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Abstract

Quantitation of individual mAbs within a combined antibody drug product is required for 

preclinical and clinical drug development. We have developed two antitoxins (XOMA 3B and 

XOMA 3E) each consisting of three monoclonal antibodies (mAbs) that neutralize type B and 

type E botulinum neurotoxin (BoNT/B and BoNT/E) to treat serotype B and E botulism. To 

develop mAb-specific binding assays for each antitoxin, we mapped the epitopes of the six mAbs. 

Each mAb bound an epitope on either the BoNT light chain (LC) or translocation domain (HN). 

Epitope mapping data was used to design LC-HN domains with orthogonal mutations to make 

them specific for only one mAb in either XOMA 3B or 3E. Mutant LC-HN domains were cloned, 

expressed, and purified from E. coli. Each mAb bound only to its specific domain with affinity 

comparable to the binding to holotoxin. Further engineering of domains allowed construction of 

ELISAs that could characterize the integrity, binding affinity, and identity of each of the six mAbs 

in XOMA 3B, and 3E without interference from the three BoNT/A mAbs in XOMA 3AB. Such 

antigen engineering is a general method allowing quantitation and characterization of individual 

mAbs in a mAb cocktail that bind the same protein.
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Introduction

Monoclonal antibody (mAb)-based drugs have proven successful in the clinic, with more 

than 27 now approved by the FDA. All of the approved antibody drugs consist of single 

mAbs (1). In order to enhance efficacy or broaden specificity, combinations of mAbs are 

now in preclinical and clinical development for a wide range of diseases (2). The most 

advanced of these is CL184, a combination of two mAbs designed for the post-exposure 

prophylaxis against rabies (3) now in Phase II clinical trials (clinicaltrials.gov identifier: 

NCT01228383). Other mAb combinations under investigation include mAbs for influenza 

(4), for anthrax (5, 6), and for cancer (7).

Regulatory agency requirements for characterization of mAb combinations (oligoclonal 

antibody) and polyclonal antibodies are based on several existing guidelines (8-10). Because 

oligoclonal therapies typically have mechanism of actions requiring the presence of all of 

the mAb components, they are clinically evaluated as the mixture of antibodies. Despite this, 

analytical methods to characterize and measure the individual components of the mAb 

cocktails are required for use in product characterization, for production of clinical material, 

for pharmacokinetic studies, and for monitoring of drug product stability.

We are developing XOMA 3B and 3E, equimolar mixtures of three human mAbs binding 

non-overlapping epitopes on botulinum neurotoxin type B (BoNT/B) and type E (BoNT/E) 

respectively. Botulism is characterized by flaccid paralysis, which if not rapidly fatal 

requires prolonged hospitalization in an intensive care unit and mechanical ventilation. 

Botulism is an orphan disease, with approximately 100 cases/year in the United States. 

BoNTs are also classified by the Centers for Disease Control and Prevention as one of the 

six highest-risk threat agents for bioterrorism, due to the high potency and lethality of the 

toxin (11). It is estimated that major civilian exposure to BoNT would have catastrophic 

effects (12).

The mainstay of treatment for adults with botulism is antitoxin produced by 

hyperimmunizing horses, equine antitoxin (13, 14). Equine antitoxin, however, has a 

significant incidence of side effects, including hypersensitivity reactions including serum 

sickness and anaphylaxis (13, 14). An alternative to equine antitoxin is serotype specific 

recombinant mAb based antitoxin, however, individual mAbs do not have the requisite 

potency for development (15). Combining the three mAbs in the XOMA 3B and XOMA 3E 

cocktails increases the potency of BoNT neutralization by at least three orders of magnitude 

compared to the potency of the individual antibodies (unpublished data).

Oligoclonal antibodies that target the same protein are especially challenging for analytical 

method development since ELISA assays using the target protein for capture will not 

distinguish between individual mAbs. One approach is to generate and use anti-idiotype 

antibodies specific for each mAb (16-18). However, this approach requires generating sets 

of mAbs or polyclonal antibody binding unique epitopes in the binding site of each of the 

three mAbs, with high affinity and with specificity only for that mAb and not the other two. 

Furthermore, the anti-idiotype antibodies would need to have affinities of less than 5 nM, 
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the anticipated effective serum concentration of the mAbs in XOMA 3B and 3E in humans. 

Frequently, anti-idiotype antibodies do not have this level of sensitivity (16).

Recently, we reported the development of assays that could distinguish the binding of the 

three component mAbs of XOMA 3AB, a combination of three mAbs binding non-

overlapping epitopes on botulinum neurotoxin type A (BoNT/A), using epitope based 

capture. (19) This proved possible by expressing and purifying three different folded 

domains of BoNT/A, each recognized by only one of the three component mAbs. This is not 

possible for XOMA 3B and 3E since at least two of the three mAbs in each antitoxin bind 

the same BoNT domain. To overcome this limitation, we report here the identification, 

expression, and purification of BoNT domains consisting of the light chain (LC) and 

translocation domain (HN) (LC-HN) of BoNT/B and BoNT/E that have been engineered to 

be specific for only one of the three mAbs in each combination. Using the domains, ELISA 

assays were developed for characterization of the integrity and purity of each mAb in the 

three-mAb drug products. We believe this is a general approach that can be applied to mAb 

combinations binding the same protein target. In the case of BoNTs, the use of mAb specific 

non-toxic domains also eliminates exposure of laboratory workers to the highly toxic BoNT 

and obviates the burdensome requirements for handling select agents such as BoNT.

