbs (S25 ⫹ 3D12 or C25 ⫹
S25) died, whereas 80% of mice receiving the pair of C25 ⫹ 3D12
survived (Fig. 3). All mice receiving a mixture of all three mAbs
(oligoclonal Ab) survived challenge with 500 LD50s of toxin (Fig.
3). In these studies, the total amount of Ab administered was
kept constant at 50 g per mouse. To determine potency, mAb
pairs and oligoclonal Ab were studied at increasing doses of toxin
(Fig. 3). The most potent mAb pair (C25 ⫹ 3D12) protected 90%
of mice challenged with 1,000 LD50s, with no mice surviving
challenge with 2,500 LD50s. In contrast, oligoclonal Ab completely protected all mice challenged with 5,000 LD50s of toxin,
with five of ten mice surviving challenge with 20,000 LD50s of
toxin. The potency of the oligoclonal Ab was titrated using a
modification of the standard mouse neutralization bioassay (28)
and was determined to be 45 international units (IU)兾mg of Ab,
90 times more potent than the human botulinum immune
globulin used to treat infant botulism (19). By definition, one IU
neutralizes 10,000 LD50s of BoNT兾A toxin (29).
Two potential mechanisms could account for the increase in
potency observed when mAbs were combined: an increase in the
functional binding affinity of the Ab mixture for toxin and兾or an
increase in the blockade of the toxin surface that binds to cellular
receptor(s). To determine the effect of combining antibodies on
the functional binding affinities, apparent Kd were determined
for each single mAb, pairs of mAbs, and the mixture of all three
mAbs by using a flow fluorimeter to quantify the free antibody
that remained in solution reaction mixtures. For single mAbs, the
antigen binding affinities measured in homogeneous solution
(both antigen and antibody in solution; Fig. 4) were lower (higher
Kd) than those measured by surface plasmon resonance in a
BIAcore (Table 1), where the antibody is immobilized and only
the antigen is in solution. When antibody C25, which showed the
greatest in vitro potency, was mixed in equimolar amounts with
antibody 3D12, the resulting Ab combination bound to the toxin
with an apparent Kd of 65 pM, an affinity 200- and 10-fold higher
(lower Kd) than those observed with the individual antibodies
alone. Addition of equimolar amounts of a third mAb (S25) to
the mixture increased the apparent affinity further to 18 pM. An
11348 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.172229899

Fig. 2.
In vivo toxin neutralization by mAbs and pairs of mAbs. Fifty
micrograms total Ab was mixed with 20 or 100 mouse LD50s of toxin and
injected i.p. Time to death and number of surviving mice was determined. No
single mAb showed significant protection against 20 LD50s. All mice survived
challenge with 100 LD50s when given any pair of mAbs.

equimolar mixture of C25 with S25 yielded only a minor 2-fold
increase in affinity, which may explain why this pair is less potent
in vivo than the combination of C25 and 3D12. The increase in
functional affinity observed with multiple mAbs may be due to
either a conformational change in toxin that occurs on binding
of the first mAb, resulting in higher affinity binding of the second
and third mAbs, or from mAb binding changing the toxin from
a monovalent to a multivalent antigen (30). This results in an
‘‘avidity effect’’ and an increase in affinity. Avidity effects have
been well recognized and characterized for IgG binding to
multivalent antigens (31), such as cell surfaces, but are not well
appreciated as occurring in solution.
The increments in measured Kd are consistent with the
increase in in vivo potency observed for mAb pairs and oligoclonal Ab. Rearranging the equilibrium binding equation:
free toxin兾bound toxin ⫽ Kd兾关serum antibody兴.
Assuming a 2-ml mouse blood volume, the serum antibody
concentration is 160 nM when mice receive 50 g of Ab. Because
Nowakowski et al.

Table 2. Observed and predicted toxin neutralization by
recombinant antibody
Antibody
C25
C25⫹3D12
C25⫹3D12⫹S25

Predicted toxin
neutralization

Observed toxin
neutralization

16 LD50s
2,500 LD50s
8,900 LD50s

⬍20 LD50s
1,500 LD50s
20,000 LD50s

Fig. 3. In vivo toxin neutralization by mAbs, pairs of mAbs, and oligoclonal
Ab. In vivo toxin neutralization was determined for mAbs, pairs of mAbs, and
oligoclonal Ab at increasing toxin challenge doses. No single mAb showed
significant protection. In contrast all mAb pairs neutralized at least 100 LD50s,
with approximately 50% of mice surviving challenge with 1,500 LD50s of toxin
for the most potent pair (C25⫹3D12). Oligoclonal Ab was even more potent
with approximately 50% of mice surviving challenge with 20,000 LD50s of
toxin.

