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Abstract

Safe and effective antitoxins to treat and prevent botulism are needed for biodefense. We

have developed recombinant antibody-based therapeutics for botulinum neurotoxin (BoNT)

serotypes A, B, and E. The mechanism of action of this antitoxin requires that three mAbs

bind one toxin molecule to achieve clearance. Here we present a co-formulation of an anti-

toxin to the three most important serotypes. Combining these antibodies obviates the need

to identify the serotype causing intoxication prior to drug administration, which would facili-

tate administration. The lyophilized powder formulation contains nine mAbs, three mAbs for

each of the three serotypes (A, B, E). The formulation was stored as a liquid and lyophilized

powder for up to one year, and characterized by binding affinity and multiple physicochemi-

cal methods. No significant increase in soluble higher order aggregates, cleavage products,

or change in charge isoforms was measured after storage as a lyophilized powder at 50˚C

for one year. Furthermore, toxin-domain binding ELISA data indicated that each of the indi-

vidual antibodies in the lyophilized drug product showed essentially full binding capability to

their respective toxin domains after being stored at 50˚C for one year. Physicochemical

characterization of the formulation demonstrated the nine individual mAbs were remarkably

stable. This work demonstrates feasibility of lyophilized, oligoclonal antibody therapies for

biodefense with ambient temperature stability, that would facilitate stockpiling, distribution,

and administration.

Introduction

Botulinum neurotoxin (BoNT) is one of the six category A biothreat agents and therefore

development of safe and effective antitoxins is a priority to protect from potential bioterror use

[1,2]. The sequence diversity leading to multiple serotypes and subserotypes presents technical

PLOS ONE | https://doi.org/10.1371/journal.pone.0197011 May 10, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Li M, Lee D, Obi CR, Freeberg JK, Farr-

Jones S, Tomic MT (2018) An ambient

temperature-stable antitoxin of nine co-formulated

antibodies for botulism caused by serotypes A, B

and E. PLoS ONE 13(5): e0197011. https://doi.org/

10.1371/journal.pone.0197011

Editor: Ellen R. Goldman, US Naval Research

Laboratory, UNITED STATES

Received: March 6, 2018

Accepted: April 24, 2018

Published: May 10, 2018

Copyright: © 2018 Li et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: This was supported by the National

Institute of Allergy and Infectious Diseases (NIAID)

under the contract number HHSN272200800028C.

The content of the manuscript is solely the

responsibility of the authors and does not

necessarily represent the official views of the

National Institute of Health. The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

https://doi.org/10.1371/journal.pone.0197011
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197011&domain=pdf&date_stamp=2018-05-10
https://doi.org/10.1371/journal.pone.0197011
https://doi.org/10.1371/journal.pone.0197011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


challenges for a pan-botulism antibody-based drug. Each of the eight known serotypes of

BoNT requires a serotype-specific antitoxin due to the sequence diversity of the toxins. Eight

immunologically-distinct groups of neurotoxins (BoNT/A-G and BoNT/HA) [3,4] differ by

35–68% at the amino acid level. Adding further diversity, multiple subserotypes exist for at

least six of the eight known serotypes [5,6]. The subserotypes differ by 2.6 to 36% at the amino

acid level and these differences can have dramatic impact on the binding and neutralization of

toxin by monoclonal and polyclonal antibodies [6–9]. Three of the BoNT serotypes (A, B, E)

cause approximately 97% of the cases of human botulism [10–12] and therefore present the

most urgent need for drug development.

The numerous limitations of current equine-derived botulinum antitoxin, BAT, [13] has

provided impetus for development of a recombinant antitoxin that is consistent, safer, more

effective, and is renewable. Therefore, the National Institute of Allergy and Infectious Disease

(NIAID) has funded discovery and development of monovalent human monoclonal antibody

(mAb)-based antitoxins that neutralize BoNT serotypes A, B, and E (BoNT/A, BoNT/B, and

BoNT/E). Each antitoxin consists of a combination of three recombinant mAbs binding non-

overlapping BoNT epitopes with very high affinity. The mAbs in each anti-serotype combina-

tion have been selected to be cross reactive toward all known subserotypes for that serotype

[14,15] and unpublished. Using these serotype-specific antitoxins, a lyophilized nine-mAb

product to prevent and treat botulism from exposure to BoNT/A, /B, and /E has been

developed.

Macaque [16], and humanized macaque [16,17] mAbs neutralizing BoNT/ ABE have been

reported by others. A discussion of the relative properties of the European AntibotABE Frame-

work Program [16] and those generated by Marks et al., has been published [15].

The oligoclonal strategy of combining three mAbs that bind non-overlapping epitopes

leads to highly potent BoNT neutralization [18] due to multiple mechanisms including first

pass hepatic clearance of the immune complexes. Three mAbs are needed as no single mAb

neutralizes BoNT/A with a potency greater than 1000 mouse LD50/mg of antibody [18,19].