Materials and Methods

Domain cloning

PCR primers were designed to amplify the BoNT/B1 (NCBI accession number 

YP_001693307) HC (amino acids N862-E1291) HN (amino acids P443-L861), or LC 

(amino acids P2-A442) gene fragment respectively adding the restriction sites NcoI and 

NotI. Each gene fragment was amplified by using PCR from a synthetic gene construct (20). 

Following digestion of the yeast display vector pYD2 and the resulting PCR amplification 

product with NcoI and NotI, the BoNT/B gene fragments were gel-purified and ligated into 

pYD2. Ligation mixtures were used to transform E. coli DH5 and correct clones identified 

by DNA sequencing. Similarly, the BoNT/E (NCBI accession number YP_001920504) HC 

(amino acids G805-K1248) HN (amino acids S424-L804), or LC (amino acids M1-K423) 

were cloned into pYD2. LC-HN domains, which are comprised of LC and HN domains, were 

cloned by the yeast gap repair method inserting HN into a pYD2 plasmid that already had 

the LC (19). Plasmid DNA was used to transform Lithium Acetate-treated EBY100 cells.

Epitope mapping

The BoNT/B or BoNT/E domain bound by mAbs B-a, B-b and B-c or by mAbs E-a, E-b and 

E-c were determined by incubating yeast-displayed BoNT/B or BoNT/E HC, HN, LC, or 

LCHN with the respective mAb followed by goat-anti-human-phycoerythrin with binding 

detected by flow cytometry as previously described (21). For fine mapping of the mAb 

epitopes, mutations were randomly introduced into the BoNT/B and BoNT/E LC-HN by 

using error prone PCR. Mutant LC-HN gene repertoires were then cloned into the pYD2 

vector by gap repair and display of the domains on the surface of yeast induced (21). Amino 

acid residues in the BoNT/B LC-HN critical for the binding of mAbs B-a, B-b, and B-c were 

identified by incubating the mutant BoNT/B LC-HN library with either mAb B-a, B-b, or B-
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c followed by goat-anti-human-phycoerythrin and flow sorting yeast that had minimal or no 

mAb binding as we have previously described (21). The LC-HN genes from yeast clones 

with reduced or absent mAb binding were sequenced and the location of mutations modeled 

on the X-ray crystal structure of BoNT/B to identify each of the three putative mAb epitopes 

as previously described (21). Mutations in the epitopes were then combined until there was 

no mAb binding to the yeast-displayed BoNT/B domain at a concentration of 1 uM mAb. 

Amino acid residues in the BoNT/E LC-HN critical for binding of mAbs E-A, E-b, and E-c 

were similarly identified using the BoNT/E LC-HN random mutant library.

Generation of antibody-specific domains in E. coli for ELISA assays

Wild-type BoNT/B LC-HN domain (amino acids 1-861) and the wild-type BoNT/E LC-HN 

domain (amino acids 1-834) were both cloned from the pYD2 vector into the pET21d vector 

in the same way as previously described (19). In this vector, each domain construct has a 

SV5 epitope tag and a hexa-histidine tag at the C-terminal. Mutations which knocked out 

individual mAb binding to the yeast-displayed BoNT domains were introduced into the 

BoNT/B or BoNT/E LC-HN, expression induced at small scale and the domains purified as 

described in Meng et al, 2012 (19) for BoNT/A domains. The purified mutant domains were 

tested for binding to mAbs B-a, B-b and B-e (for the BoNT/B LC-HN) or for binding to 

mAbs E-a, E-b, and E-c (for the BoNT/E LC-HN) using a Attana A100 Quartz Crystal 

Microbalance (QCM) (Attana AB, Stockholm, Sweden). Once mutations were identified 

that knocked out binding of a single mAb, a second set of mutations were introduced into 

each of the six domains to knock out binding of the second of the three mAbs. This work 

yielded three BoNT/B and three BoNT/E LC-HN domains specific for each of the three 

mAbs in XOMA 3B and XOMA 3E respectively.

Attana binding assays

Quartz crystal microbalance technology was used for rapid evaluation of antibody binding. 

Antihuman IgG (Fc) antibody was immobilized on LNB-carboxyl chip (Catalog #: 

3623-3033) using the Attana amine coupling kit (Catalog # 3501-3001). Purified domains 

were injected at 10 μg/ml in HBST buffer (100 mM HEPES, 1.5 M NaCl, 0.05% Tween 20, 

pH 7.4). Chips were regenerated using HCl (0.1 M) followed by NaOH (0.02 M) solution.