the administered amount of toxin is a large multiple of the LD50,
bound toxin ⬃ administered toxin. Thus, the above equation
simplifies to
free toxin兾administered toxin ⫽ Kd兾160 nM.
To determine the amount of administered toxin that results in
death of 50% of mice, one substitutes 1 LD50 for the amount
of free toxin and solves for administered toxin, yielding the
equation:
administered toxin (in LD50s) ⫽ 1 LD50 ⫻ 160 nM兾Kd.
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Using the solution Kd for C25, the predicted toxin dose at which
50% of the mice survive is 16 LD50s (administered toxin ⫽ 1
LD50 ⫻ 160 nM兾10 nM). When this calculation is applied to the
C25 and 3D12 Ab pair, and to oligoclonal Ab, the magnitude of
the increase in potency on combining antibodies parallels the
increase in functional affinity (Table 2).
The second potential mechanism for potent toxin neutralization by oligoclonal Ab is the need to block multiple epitopes on
the toxin binding domain surface that bind to cellular receptors.
It has been hypothesized that the toxin binds to cellular receptors
via at least two sites on the toxin binding domain (5, 6). These
include a ganglioside binding site and a putative protein receptor

binding site. In fact, two spatially separated ganglioside binding
sites have been observed in the co-crystal structure of the
homologous tetanus toxin (32), and mAbs binding nonoverlapping tetanus toxin epitopes can block binding of toxin to GT1b
ganglioside (33). Our prior epitope mapping studies are consistent with multiple mAbs blocking a large portion of the BoNT
binding domain (HC) (34). Two of the mAbs (S25 and 3D12)
bind the C-terminal subdomain of BoNT HC. The C25 mAb
binds a conformational epitope that consists of sequence from
the N- and C-terminal subdomains of BoNT HC. One model
consistent with the epitope mapping places the three mAb
epitopes on the same HC face and overlapping the known
docking sites for the putative cellular ganglioside receptor GT1b
(34). Validation of this model awaits finer epitope mapping
studies.
Discussion
In conclusion, we have shown that one of the six class A
biowarfare agents, BoNT兾A, can be potently neutralized by an
oligoclonal Ab consisting of only three mAbs. Oligoclonal Ab is
90 times more potent than hyperimmune human globulin and
approaches the potency of hyperimmune mono-serotype horse
type A antitoxin (27). Thus, the potency of polyclonal serum can
be deconvoluted, or reduced, to mAbs binding only three
nonoverlapping epitopes. This synergistic effect results in a more
than 20,000-fold increase in potency for the three mAbs compared with the potency of any of the single mAbs. Others have
previously shown synergy between monoclonal antibodies in
neutralizing tetanus toxin or HIV infection. In the case of
tetanus toxin, combining three to four monoclonal antibodies
increased the potency of in vivo toxin neutralization up to
200-fold (35). In the case of HIV, combining three or four mAbs
increased the potency of viral neutralization 10-fold compared
with individual mAbs (36). Thus, our observation is likely to

Fig. 4. Solution equilibrium dissociation constants (Kd) of antibodies. The solution Kd of single mAb C25 and 3D12 were determined in a flow fluorimeter by
measuring the amount of free Ab present as a function of increasing BoNT HC toxin. Combining C25 and 3D12 mAb in equimolar amounts decreased the C25
Kd more than 100-fold. Adding a third Ab (S25) decreased the Kd another 4-fold to 18 pM.
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Observed toxin neutralization values were taken from Figs. 2 and 3, and are
reported as the number of LD50s of administered toxin where approximately
50% of mice survive. Predicted toxin neutralization values were determined as
described in the text.
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S25 IgG with a fully human IgG and increased potency of the
oligoclonal Ab more than 2-fold. Work is ongoing to replace
chimeric C25 with a fully human homologue. Chimeric, humanized, and human mAb represent an increasingly important class
of therapeutic agents whose means of production are known.
Ten mAbs have been approved by the FDA for human therapy
and more then 70 other mAb therapeutics are in clinical trials
(37). With an elimination half-life of up to 4 weeks, Ab could
provide months of protection against toxin or be used for
treatment. Oligoclonal Ab would be applicable to the other
BoNT toxin serotypes, as well as to other class A agents. Anthrax
is a toxin-mediated disease, and Ab has been shown to be
protective for this agent (38, 39). Vaccinia immune globulin can
be used to prevent or treat smallpox or complications arising
from vaccination of immunocompromised hosts (40). Ab may
also be useful for plague and disease caused by the hemorrhagic
fever viruses (41, 42). Our data support the rapid development
and evaluation of oligoclonal Ab for countering BoNT and other
agents of biowarfare and bioterrorism.

prove general in many systems. We show, however, that the
increased potency in the case of toxin neutralization likely results
from a large increase in the functional affinity of the mixture
antibodies. Whether such a mechanism holds true for viral
neutralization is unclear.
One can hypothesize that the polyclonal humoral immune
response to toxin is functionally dominated by Ab binding only
a few nonoverlapping epitopes. The increase in potency appears
to result primarily from a large decrease in the Kd of oligoclonal
Ab compared with the individual mAb, and also to greater
blockade of the toxin surface that interacts with cellular receptors. Such mechanisms may be generally applicable to many
antigens in solution, suggesting that oligoclonal Ab may offer a
general route to more potent antigen neutralization than mAb.
Although it might be possible to achieve a similar potency by
engineering the Kd of the C25 mAb to near pM, oligoclonal Ab
offers a simpler, more rapid route to a potent antitoxin.
Oligoclonal Ab also offers a safe and unlimited supply of drug
for prevention and treatment of BoNT兾A intoxication. Because
the Ab consists of either chimeric or human IgG, production
could be immediately scaled to produce a stockpile of safe
antitoxin. Alternatively, we have already replaced the chimeric
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