Here we report development of a nine mAb botulinum antitoxin prototype drug product

consisting of nine mAbs to be administered by injection for the treatment and prevention of

botulism resulting from exposure to BoNT serotypes A, B, or E [20]. The lyophilized BoNT

9ABE antibody product (anti-BoNT 9ABE) was designed to have long-term ambient stability

suitable for stockpiling, does not require a cold chain, and that will address the three BoNT

serotypes that cause approximately 97% of human botulism. Each of the nine mAbs in the mix-

ture was engineered to have properties of high affinity, broad subserotype specificity, and

inherent stability. Sequence elements known to be prone to chemical degradation by oxida-

tion, deamidation, hydrolytic cleavage and fragmentation were substituted to eliminate reac-

tivity that could lead to instability. An identical antibody constant (Fc) region was used for all

mAbs to impart common biochemical properties critical for formulation optima of pH and

ionic strength. Multiple antibody variants of each antitoxin serotype domain specificity were

screened to minimize propensity for aggregation while retaining unique attributes of charge

and hydrophobicity to facilitate analytical separation.

While a stable liquid formulation is an important first step in development of an oligoclonal

recombinant antitoxin, a room-temperature-stable product is highly desirable to eliminate the

cold chain requirement, simplifying storage and distribution. The anti-BoNT 9ABE mixture

was subjected to a conservative lyophilization cycle followed by storage at refrigerated, stress

and accelerated temperatures. Lyophilized anti-BoNT 9ABE formulations showed minimal

changes with respect to aggregation and charge isoform distribution as well full retention of

toxin binding activity after twelve months at 50˚C, a significant improvement compared to
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liquid formulations. Stability testing suggests a room-temperature-stable trivalent drug prod-

uct is feasible.

While others have studied co-formulation of antibodies [21],[22], to our knowledge, co-for-

mulation of nine antibodies with long-term ambient-temperature stability is unprecedented.

Oligoclonal antibodies for cancer treatment are being developed ([23] and reviewed in [24]),

however, the unique requirements for biodefense have stimulated our efforts to produce anti-

body cocktails that have high levels of stability.

Materials and methods

Monoclonal anti-BoNT antibodies

We previously developed nine recombinant IgG1 monoclonal antibodies to neutralize BoNT

serotypes A, B and E. MAbs were generated from humans immunized with pentavalent toxoid

via phage or yeast antibody libraries [15,18,20,25]. Lead antibodies were characterized with

respect to affinity for the different BoNT/A, B, or E subtypes and then optimized for binding

using in vitro affinity maturation and yeast display [7,20,25,26]. The mAbs comprising anti-

BoNT 9ABE have a common human light and heavy chain constant region to facilitate co-for-

mulation. Each mAb was expressed in stably transfected Chinese hamster ovary (CHO) cell

lines, purified, and then combined to produce the equimolar nine antibody mixture. The

mAbs to serotype A have been previously described [27].

Sample preparation

Each of the nine mAbs comprising anti-BoNT 9ABE (individually formulated in 10mM succi-

nate buffer pH 6.0 containing 142 mM arginine, and 0.005% Tween 90) were concentrated

with VivaSpin centrifugation device, molecular weight cut off 10 kDa (Vivaproducts Inc., Lit-

tleton, MA, USA) to approximately 40–100 mg/mL. The concentration of each antibody was

adjusted to 30 mg/mL with the formulation buffer (10mM sodium succinate, 142 mM L-argi-

nine, pH 6.0) [28] to obtain the drug substance. The solution was then filtered with a 0.45 um

filter. This formulation was the same as that developed for the three-antibody mixture anti-

BoNT A [27]. One percent (w/v) Polysorbate 20 (PS20) aqueous solution was added to the

anti-BoNT 9ABE drug substance to obtain a final PS20 concentration of 0.01% as the formu-

lated solution for lyophilization.

The formulated anti-BoNT 9ABE was aliquoted into 3 ml glass vials (1 ml per vial), and

two-leg rubber lyo stopper was partially inserted, and vials were lyophilized for 44.5 hours

with shelf loading on a Genesis 25XL, Virtis Lyophilizer controlled by Encore Software (SP Sci-

entific, Warminster, PA, USA). Temperature started at 5˚C, freezing to -50˚C over 30 minutes,

held at -50˚C for 3 hours, then vacuum was applied to 200 mTorr. Temperature was raised to

-30˚C over 40 minutes. Samples were held for 15 hours each at -30˚C for 17 hours and -20˚C

for 13.6 hours and then at 25˚C for 8.3 hours at 200 mTorr. Vials were stoppered just before

the chamber pressure reached atmospheric pressure and capped with aluminum overseals.

Liquid anti-BoNT 9ABE drug substance stored at 5˚C was used as a control. Five to six vials of

each formulation were placed at each of the three temperature stability chambers (5˚C, 30˚C,

and 50˚C) to be tested at various times for stability assays.

Analytical methods

Antibody concentrations were determined with UV absorption at 280 nm (A280) using theo-

retical extinction coefficients calculated using proprietary software SeqAgentTM [29]. All

HPLC analyses were conducted with an Agilent 1100 or 1200 system (Agilent Technologies,

Nine-antibody co-formulated mixture with ambient temperature stability
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Inc., Santa Clara, CA, USA). The data acquisition and peak integration analysis were con-

ducted with the ChemStation software (Rev. B.03.02). The injection amount was 60–300 μg.

The detection was by UV at 280 nm and 214 nm.