Large scale purification of domains

We developed a scalable purification scheme for the domains to be used for drug 

characterization. Frozen cell paste from a 20 L fermentation culture (about 120 g of wet cell 

weight) was resuspended in 10ml of 2-10°C lysis buffer (50 mM Tris-HCl, 500 mM NaCl, 

5% Glycerin, 0.5% Triton X-100, pH 8.0, 1% v/w protease inhibitor cocktail. Pastes were 

dispersed using an Ultra Turax mixer, keeping the paste suspension below 8°C. The 

suspended cells were lysed by passing through a high pressure homogenizer (Avestin 

EmulsiFlex-C55), at 18000-22000 psi with cooling. The lysate was cooled and CaCl2 and 

sodium phosphate buffer and Tris added to achieve pH 8.2-8.5. The lysate was centrifuged 

and pH of supernatant was 7.3 - 7.7 with acetic acid. Lysate was clarified by ultrafiltration. 

The clarified lysate was subjected to IMAC chromatography (Ni Sepharose HP resin, GE 

Healthcare Life Sciences). The column was equilibrated and pH adjusted to 7.5 at 20°C. 

After loading, the column was washed sequentially with 8 CV of equilibration buffer, 20 CV 
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wash buffer (30 mM Imidazole, 50 mM Tris.HCl, 500 mM NaCl, 0.5% Triton X-100, pH 

8.0), and 40 CV Buffer A (25 mM sodium succinate, 25 mM sodium phosphate, 500 mM 

NaCl, pH 7.5). Elution was carried out with a linear pH gradient to achieve pH 3.5. The 

IMAC pool was concentrated against formulation buffer (5 mM NaPO4, 4% sucrose, pH 7.0 

at 20°C) using ultrafiltration.

Size exclusion chromatography and reverse phase chromatography analysis of domains

All HPLC analysis was performed with the Agilent 1200 Series LC System and analyzed 

with the Agilent ChemStation Version B.03.02. SE-HPLC was performed with a TosoH 

TSK gel Super SW2000 column packed with 4μm particles containing 250 Å pores. The 

injected samples were eluted isocratically with elution buffer (20 mM NaPO4, 0.2 M 

ammonium sulfate, pH 6.8). Protein was detected by absorbance at 280 nm and 214 nm.

mAb binding by SE-HPLC and concentration measurement: Domains and their 

corresponding mAb were mixed in a 2:1 mAb:domain molar ratio based on the 

concentrations determined by A280 nm (Supplemental Table 1 lists extinction coefficients). 

The domain and the corresponding mAb concentrations during binding assay were in the 

range of 10-20μM. The binding reaction buffer was essentially the same as that of the 

individual domain, which was 5mM NaPO4, 120mM sucrose, pH 7. The domain/mAb 

mixtures were left at ambient temperature for approximately 10 minutes and then kept at 

2-8°C auto-injector until HPLC testing. The samples were analyzed using the SE-HPLC 

method described above. The G3000 column was found to give superior resolution for the 

binding assay mixture samples.

RP-HPLC: Reversed phase HPLC was conducted with an Agilent Zorbax 300SB-C3 

column. Mobile phase A was 0.1% (v/v) TFA in water and mobile phase B was 0.1% TFA 

in acetonitrile. The domains were eluted with increasing concentration of acetonitrile. The 

column was washed and re-equilibrated with 62% A for before making a subsequent sample 

injection. Protein was detected by A214 nm.

Measurement of affinity and binding specificity of mAbs for domains

Binding affinities (KD) were measured using KinExA 3000 flow fluorimeter (Sapidyne 

Instruments Inc., Boise Idaho) as previously described (22-24). KinExA provides accurate 

binding constants for high affinity binding interactions. Binding reaction mixtures were 

performed in PBS (pH 7.4) at room temperature with 1 mg/mL bovine serum albumin 

(BSA), and 0.02% (w/v) sodium azide added as a preservative. mAb solution was serially 

diluted into a constant concentration of either BoNT/B and E holotoxin or the corresponding 

domain sufficient to produce a reasonable signal, where the antibody concentration was 

varied tenfold above and below the value of the apparent KD and domain concentrations 

were no more than fourfold above the KD to ensure a KD controlled experiment. Samples 

were equilibrated up to two days, then each of the 13 dilutions were passed over a flow cell 

containing a 4 mm column of NHS-activated Sepharose 4 Fast Flow beads (GE Healthcare) 

covalently coated with the corresponding antibody to capture the free holotoxin or domain. 

An Alexa-647 labeled antibody was passed over the beads to detect the free antigen by 

binding and producing a signal relative to the amount of free holotoxin or domain bound to 
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the beads. In the case of the domains, a detection antibody that bound the SV5 tag was used, 

and in the case of holotoxin, a detection antibody binding a non-overlapping epitope was 

used. Each dilution was tested in duplicate. Sample volumes varied from 3 to 25 mL 

depending on antibody affinity. The equilibrium titration data were fit to a 1:1 reversible 

binding model using KinExA Pro Software (version 3.0.6; Sapidyne Instruments) to 

determine the KD. Binding curves are provided as Supplementary Figures 1 and 2.