Size exclusion- high-pressure liquid chromatography (SE-HPLC) was performed with a

Zenix SEC-300 (7.8 x 300 mm) column (Sepax Technologies, Inc., Newark, DE, USA). The

elution buffer was 20 mM sodium phosphate, 35 mM ammonium sulfate, 130 mM sodium

chloride, pH 6.8. The flow rate was 0.7 mL/min and run time was 22 minutes. Peak integration

was performed using ChemStation software (Rev. B.03.02).

Reverse phase-HPLC (RP-HPLC) was conducted with a Source 5RPC (4.6 x 150 mm) col-

umn (GE Healthcare, Little Chalfont, UK). The column temperature was 68˚C during analysis.

Elution buffer A was 0.075% trifluoroacetic acid (TFA) in water and elution buffer B 0.075%

TFA in acetonitrile. The antibodies were eluted with gradients listed in in Table 1.

Weak cation exchange-HPLC (WCX-HPLC) was conducted with the Dionex (Thermo-

fisher Scientific Inc., Waltham, MA, USA) ProPac WCX-10 (4 x 250 mm) column at a flow

rate of 1 mL/min. The elution buffer A was 10 mM sodium phosphate, pH 6.0 and buffer B 0.3

M sodium phosphate, pH 7.3. The antibodies were eluted with gradients listed in Table 2.

Differential scanning calorimetry (DSC) was conducted with NanoDSC (TA Instruments,

New Castle, DE, USA) and analyzed with NanoAnalyze software. Sample concentrations were

approximately 2 mg/mL of antibody.

Dynamic light scattering (DLS) analysis was conducted with a DynaPro Plate Reader

(Wyatt Technologies Inc., Goleta, CA, USA). The diluted samples (~80 μL of 50-fold diluted in

purified water) were loaded into Corning polystyrene 96-well half area plates. The auto-corre-

lation function was collected for 5 seconds and 10 acquisitions were obtained for each sample

at 25˚C. Hydrodynamic radius, percentage polydispersity, and relative percent mass were

determined using Dynamics 7.1.6.5 software by choosing the regularization mathematical sim-

ulation approach to fit the autocorrelation function.

ELISA was used to measure specific binding of antibodies to their respective BoNT A, B or

E domains as previously reported [30,31]. The toxin domains, engineered to contain only sin-

gle mAb epitopes, were expressed in E. coli and purified by affinity column chromatography.

Domain proteins were coated onto 96-well microtiter plates. anti-BoNT 9ABE solution was

added to the plates after serial dilution. A secondary anti-human Fc antibody conjugate with

horseradish peroxidase was used for detection after which, the substrate 2,2’-azino-bis

(3-ethylbenzothiazoline-6-sulphonic acid, ABTS) was added. Absorbance at 405 nm (A405) for

various mAb concentrations was recorded and fitted to a four-parameter equation to give a

sigmoidal curve using SoftMax Pro software v5.2 (Molecular Devices, LLC, San Jose, CA).

Capillary electrophoresis (CE-SDS) was performed on a ProleomeLab PA800 (Beckman

Coulter, Inc., Brea, CA) fitted with a photo diode array detector. The capillary was the eCAPTM

bare fused silica, 50 μm x 30.2 cm. The samples included a 10 kDa internal standard and were

Table 1. Gradient profile for RP-HPLC elution profile.

Time (Minutes) 0 3 45 45.1 50 50.1 58 58.1

% B 36 36 40.2 70 70 36 36 36

Flow rate (mL/min) 0.4 0.8 0.4

https://doi.org/10.1371/journal.pone.0197011.t001

Table 2. Weak cation exchange-HPLC gradient profile.

Time (minutes) 0 30 40 50 60

% B 0 12 20 40 40

https://doi.org/10.1371/journal.pone.0197011.t002
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heated at 70˚C for 10 minutes in the presence of either 12 mM iodoacetamide for non-reduced

CE or 5% (v/v) beta-mercaptoethanol for reduced in CE-SDS sample buffer (0.5% to 1% SDS,

50–90 mM tris-HCl, pH 9).

Results and discussion

Interaction between individual antibodies in the mixture

A challenge for multi-protein formulations is the potential for interaction of component pro-

teins that accelerate aggregation. DSC was used to characterize the unfolding for all nine

Fig 1. DSC thermograms of anti-BoNT 9ABE and mAbs comprising anti-BoNT 9ABE in the succinate, arginine, Polysorbate formulation, ramp

rate 1˚C/minute. Results are from single samples. A. Thermograms of individual mAbs compared to anti-BoNT 9ABE. Individual mAbs are: mAb A-a,

-b, -c, which bind BoNT/A; mAb B-a, -b, -c, which bind BoNT/B; and mAb E-a, E-b, E-c, which bind BoNT/E. B. the amplified anti-BoNT 9ABE

thermogram overlaid with those of mAbs with the lowest and highest Tm’s–mAb A-b and mAb B-a respectively. Panels C through E compare measured

and calculated DSC thermograms normalized for concentration. C. Three mAbs that bind to BoNT/B; D. Three mAbs that bind BoNT/E. E. DSC

thermograms of nine-antibody mixture (anti-BoNT 9ABE measured) compared to the sum calculated from the measured thermograms of the nine

individual antibodies (anti-BoNT 9ABE calculated) and normalized for concentration. Also shown are thermograms for three mAbs binding BoNT/A

(3A), BoNT/B (3B) and BoNT/E (3E).

https://doi.org/10.1371/journal.pone.0197011.g001

Fig 2. SE-HPLC results of anti-BoNT 9ABE samples stored at 5˚C (blue), 30˚C (red) and 50˚C (green) for six months. A. Stored as

liquid. B. Stored lyophilized.

https://doi.org/10.1371/journal.pone.0197011.g002
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individual antibodies as well as two-, three- and nine-antibody mixtures in the same formula-

tion under identical conditions. We then compared the measured DSC thermogram of a sam-

ple mixture with the thermogram calculated from summation of the individual thermograms

of the components, normalized for concentration. DSC thermograms indicated that each anti-

body in anti-BoNT 9ABE unfolded independently, suggesting that the nine mAbs did not sig-

nificantly interact. anti-BoNT 9ABE melted over a range encompassing the Tm with the

lowest (mAb A-b) and highest (mAb B-a) unfolding temperatures and the melting curves of

the mixture closely resemble the sum of the melting of the nine individual mAbs (Fig 1A and

1B). The DSC thermogram for the three-mAb mixtures anti-BoNT 3B (comprising mAb B-a,

B-b and B-c) and anti-BoNT 3E (comprising mAb E-a, E-b, E-c) matches closely with the cal-

culated thermograms from the three individual mAbs, as shown in Fig 1C and 1D. The anti-

BoNT 9ABE has the same DSC property with respect to the three-mAb mixtures, as shown in

Fig 1E. The DSC data indicated that the unfolding of mAbs with lower Tm values did not alter

the Tm of other antibodies in the mixture, consistent with minimal interaction among the

nine different antibodies in solution.

Fig 3. DLS analysis (hydrodynamic radius in nm, % polydispersity, and % mass) of anti-BoNT 9ABE samples stored at 50˚C

for six months. A. Stored lyophilized, B. Stored as liquid.

https://doi.org/10.1371/journal.pone.0197011.g003
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Stability after one year of storage at 50˚C

Anti-BoNT 9ABE, was lyophilized at 30 mg/mL in 10 mM sodium succinate, 141 mM L-argi-

nine, 0.01% PS20, pH 6.0. The lyophilized drug product had an acceptable cake structure that

was readily reconstituted with water. Lyophilized anti-BoNT 9ABE was analyzed using

SE-HPLC and DLS for the presence and quantity of aggregated protein and cleavage. The

Fig 4. SE-HPLC results for anti-BoNT 9ABE stored at 50˚C as lyophilized formulation compared with the liquid formulation for

one year. Liquid formulation is shown in circles, lyophilized in squares. A. Percent monomer. B. Percentage total mAb remaining by peak

area relative to initial amount at t = 0. C. Percent fragments.

https://doi.org/10.1371/journal.pone.0197011.g004
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SE-HPLC elution buffer was chosen to minimize the difference in elution time among anti-

body monomers so that aggregates or fragments can be quantified without significant overlaps

with the monomer peaks. No higher order soluble aggregates or fragments were detected in

the lyophilized anti-BoNT 9ABE sample stored at 50˚C for up to one year. Chromatograms

obtained after 6 months of storage are shown in Fig 2. The soluble portion for the liquid anti-

BoNT 9ABE exhibited significant increase in fragments as well as higher order aggregates. The

DLS analysis results shown in Fig 3 were consistent with the SEC data. Very few high molecu-

lar weight species were detected by DLS in the lyophilized anti-BoNT 9ABE samples stored at

50˚C (approximately 0.1% at 6-month and 0.3% at 12 months). Both SEC and DLS indicated

that the liquid anti-BoNT 9ABE samples stored at 50˚C showed considerable amount of large

aggregate species as well as fragments.

Lyophilized drug product stored at 50˚C maintained high percentage of monomer based

on SE-HPLC as shown in Fig 4A. The purity for the lyophilized anti-BoNT 9ABE at 50˚C

decreased only slightly from 99.3 to 96.6% (±0.1%, n = 2) over 12 months due to the increase

in dimer species. In contrast, liquid anti-BoNT 9ABE samples contained significant amount of

insoluble aggregates at 50˚C that had been removed by centrifugation as precipitates, resulting

in loss of soluble mAb protein approaching 80% after 12 months (Fig 4B). Liquid anti-BoNT

9ABE samples showed rapid decrease in purity at 50˚C due to the formation of fragments (Fig

4C) as well as high molecular weight species.

Lyophilized anti-BoNT 9ABE shows greater stability than liquid formulation based on

CE-SDS, RP-HPLC and WCX-HPLC. Fig 5 shows the non-reduced (Figs 5A and 5B) and

reduced (Fig 5C and 5D) CE-SDS electropherograms of the lyophilized and liquid anti-BoNT

9ABE samples stored at three different temperatures (5˚C, 30˚C and 50˚C) for six months. The

liquid sample showed rapid degradation as the storage temperature increased, indicated by the

appearance of precipitates, non-reducible covalent species, and additional fragment peaks and

loss of main peak area, while the lyophilized sample remained relatively un-changed with the

storage temperature. The CE-SDS results were consistent with those of SE-HPLC and DLS.