ELISA binding assay

Direct coating plate ELISAs specific for each of the six mAbs were developed using the 

purified domains. 96 well microtitre plates (Thermo Scientific) were coated overnight at 

2-8°C with 100 L/well of purified domains (5 to 15 g/mL). Plates were blocked with BSA, 

Tween 20 (0.05%) in PBS (PBS-T) for up to 2 hours. Plates were washed with PBS-T by an 

automated plate washer (Molecular Devices SKAN400). MAb (100 L) was added to each 

well and incubated at room temperature for 1-2 hrs, washed three times with PBS-T. 

Horseradish peroxidase conjugated goat anti-human IgG was added for signal detection over 

1-2 hours. Plates were washed again as described above and the reaction developed by the 

addition of 2,2-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS, 

100 L/well) (25-27). After 8-15 min, the reaction was stopped and plates were read in a 

Molecular Devices M2e instrument, and plotted using a 4-parameter fit algorithm against the 

mAb concentration to yield a sigmoidal curve. Every sample or standard was measured in 

duplicate on the same plate.

Indirect capture plate ELISA assays were developed to detect the binding of mAbs A-c and 

B-b without interference from the binding of other lower affinity mAbs due to avidity 

resulting from the direct capture format. In this assay, mixtures of eight or nine mAbs were 

used to demonstrate binding specificity. The nine-mAb mixture used in this assay was 

prepared by mixing equal molar amounts of each of the nine mAbs (3 mAbs in XOMA 

3AB, 3 mAbs in XOMA 3B and 3 mAbs in XOMA 3E); the control eight-mAb mixture was 

prepared in the same way except one mAb, which was specific for the domain in solution, 

was not included. In the capture plate, mAbs were coated on the plate at the concentration of 

1 g/mL, and then blocked with BSA in PBS-T for 1-2 hours. The plate was washed once 

with PBS-T by an automated plate washer. In a separate incubation plate, serial dilutions of 

either a single mAb or mixtures of eight or nine mAbs was mixed with a constant 

concentration of the domain at 0.4 g/mL. After incubating at room temperature for 60 min, 

the mixture was transferred to the capture plate and incubated at room temperature for 2 

hours to allow mAb capture of free domain. The plates were washed three times with PBS-T 

before mouse IgG anti-SV5 antibody was added at (100 l/well of 0.2 g/ml) and incubated for 

1 hour at room temperature. Plate washing and signal detection was done as for the direct 

ELISA, except the HRP concentration was reduced by 50%.

Expression and purification of XOMA 3B and XOMA 3E mAbs

BoNT/B (mAbs B-a, B-b, and B-c) and BoNT/E (mAbs E-a, E-b, and E-c) IgG were 

expressed from stable Chinese Hamster Ovary (CHO) cell lines and purified by Protein A 

chromatography followed by flow-through anion exchange and hydrophobic interaction 

chromatographies as described in Meng et al., (19).
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Results

Overview of the strategy to construct mAb specific BoNT domains

Three BoNT/B and three BoNT/E LC-HN domains specific for only one of the three mAbs 

in XOMA 3B or 3E were generated. To accomplish this, we first determined that each of the 

three mAbs in BoNT/B and BoNT/E bound to the BoNT/B or BoNT/E LC-HN. We then 

used yeast-displayed libraries of BoNT/B or BoNT/E LC-HN mutants to identify amino acid 

mutations in the domains that knocked out binding of each of the mAbs. Finally, six 

recombinant BoNT LC-HN domains each specific for a different mAb in XOMA 3B or 3E 

were produced from E. coli by combining mutations which eliminated binding of two of the 

three mAbs in XOMA 3B or XOMA 3E.

Construction of mAb specific domains

The domain recognized by each of the three component mAbs of XOMA 3B and 3E was 

determined using yeast-displayed BoNT/B and BoNT/E LC, HN, and HC domains as we 

have previously done for BoNT/A mAbs (21). For XOMA 3B, mAbs B-a and B-c bound the 

BoNT/B LC and mAb B-b bound the BoNT/B HN (Table 1). For XOMA 3E, mAb E-a 

bound a complex epitope requiring both the LC and HN, while mAbs E-b and E-c bound the 

BoNT/E HN. Efforts to express the HN as a separate folded domain in E. coli required 

detergent solubilization, complicating both purification and use in assays. We therefore used 

the BoNT/B or BoNT/E LCHN domain for detection of each of the mAbs in XOMA 3B and 

3E respectively.

We next used error prone PCR to generate BoNT/B and BoNT/E LC-HN gene repertoires 

with random mutations and then cloned the mutant repertoires for display on the surface of 

yeast (21). Mutant yeast clones which had lost binding for each of the mAbs were generated 

by staining the mutant LC-HN yeast libraries with one of the mAbs and then collecting those 

yeast which did not bind the mAb by fluorescent activated cell sorting as we have previously 

described (21). LC-HN genes from yeast clones with reduced or absent mAb binding were 

sequenced and the location of mutations modeled on the X-ray crystal structure of BoNT/B 

(PDB accession code 1S0E) (28) or BoNT/E (PDB accession code 3FFZ) (29) to identify 

putative mAb epitopes. Single alanine mutations were then introduced into the wild type 