The major degradation species in the liquid samples were mostly due to the formation of frag-

ments [32]. Furthermore, significant amount of non-reducible species (peak at approximately

21 minutes) were present in the liquid anti-BoNT 9ABE samples stored at 30˚C and 50˚C.

These non-reducible species were not detected in any of the lyophilized samples, demonstrat-

ing the superior stability of the lyophilized anti-BoNT 9ABE product. Minimal high molecular

weight species were detected in the non-reduced samples, suggesting that the soluble high

molecular weight species detected by the SEC-HPLC and DLS for the 50˚C liquid sample were

non-covalently associated.

Results from RP-HPLC and WCX-HPLC were consistent with results of SE-HPLC, DSC

and DLS. As determined by RP-HPLC and WCX-HPLC, anti-BoNT 9ABE stored as liquid

exhibited rapid degradation as the storage temperature increased, while the lyophilized coun-

terparts showed relatively unchanged with the temperature, even at 50˚C. RP-HPLC chro-

matograms of anti-BoNT 9ABE stored as liquid (Fig 6A) and lyophilized (Fig 6B) at 5˚C, 30˚C

and 50˚C for six months demonstrate the stability of the lyophilized preparations as indicated

by loss of peak area as a function increasing temperature. WCX chromatograms of the anti-

BoNT 9ABE stored as liquid (Fig 6C) and lyophilized (Fig 6D) at 5˚C, 30˚C and 50˚C for six

months also demonstrate stability of the lyophilized samples.

Fig 5. CE-SDS electropherograms of anti-BoNT 9ABE under non-reducing and reducing conditions after storage

at 5˚C (red), 30˚C (black) and 50˚C (blue) for six months. A. Non-reducing, stored lyophilized. B. Non-reducing,

stored as liquid. C. Reducing, stored lyophilized. D. Reducing, stored as liquid. The peak at approximately 11.5

minutes is an internal standard (STD) of 10 kDa in panels A, C, D.

https://doi.org/10.1371/journal.pone.0197011.g005
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Fig 6. Chromatographic analysis of stored samples. A and B. RP chromatograms of anti-BoNT 9ABE stored at 5˚C (blue), 30˚C

(red) and 50˚C (green) for six months. A. stored as liquid, B. stored as lyophilized. Elution order of the peaks was mAb A-c, B-c, E-

c, A-b, E-b, A-a, B-a, E-a, and B-b as determined by comparison with retention time of individual mAbs. C and D. WCX

chromatograms of anti-BoNT 9ABE samples stored at 5˚C (blue), 30˚C (red) and 50˚C (green) for six months. The main peaks

(>20 mAU) are A-b, E-a, A-a, B-c, B-a, A-c, E-b, B-b, and E-c respectively in elution order. C. Stored as liquid. D. Stored

lyophilized.

https://doi.org/10.1371/journal.pone.0197011.g006
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Antigen binding

The antigen binding function of each antibody in anti-BoNT 9ABE samples was assessed by

ELISA using engineered BoNT domains as previously described [30,31]. The lyophilized anti-

BoNT 9ABE stored at 50˚C showed almost no loss of antigen binding to respective BoNT

domains after six or 12 months (Fig 7). In contrast, storage as liquid resulted in significantly

diminished antigen binding by six months. MAbs A-b and E-c showed the greatest reduction

in binding ability for the liquid sample as measured by the lower melting temperature by DSC

(the dose response curves are shown in Fig 8). ELISA results were consistent with the stability

data for individual mAbs. Even after storage for 12 months at 50˚C, the individual antibodies

in the lyophilized anti-BoNT 9ABE maintained nearly full binding capacity to their respective

antigen domains. MAb A-b was found to be one of the least soluble mAbs of the nine and

mAb E-c was most prone to cleavage (unpublished data). Since the vast majority of mAbs had

precipitated for the liquid sample stored at 50˚C for 12 months, no binding ELISA was per-

formed for that sample. All nine of the individual mAbs showed significant decrease (63–95%)

in binding capacity following storage at 50˚C as a liquid for six months (Fig 7).

Conclusions

Multiple physicochemical characterization techniques demonstrated that lyophilized anti-

BoNT 9ABE has significant stability at room temperature. DSC analysis indicated that the nine

individual mAbs in the drug product solution unfolded independently of one another in the

study formulation, suggesting that the antibodies did not significantly interact in solution.

SE-HPLC analysis demonstrated that the lyophilized drug product showed no detectable solu-

ble higher order aggregates or fragments after storage for 12 months at 50˚C. Liquid co-formu-

lation was shown to be impractical for long-term ambient temperature storage because the

liquid drug product lost about 80% content as insoluble aggregates and the soluble portion

contained mostly fragments after 12 months at 50˚C. DLS results were consistent with the SEC

Fig 7. Relative binding of individual antibodies stored at different temperatures and conditions by specific ELISA

as a percentage of the value of the individual antibody in anti-BoNT 9ABE stored at 2–8˚C in lyophilized state.

Error bars indicate standard deviation based on n = 4.

https://doi.org/10.1371/journal.pone.0197011.g007
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Fig 8. Toxin domain-binding ELISA dose response curves in anti-BoNT 9ABE samples stored under different

conditions. Lyophilized anti-BoNT 9ABE stored at 5˚C for six months (blue). Lyophilized anti-BoNT 9ABE stored at

50˚C for six months (red). Liquid anti-BoNT 9ABE stored at 50˚C for six months (green). A. domain engineered to bind

A-b B. domain engineered to bind E-c.

https://doi.org/10.1371/journal.pone.0197011.g008
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results. The superior stability of the lyophilized drug product relative to liquid was confirmed

by RP-HPLC and WCX-HPLC, as determined by the least stable antibody in the mixture. The

domain-binding ELISA indicated that the nine individual mAbs in the lyophilized anti-BoNT

9ABE drug product showed almost no loss of binding to their respective antigen domains after

storage for six months at 50˚C, while those stored as liquid showed approximately 80% loss of

binding on average, consistent with results of SE-HPLC.

The results presented here demonstrate the feasibility of a stable co-formulation of a large

number of antibodies. This is significant for two reasons. Firstly, the stability properties of an

ambient-temperature stable biologic drug product makes it ideal for situations where stockpil-

ing and rapid field distribution without need for a cold chain, such as for biodefense or infec-

tious disease outbreak. Secondly, the expected safety properties of fully human oligoclonal

antibodies targeting toxins or pathogens makes them ideal in the context of biodefense situa-

tions or infectious disease outbreaks where there were multiple confirmed and suspected cases

and rapid treatment in the absence of the ability to rapidly confirm diagnosis is indicated.

Author Contributions

Conceptualization: Joel K. Freeberg, Milan T. Tomic.

Formal analysis: Dennis Lee, Joel K. Freeberg, Milan T. Tomic.

Funding acquisition: Shauna Farr-Jones, Milan T. Tomic.

Investigation: Mingxiang Li, Dennis Lee, Chidi R. Obi, Milan T. Tomic.

Methodology: Joel K. Freeberg, Milan T. Tomic.

Project administration: Joel K. Freeberg, Milan T. Tomic.

Supervision: Joel K. Freeberg.

Writing – original draft: Joel K. Freeberg, Shauna Farr-Jones.

Writing – review & editing: Shauna Farr-Jones, Milan T. Tomic.

References
1. (2012) Public Health Emergency Medical Countermeasures Enterprise (PHEMCE) Implementation

Plan Available online: http://www.phe.gov/Preparedness/mcm/phemce/Documents/2012-PHEMCE-

Implementation-Plan.pdf.

2. (2004) Summary of the NIAID expert panel on botulinum neurotoxintherapeutics. Available at: https://

www.niaid.nih.gov/sites/default/files/report_bont.pdf.

3. Barash JR, Arnon SS (2014) A Novel Strain of Clostridium botulinum That Produces Type B and Type

H Botulinum Toxins. J Infect Dis 209: 183–191. https://doi.org/10.1093/infdis/jit449 PMID: 24106296

4. Yao G, Lam KH, Perry K, Weisemann J, Rummel A, Jin R (2017) Crystal Structure of the Receptor-

Binding Domain of Botulinum Neurotoxin Type HA, Also Known as Type FA or H. Toxins (Basel) 9.

5. Hill KK, Smith TJ, Helma CH, Ticknor LO, Foley BT, Svensson RT, et al. (2007) Genetic diversity

among Botulinum Neurotoxin-producing clostridial strains. J Bacteriol 189: 818–832. https://doi.org/10.

1128/JB.01180-06 PMID: 17114256

6. Smith TJ, Lou J., Geren I. N., Forsyth C. M., Tsai R., Laporte S. L., et al. (2005) Sequence variation

within botulinum neurotoxin serotypes impacts antibody binding and neutralization. Infect Immun 73:

5450–5457. https://doi.org/10.1128/IAI.73.9.5450-5457.2005 PMID: 16113261

7. Garcia-Rodriguez C, Levy R, Arndt JW, Forsyth CM, Razai A, Lou J, et al. (2007) Molecular evolution of

antibody cross-reactivity for two subtypes of type A botulinum neurotoxin. Nat Biotechnol 25: 107–116.

https://doi.org/10.1038/nbt1269 PMID: 17173035

8. Kalb SR, Lou J, Garcia-Rodriguez C, Geren IN, Smith TJ, Moura H, et al. (2009) Extraction and inhibi-

tion of enzymatic activity of botulinum neurotoxins/A1, /A2, and /A3 by a panel of monoclonal anti-

Nine-antibody co-formulated mixture with ambient temperature stability

PLOS ONE | https://doi.org/10.1371/journal.pone.0197011 May 10, 2018 14 / 16

http://www.phe.gov/Preparedness/mcm/phemce/Documents/2012-PHEMCE-Implementation-Plan.pdf
http://www.phe.gov/Preparedness/mcm/phemce/Documents/2012-PHEMCE-Implementation-Plan.pdf
https://www.niaid.nih.gov/sites/default/files/report_bont.pdf
https://www.niaid.nih.gov/sites/default/files/report_bont.pdf
https://doi.org/10.1093/infdis/jit449
http://www.ncbi.nlm.nih.gov/pubmed/24106296
https://doi.org/10.1128/JB.01180-06
https://doi.org/10.1128/JB.01180-06
http://www.ncbi.nlm.nih.gov/pubmed/17114256
https://doi.org/10.1128/IAI.73.9.5450-5457.2005
http://www.ncbi.nlm.nih.gov/pubmed/16113261
https://doi.org/10.1038/nbt1269
http://www.ncbi.nlm.nih.gov/pubmed/17173035
https://doi.org/10.1371/journal.pone.0197011