BoNT/B or BoNT/E LC-HN displayed on yeast to identify the amino acids important for 

binding. Consistent with the domain mapping, all mAbs bound either the BoNT LC, HN or a 

complex epitope requiring the presence of both the LC and HN (LC-HN) (Figure 1). Based 

on the knowledge of the fine epitopes, recombinant BoNT/B and BoNT/E LC-HN domains 

with multiple amino acid substitutions in solvent accessible residues at the identified 

epitopes were constructed and expressed in E. coli (Table 1). Each mutant LC-HN was 

purified at small scale to test for binding of each of the three serotype-specific mAbs in 

XOMA 3B or XOMA 3E by ELISA and Attana (Supplementary Figure 3). Based on the 

binding results, further mutations were added, or alternative amino acid substitutions were 

made to eliminate binding of two of the three mAbs before finalizing the construct. Based 

on these criteria, domains B-LC-HN-a, -b, and -c were specific for mAbs B-a, -b, and –c; 

and domains E-LC-HN-a, -b -c were specific for mAbs E-a, -b, and -c respectively (Table 1).
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Characterization of purity of domains

A suite of analytical methods was developed to characterize the purity, specificity, and 

binding activity and affinity of the domains, and these characteristics were used to define a 

set of specifications and action limits to ensure consistency across multiple batches. Using 

the purification scheme in Figure 2, a purity of greater than 90% by SDS-PAGE was 

achieved for each of the domains with yields of approximately 0.1 mg/gm to 5 mg/gm of E. 
coli paste for the domains (Figure 3, left panel). Rapid SE-HPLC assays were also 

developed for each domain that simultaneously determined domain product monomer 

content and impurities as well as antibody binding activity and specificity. When a single 

domain was assayed by SE-HPLC, a single peak was seen and the purity of the domain 

could be determined by the peak area in the elution profile (data not shown). When a single 

domain (for example domain B-LC-HN-a or domain E-LC-HN-b) was mixed with its 

corresponding binding mAb at an equimolar ratio, three peaks were seen (Figure 4A and 

4D). The size of the first two peaks was determined by light scattering to be consistent with 

the size of either one IgG complexed with one domain or one IgG complexed with two 

domains. The third peak was unbound mAb. No free domain was seen suggesting all 

purified domain were immunoreactive. When the B-LC-HN-a or domain E-LC-HN-b were 

mixed with the other mAbs (B-b or B-c for domain B-LC-HN-a and mAb E-a or mAb E-c 

for domain E-LC-HN-b), separate mAb and domain peaks were seen providing evidence of 

binding specificity in solution (Figure 4B-C and 4E-F). Similar binding results were seen for 

B-LCHN-b, B-LCHN-c, E-LCHN-a and E-LCHN-c (data not shown). Besides the SE-HPLC, 

RP-HPLC was developed for each domain to assess purity and presence of breakdown 

products. RP-HPLC can separate domains that differ in disulfide bonding status that is not 

separable with SE-HPLC (19), therefore providing additional information to the purity of the 

domains. RP-HPLC results confirmed that all six domains were over 90% pure. Three 

examples of this assay for domains E LC-HN-a, -b, -c are shown in Figure 3, right panels A-

C. Similar purity was seen for B-LCHN-a, -b, and -c (data not shown).

Characterization of affinity of domains

Flow fluorimetry in a KinExA (19, 24) was used to measure the affinity and binding kinetics 

of each of the XOMA 3B and XOMA 3E mAbs for their respective domains and was 

compared to the affinity of the mAbs for the BoNT B and E holotoxin (Table 1). The 

affinity of the mAbs to their respective domains was comparable to their binding affinity for 

the holotoxin. Each of the BoNT/B mAbs bound only to its specific domain and not to the 

other two domains by flow fluorimetry. Similarly, each of the BoNT/E mAbs bound only to 

its specific domain and not to the other two domains.

ELISA binding assays to specifically detect each mAb in XOMA 3B and 3E

A direct coating ELISA was developed to quantitate each of the mAbs in XOMA 3B and 

3E. In this assay, each domain was directly coated onto microtiter plates to measure the 

concentration of a single mAb in the three-mAb combinations for XOMA 3B and 3E. In this 

ELISA, each of the individual mAbs in XOMA 3B or 3E bound specifically to only their 

respective domains and not to the other domains (Figure 5A-F). Binding could be detected at 
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a mAb concentration of 0.1 ng/mL, with saturation occurring at a mAb concentration of 0.1 

ug/mL (Figure 5A-F).

Development of ELISA assays to detect the individual mAbs in a trivalent BoNT/A, B, and 
E antitoxin

BoNT/A, B, and E cause more than 95% of human botulism. Thus a single antitoxin that 

could neutralize all three BoNTs would be of high value. We previously reported the 

development of a combination of three mAbs that potently neutralize BoNT/A (XOMA 

3AB) and the development of three domains that could measure the concentration of the 

three BoNT/A mAbs (19). To support development of the nine-antibody, trivalent BoNT 

A/B/E antitoxin, which combines the three mAbs in each of XOMA 3AB, 3B and 3E, we 

tested the binding specificity of the nine domains against the nine component mAbs. Seven 

out of the nine mAbs showed specific binding to their corresponding domain and no binding 

to the other eight domains (data not shown). Two domains, A-LC-HN (19) and B-LC-HN-b, 

bound more than 1 mAb. The domain A-LC-HN binds mAb B-b and mAb E-c in addition to 

mAb A-c (data not shown) and the domain B-LC-HN-b binds mAb E-c as well as mAb B-b. 

mAbs B-b and E-c bind an epitope at residues 750–758 of the HN (Figure 1) that is partially 

homologous in serotypes A, B and E.

Knocking out the binding of mAbs B-b and E-c to the A-LC-HN domain appeared 

straightforward; the same mutations that knocked out binding of mAb B-b and E-c to the B-

LCHN and E-LC-HN respectively were introduced into the A-LC-HN domain to create the 

domain A-LC-HN mut. The A-LC-HN mut domain showed no binding to mAb B-b or E-c 

by flow fluorimetry at concentrations up to 1 M (data not shown). In ELISA with the A-LC-

HN mut coated on the plate, there was also no binding of mAb B-b, however mAb E-c did 

show binding with an approximately 2.5 log lower affinity than mAb A-c (Figure 6C1). 

Binding of mAb E-c in ELISA but not by flow fluorimetry is likely explained by the avid 

binding of the IgG to the immobilized domain on the plate, which cannot occur in the 

solution KD measured by flow fluorimetry. We have seen more than 1000 fold higher 

affinities for bivalent IgG binding compared to monovalent solution binding (30). Similarly, 

mAb E-c bound the B-LC-HN-b domain with a binding curve superimposable with mAb B-b 

(Figure 6C3) despite the fact that in solution mAb B-b binds to domain B-LC-HN-b with a 

KD of 61 pM while mAb E-c binds to domain B-LC-HN-b with a 500 fold lower KD (31 

nM, Table 1).

To avoid the avidity effect, we developed an indirect capture ELISA assay. In this assay, 

samples of mAb and domain are incubated in solution to equilibrium, and then the free 

antigen remaining in solution is captured on an ELISA plate coated with the domain specific 

mAb (Figure 6A and 6B). Since the initial binding of mAbs takes place in solution, avidity 

is avoided and the mAb with the significantly lower affinity cannot bind at the 

concentrations studied.

In this assay format, domains A-LC-HN-mut and LC-HN B-b bound only to their respective 

mAbs (Figure 6C2 and 6C4). The A-LC-HN mut bound to mAb A-c but no binding was 

seen with a mixture of the other eight mAbs comprising XOMA 3AB, 3B, and 3E (Figure 

6C2). In addition, the binding curve of the nine mAbs in XOMA 3AB, 3B, and 3E was 
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superimposable to the curve from the single mAb A-c (Figure 6C2). For the domain LC-HN 

B-b, no binding was seen with the mixture of the other eight mAbs comprising XOMA 3AB, 

3B, and 3E (Figure 6C4) and the binding curve of the nine mAbs mixture in XOMA 3AB, 

3B, and 3E was the same as the curve from the single mAb B-b (Figure 6C4).

Discussion

Antibody combinations are in clinical development for a number of diseases (2-7). Such 

combinations pose challenges for development compared to individual mAbs, including the 

need to be able to measure the concentration and activity of each mAb independently when 

combined, both in vitro and in vivo. We previously showed that individual domains or 

subdomains of BoNT/A, a multidomain protein, could be independently expressed and 

purified at scale and used to develop binding assays that can specifically measure the 

concentration of the three BoNT/A mAbs in XOMA 3AB both in vitro and in vivo. In 

XOMA 3AB, each mAb bound a different epitope contained within either a unique folded 

domain of BoNT/A (the LC-HN) or within subdomains of the HC (HCC and HCN), 

increasing the likelihood that the epitopes could be successfully expressed and purified in a 

stable form (31). Here we show that even when mAb epitopes are located on the same 

domain, it is possible to generate mutant domains within the mAb epitopes that knock out 

binding of several mAbs but retain binding of one of the mAbs. Such mAb-specific domains 

were developed for the three BoNT/B and three BoNT/E mAbs in XOMA 3B and XOMA 

3E respectively. These domains were used to develop highly specific and sensitive ELISAs 

that could be used for both characterizing the monoclonal and oligoclonal drug products 

during manufacturing and for monitoring their stability over time to ensure quality of the 

drug and its component mAbs.