BoNT/A antibodies. PLoS One 4: e5355. https://doi.org/10.1371/journal.pone.0005355 PMID:

19399171

9. Kalb SR, Smith TJ, Marks JD, Hill K, Pirkle JL, Smith LA, et al. (2008) The use of endopep-MS to detect

multiple subtypes of BoNT/A, B, E, and F. Int J Mass Spec 278: 101–108.

10. Arnon SA, Schecter R., Inglesby T.V., Henderson DA, Bartlett J.G.,Ascher M.S., Eitzen E., Fine A.D.,

Hauer J., Layton M., Lillibridge S., Osterholm M.T., O’Toole T., Parker G., Perl T.M., Russell P.K., Swer-

dlow D.L., Tonat K. & Working Group on Civilian Biodefense. (2001) Botulinum toxin as a biological

weapon: medical and public health management. JAMA 285: 1059–1070. PMID: 11209178

11. (1998) Botulism in the United States, 1899–1998. Handbook for epidemiologists, clinicians, and labora-

tory workers. Available online: https://www.cdc.gov/botulism/pdf/bot-manual.pdf Atlanta, Georgia: US

Department of Health and Human Service, Public Health Service, Centers for Disease Control and

Prevention.

12. Rao AK JK, Luquez C, Maslanka SE (2013) Confirmed Cases of Botulsim in the United States, 2012.

Intraagency Botulism Research Coordinating Committee. Annapolis, MD.

13. (2013) Cangene Corp., BAT® [Botulism Antitoxin Heptavalent (A, B, C, D, E, F, G)—(Equine)] Sterile

Solution for Injection. Available online: https://www.fda.gov/downloads/. . ./UCM345147.pdf

14. Nowakowski A, Wang C, Powers DB, Amersdorfer P, Smith TJ, Montgomery VA, et al. (2002) Potent

neutralization of botulinum neurotoxin by recombinant oligoclonal antibody. Proc Natl Acad Sci U S A

99: 11346–11350. https://doi.org/10.1073/pnas.172229899 PMID: 12177434

15. Garcia-Rodriguez C, Razai A, Geren IN, Lou J, Conrad F, Wen WH, et al. (2018) A Three Monoclonal

Antibody Combination Potently Neutralizes Multiple Botulinum Neurotoxin Serotype E Subtypes. Toxins

(Basel) 10: E105.

16. Rasetti-Escargueil C, Avril A, Miethe S, Mazuet C, Derman Y, Selby K, et al. (2017) The European Anti-

botABE Framework Program and Its Update: Development of Innovative Botulinum Antibodies. Toxins

9: 309.

17. Derman Y, Selby K, Miethe S, Frenzel A, Liu Y, Rasetti-Escargueil C, et al. (2016) Neutralization of bot-

ulinum neurotoxin type E by a humanized antibody. Toxins 8: 257.

18. Nowakowski A, Wang C, Powers DB, Amersdorfer P, Smith TJ, Montgomery VA, et al. (2002) Potent

neutralization of botulinum neurotoxin by recombinant oligoclonal antibody. Proc Natl Acad Sci U S A

99: 11346–11350. https://doi.org/10.1073/pnas.172229899 PMID: 12177434

19. Pless DD, Torres ER, Reinke EK, Bavari S (2001) High-affinity, protective antibodies to the binding

domain of botulinum neurotoxin type A. Inf Immun 69: 570–574.

20. Garcia-Rodriguez C, Geren IN, Lou J, Conrad F, Forsyth C, Wen W, et al. (2011) Neutralizing human

monoclonal antibodies binding multiple serotypes of botulinum neurotoxin. Protein Eng Des Sel 24:

321–331. https://doi.org/10.1093/protein/gzq111 PMID: 21149386

21. Woodard J, Lau H, Latypov RF (2013) Nondenaturing size-exclusion chromatography-mass spectrom-

etry to measure stress-induced aggregation in a complex mixture of monoclonal antibodies. Analytical

chemistry 85: 6429–6436. https://doi.org/10.1021/ac401455f PMID: 23742703

22. Chao TY, Ren S, Shen E, Moore S, Zhang SF, Chen L, et al. (2017) SYN023, a novel humanized mono-

clonal antibody cocktail, for post-exposure prophylaxis of rabies. PLoS Negl Trop Dis 11: e0006133.

https://doi.org/10.1371/journal.pntd.0006133 PMID: 29261658

23. Arena S, Siravegna G, Mussolin B, Kearns JD, Wolf BB, Misale S, et al. (2016) MM-151 overcomes

acquired resistance to cetuximab and panitumumab in colorectal cancers harboring EGFR extracellular

domain mutations. Sci Transl Med 8: 324ra314.