Additional domain engineering and ELISA modification made it possible to develop assays 

capable of distinguishing and quantitating each of the nine mAbs in a mixture comprising 

XOMA 3AB, XOMA 3B, and XOMA 3E. For two of these ELISAs, cross reactivity was 

observed in the direct coated ELISA for one of the mAbs in the nine mAb combination due 

to avidity effects. By using a capture ELISA, it was possible to eliminate avidity and 

eliminate the cross reactivity for both of these assays. This work provides the analytical 

tools that would permit the development of a trivalent human BoNT/A, B, and E antitoxin 

for treating the three commonest types of human botulism. The type of antigen engineering 

described here should be broadly applicable for the generation of sensitive assays for 

quantitation of individual mAbs in an oligoclonal antibody cocktail that bind the same 

protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

A-LC-HN mut serotype A botulinum neurotoxin LC-HN mutant domains

ABTS 2,2-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium 

salt

KDa kilodalton

AUC area under the concentration-time curve

BoNT Botulinum neurotoxin

BoNT/A BoNT serotype A

BoNT/B BoNT serotype B

BoNT/B1 BoNT sub-serotype B1

BoNT/E BoNT serotype E

BSA bovine serum albumin

Cmax maximum concentration

CV column volumes

Fab’2 fragment antigen binding

Fc fragment crystallizable

IgG immunoglobulin G

IMAC Ni-NTA immobilized metal affinity chromatography

LD50 lethal dose 50%

mAb monoclonal antibody

mAbB-a, -b, -c antibody component of three mAb mixture that binds to BoNT/B

mAbE-a, -b, -c antibody component of three mAb mixture that binds to BoNT/E

MRT Mean residence time

scFv single chain variable fragment

BoNT/A HC C-terminal domain of the BoNT/A heavy chain

BoNT/A HN N-terminal domain of the BoNT/A heavy chain

BoNT/A LC BoNT/A light chain

BoNT/B HC C-terminal domain of the BoNT/B heavy chain

BoNT/B HN N-terminal domain of the BoNT/B heavy chain

BoNT/B LC BoNT/B light chain

LC-HN BoNT light chain plus N-terminal domain of the heavy chain
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BLC-HN-a, -b, -c mutants of the BoNT light chain plus N-terminal domain of the 

heavy chain that binds specifically to the mAb B-a, -b, -c 

respectively

E- LC-HN-a, -b, -c mutants of the BoNT light chain plus N-terminal domain of the 

heavy chain that binds specifically to the mAbE-a, -b, -c 

respectively

A-LC-HN mut mutant LC-HN domains

pM picomolar

fM femtomolar

ECL electrochemiluminescence

ELISA Enzyme-linked immunosorbent assay

FACS fluorescent activated cell sorting

HBST HEPES, NaCl, Tween

HPLC high pressure liquid chromatography

IU International Unit

IPTG Isopropyl-β-D-thio-galactoside

KD equilibrium dissociation constant

kon association rate constant

koff dissociation rate constant

MFI mean fluorescent intensity

MW molecular weight

PBS phosphate buffered saline

PBS-T 0.05% (v/v) Tween 20 in PBS

RP-HPLC reverse phase high pressure liquid chromatography

QCM Quartz crystal microbalance

SD standard deviation

SDS-PAGE sodium dodecyl sulfate PAGE

SEC Size-exclusion chromatography

SE-HPLC Size-exclusion high pressure liquid chromatography

UV ultraviolet

XOMA 3AB an equimolar mixture of three human/humanized mAbs binding 

non-overlapping epitopes on botulinum neurotoxin type A 

(BoNT/A)
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XOMA 3B an equimolar mixture of three human/humanized mAbs binding 

non-overlapping epitopes on botulinum neurotoxin type B 

(BoNT/B)

XOMA 3E an equimolar mixture of three human/humanized mAbs binding 

non-overlapping epitopes on botulinum neurotoxin type E (BoNT/E)
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Figure 1. Epitopes of BoNT/B and BoNT/E mAbs
Left panel: Ribbon cartoon of the X-ray crystal structure of BoNT/B secondary structure 

(PDB accession code 1S0E) showing the catalytic light chain (LC, red), heavy chain binding 

domain (HC, yellow) and translocation domain (HN, green). The epitopes of the three mAbs 

comprising XOMA 3B are circled and labeled a, b, c for each mAb respectively. Right 
panel: Ribbon cartoon of the X-ray crystal structure of BoNT/E secondary structure (PDB 

accession code 3FFZ) showing catalytic light chain (LC, red), heavy chain binding domain 

(HC, yellow) and translocation domain (HN, green). The epitopes of the three mAbs 

comprising XOMA 3E are circled and labeled a, b, c for each mAb respectively.
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Fig.2. Scalable domain purification methods
Small scale (left) and large-scale (right) purification schemes were developed to purify the 

six BoNT/B and BoNT/E LC-HN domains.
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Figure 3. Analysis of the purity of BoNT/B and BoNT/E domains by SDS-PAGE and RP-HPLC
Left panel; A Coomassie-stained SDS-PAGE gel was run to characterize the purity of 

domains. Molecular weight (MW) markers are at each side of the gel. Lane 1: B-LC-HN-a, 

lane 2: B-LC-HN-b, lane 3: B-LC-HN-c, lane 4: E-LC-HN-a, lane 5: E-LC-HN-b, lane 6: E-

LC-HN-c, lane 7: A-LC-HN-mut. Right panel: Reverse phase high performance liquid 

chromatography (RP-HPLC) was used to assess domain purity and presence of aggregation. 

Shown here are three E-LC-HN domain examples: (A) E-LC-HN-a; (B) E-LC-HN-b; (C) E-

LC-HN-c.
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Figure 4. Analysis of the purity and immunoreactivity of BoNT/B and E domain by size 
exclusion high performance liquid chromatography (SE-HPLC)
(A-C). When each domain is mixed with its corresponding mAb, the domain peak 

disappears, indicating that the domain is near 100% immunoreactive. Both 1:1 complex and 

2:1 complexed peaks are present. When the domain is mixed with other non-binding mAbs, 

no complex formation is observed, indicating binding specificity. Shown here are results for 

two domains: B-LC-HN-a and E-LC-HN-b. (A) B-LC-HN-a with mAb B-a; (B) B-LC-HN-a 

with mAb B-b; (C) B-LC-HN-a with mAb B-c; (D) E-LC-HN-b with mAb E-b; (E) E-LC-

HN-b with mAb E-a; and (F) E-LC-HN-b with mAb E-c.
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Figure 5. Direct-coating ELISAs
(A-C), Binding of mAbs B-a, B-b and B-c to plates coated with mAb specific domains B-

LC-HN-a (A),B-LC-HN-b (B) or B-LC-HN-c (C). (D-F), Binding of mAbs E-a, E-b, and E-c 

to plates coated with mAb specific domains E-LC-HN-a (D), E-LC-HN-b (E), or E-LC-HN-c 

(F). Each mAb bound only to its respective domain, with no binding observed to the other 

domains.
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Figure 6. Specific detection of mAbs A-c and B-b using an indirect capture ELISA
Top panels (A and B): Cartoon of the indirect capture ELISA.

Incubation: A fixed amount of mAb specific domain and increasing amounts of mAbs are 

mixed in individual wells and incubated together until binding reaches equilibrium. Amount 

of mAb bound is a function of the mAb solution KD. Capture: Each reaction mixture is 

then transferred to a new well on the capture plate which has been coated with the domain 

specific mAb for capturing of the domain. Domains bound by a mAb binding the same 

epitope are not captured and are washed away. Detection: Captured domains are detected 
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with anti-SV5 antibody binding the C-terminal SV5 epitope tag followed by anti-mouse Ab-

HRP (A) A-LC-HN mut domain binds mAb A-c with high affinity and mAb E-c with low 

affinity in solution at a non-overlapping epitope. At the mAb concentrations studied, the 

affinity of mAb E-c for the A-LC-HN domain is too low for binding to occur during the 

incubation stage. On the capture plate coated with mAb A-c, only free A-LC-HN mut not 

bound by mAb E-c is captured, allowing quantitation of the mAb E-c concentration. (B). 
The B-LC-HN-b domain binds both mAb B-b and mAb E-c with overlapping epitopes, and 

with a 500-fold higher affinity for mAb B-b than to mAb E-c. At the mAb concentrations 

studied, the affinity of mAb E-c for the B-LC-HN-b domain is too low for binding to occur 

during the incubation stage. On the capture plate coated with mAb B-b, the free B-LC-HN-b 

is captured, while B-LC-HN-b bound by mAb B-b in solution is washed away, allowing 

quantitation of the mAb E-c concentration. HRP = horse radish peroxidase.

Bottom panel (C). Binding specificity of direct vs. indirect capture ELISAs. C1. Direct 

ELISA with a plate coated with domain A-LC-HN mut shows binding of mAb E-c at higher 

mAb concentrations than required for mAb A-c. C2 Indirect capture ELISA showed 

specificity of domain A-LC-HN-mut for only mAb A-c. mAb A-c was coated on the plate as 

capture antibody, A-LC-HN-mut was incubated with either mAb A-c, or a mixture of eight 

mAbs (mAbA-a + mAbA-b + XOMA 3B + XOMA 3E) or a mixture of nine mAbs (XOMA 

3AB + XOMA 3B + XOMA 3E). C3. Direct ELISA with a plate coated with domain B-LC-

HN-b cannot distinguish between mAb B-b and mAb E-c. C4. Indirect capture ELISAs 

showing specificity of domains B-LC-HN-b for only mAb B-b. mAb B-b was coated on the 

plate as capture antibody, B-LC-HN-b was incubated with mAb B-b, a mixture of eight 

mAbs (XOMA 3 AB and mAb B-a, -b and XOMA 3E) or a mixture of nine mAbs (XOMA 

3AB + XOMA 3B + XOMA 3E).
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Table 1

Binding affinities and kinetics of mAbs for BoNT/B and BoNT/E and their mAb-specific LC-HN domains. 

The equilibrium binding constant (KD) was measured by flow fluorimetry in a KinExA.

BoNT/B LC-HN mAb specific domain BoNT/B Holotoxin

mAb Domain KD (pM) KD (pM)

mAb B-a B-LC-HN-a 0.18 0.34

mAb B-b B-LC-HN-b 60.81 56.88

mAb B-c B-LC-HN-c 39.08 38.07

BoNT/E LC-HN mAb specific domain BoNT/E Holotoxin

mAb Domain KD (pM) KD (pM)

mAb E-a E-LC-HN-a 22.09 11.52

mAb E-b E-LC-HN-b 6.71 35.11

mAb E-c E-LC-HN-c 115.6 730.30
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