24. Carvalho S, Levi-Schaffer F, Sela M, Yarden Y (2016) Immunotherapy of cancer: from monoclonal to

oligoclonal cocktails of anti-cancer antibodies: IUPHAR Review 18. Br J Pharmacol 173: 1407–1424.

https://doi.org/10.1111/bph.13450 PMID: 26833433

25. Razai A, Garcia-Rodriguez C, Lou J, Geren IN, Forsyth CM, Robles Y, et al. (2005) Molecular evolution

of antibody affinity for sensitive detection of botulinum neurotoxin type A. J Mol Biol 351: 158–169.

https://doi.org/10.1016/j.jmb.2005.06.003 PMID: 16002090

26. Lou J, Geren I, Garcia-Rodriguez C, Forsyth CM, Wen W, Knopp K, et al. (2010) Affinity maturation of

human botulinum neurotoxin antibodies by light chain shuffling via yeast mating. Protein Eng Des Sel

23: 311–319. https://doi.org/10.1093/protein/gzq001 PMID: 20156888

27. Nayak SU, Griffiss JM, McKenzie R, Fuchs EJ, Jurao RA, An AT, et al. (2014) Safety and pharmacoki-

netics of XOMA 3AB, a novel mixture of three monoclonal antibodies against botulinum toxin A. Antimi-

crob Agents Chemother 58: 5047–5053. https://doi.org/10.1128/AAC.02830-14 PMID: 24913160

28. Babuka SH, CY; Li, M, (2011), US20110059079 A1, Antibody coformulations

Nine-antibody co-formulated mixture with ambient temperature stability

PLOS ONE | https://doi.org/10.1371/journal.pone.0197011 May 10, 2018 15 / 16

https://doi.org/10.1371/journal.pone.0005355
http://www.ncbi.nlm.nih.gov/pubmed/19399171
http://www.ncbi.nlm.nih.gov/pubmed/11209178
https://www.cdc.gov/botulism/pdf/bot-manual.pdf
https://www.fda.gov/downloads//UCM345147.pdf
https://doi.org/10.1073/pnas.172229899
http://www.ncbi.nlm.nih.gov/pubmed/12177434
https://doi.org/10.1073/pnas.172229899
http://www.ncbi.nlm.nih.gov/pubmed/12177434
https://doi.org/10.1093/protein/gzq111
http://www.ncbi.nlm.nih.gov/pubmed/21149386
https://doi.org/10.1021/ac401455f
http://www.ncbi.nlm.nih.gov/pubmed/23742703
https://doi.org/10.1371/journal.pntd.0006133
http://www.ncbi.nlm.nih.gov/pubmed/29261658
https://doi.org/10.1111/bph.13450
http://www.ncbi.nlm.nih.gov/pubmed/26833433
https://doi.org/10.1016/j.jmb.2005.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16002090
https://doi.org/10.1093/protein/gzq001
http://www.ncbi.nlm.nih.gov/pubmed/20156888
https://doi.org/10.1128/AAC.02830-14
http://www.ncbi.nlm.nih.gov/pubmed/24913160
https://doi.org/10.1371/journal.pone.0197011


29. Schwimmer LJ, Huang B, Giang H, Cotter RL, Chemla-Vogel DS, Dy FV, et al. (2013) Discovery of

diverse and functional antibodies from large human repertoire antibody libraries. J Immunol Methods

391: 60–71. https://doi.org/10.1016/j.jim.2013.02.010 PMID: 23454004

30. Meng Q, Garcia-Rodriguez C., Manzanarez G., Silberg M. A., Conrad F., Bettencourt J. Pan X., Breece

T., To R., Li M., Lee D., Thorner L., Tomic M. T., Marks J. D. (2012) Engineered domain-based assays

to identify individual antibodies in oligoclonal combinations targeting the same protein. Anal Biochem

430: 141–150. https://doi.org/10.1016/j.ab.2012.08.005 PMID: 22922799

31. Meng Q, Li M., Silberg M. A., Conrad F., Bettencourt J., To R., et al. (2012) Domain-based assays of

individual antibody concentrations in an oligoclonal combination targeting a single protein. Anal Bio-

chem 421: 351–361. https://doi.org/10.1016/j.ab.2011.09.030 PMID: 22037290

32. Teshima G, Li MX, Danishmand R, Obi C, To R, Huang C, et al. (2011) Separation of oxidized variants

of a monoclonal antibody by anion-exchange. J Chromatogr A 1218: 2091–2097. https://doi.org/10.

1016/j.chroma.2010.10.107 PMID: 21145555

Nine-antibody co-formulated mixture with ambient temperature stability

PLOS ONE | https://doi.org/10.1371/journal.pone.0197011 May 10, 2018 16 / 16

https://doi.org/10.1016/j.jim.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23454004
https://doi.org/10.1016/j.ab.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22922799
https://doi.org/10.1016/j.ab.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/22037290
https://doi.org/10.1016/j.chroma.2010.10.107
https://doi.org/10.1016/j.chroma.2010.10.107
http://www.ncbi.nlm.nih.gov/pubmed/21145555
https://doi.org/10.1371/journal.pone.0197011

