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Yu Zhou, Shauna Farr-Jones, James D. MarksID*

Zuckerberg San Francisco General Hospital and Trauma Center, Department of Anesthesia and

Perioperative Care, University of California, San Francisco, San Francisco, CA, United States of America

* jim.marks@ucsf.edu

Abstract

Generating specific monoclonal antibodies (mAbs) that neutralize multiple antigen variants

is challenging. Here, we present a strategy to generate mAbs that bind seven subtypes of

botulinum neurotoxin serotype F (BoNT/F) that differ from each other in amino acid

sequence by up to 36%. Previously, we identified 28H4, a mouse mAb with poor cross-reac-

tivity to BoNT/F1, F3, F4, and F6 and with no detectable binding to BoNT/F2, F5, or F7.

Using multicolor labeling of the different BoNT/F subtypes and fluorescence-activated cell

sorting (FACS) of yeast displayed single-chain Fv (scFv) mutant libraries, 28H4 was evolved

to a humanized mAb hu6F15.4 that bound each of seven BoNT/F subtypes with high affinity

(KD 5.81 pM to 659.78 pM). In contrast, using single antigen FACS sorting, affinity was

increased to the subtype used for sorting but with a decrease in affinity for other subtypes.

None of the mAb variants showed any binding to other BoNT serotypes or to HEK293 or

CHO cell lysates by flow cytometry, thus demonstrating stringent BoNT/F specificity. Multi-

color FACS-mediated antibody library screening is thus proposed as a general method to

generate multi-specific antibodies to protein subtypes such as toxins or species variants.

Introduction

The immune system generates antibodies that bind to epitopes with high specificity allowing

the host to recognize and eliminate pathogens. In response to this immune pressure, pathogens

can generate diversity and co-evolve to evade neutralization. Monoclonal antibodies (mAbs)

with cross-immunity can be isolated that bind and neutralize multiple serotypes and subtypes

of toxins [1], heterologous strains of bacteria [2], or different strains of viruses [3–6]. Such

mAbs typically bind conserved epitopes that are shared to some extent between variants. As a

result, generally the greater the sequence variation between variants, the greater the challenge

in isolating cross-reactive mAbs.

Generating neutralizing antitoxins for botulism exemplifies the challenge of antigenic varia-

tion. Botulism is caused by botulinum neurotoxin (BoNT), the most poisonous substance

known [7]. BoNT serotypes [8] are defined by their neutralization by serotype-specific
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antitoxin; an antitoxin against one serotype will not neutralize another serotype [9]. For six

serotypes (A-F), there exist multiple subtypes, which vary at the amino acid level by a few per-

cent to up to 36% for BoNT/F [10–12]. Sequence differences within subtypes result in changes

in surface epitopes that can cause a reduction in mAb or antitoxin potency [13, 14].

As an alternative to equine derived antitoxin [15], highly potent human mAb-based anti-

toxins composed of three mAbs [13, 16–18] are being developed for serotypes A, B, C, D, E, F,

and G with the most advanced (serotypes A, B, C, D, and E) having completed Phase 1 human

testing [19–22]. The three mAbs bind non-overlapping epitopes on the BoNT molecule and

elicit rapid clearance from the circulation and high potency [23, 24].

The BoNT molecule is composed of two peptide chains covalently linked through a disul-

fide bond: a light chain (LC) that contains the Zn2+-dependent endopeptidase, and a heavy

chain (HC) that consists of a receptor-binding domain (HC) and translocation domain (HN).

BoNT/F includes nine subtypes (BoNT/F1-F9) with amino acid differences as high as 36.2%

(BoNT/F5 vs. F7) [12, 25]. The light chain of BoNT/F5 differs from that of other BoNT/F sub-

types by greater than 50% in amino acid sequence [12]. The low homology among the subtypes

presents a particularly significant challenge for the development of mAbs that bind all BoNT/F

subtypes. In contrast, the greatest amino acid sequence difference between subtypes of BoNT/

A is 15.6%, BoNT/B is 7.1%, BoNT/C is 24.2%, BoNT/D is 23.5% and BoNT/E is 11.3% [26].

No subtypes have been reported for the BoNT/G serotype.

We previously reported three murine IgG mAbs (6F5.1, 6F11 and 6F13) that bound to

seven BoNT/F subtypes (F1-F7) with non-overlapping epitopes and that potently neutralized

BoNT/F1 in mice [13]. The mAbs had high affinity to BoNT/F1 (KD, 1.47–327 x 10−12 M) and

lower affinity to other subtypes (KD, 204–22,150 x 10−12 M), leading to 5-50-fold decreased

protection against challenge with BoNT/F2, F4, and F7 toxins. To generate an additional lead

mAb with broad BoNT/F specificity, we report here the molecular evolution of mAb 28H4

[13] using yeast displayed mutant scFv libraries. Because of the challenges of improving mAb

affinity to all BoNT/F subtypes by labeling with a single BoNT/F subtype, we developed an

approach whereby yeast displayed scFv libraries were simultaneously stained with up to five

different BoNT/F subtypes labeled with different fluorophores prior to sorting. We believe this

is a general approach that can be used to select cross-reactive mAbs.

Materials and methods

1. Materials

Yeast, bacterial strains, and cell lines: Saccharomyces cerevisiae strain EBY100 was used for

BoNT/F1 fragment display, single-chain variable fragment (scFv) display and scFv library con-

struction. The Escherichia coli (E. coli) strain DH5α was used for subcloning and plasmid prep-

aration and the TG1 strain was used for soluble single-chain antibody (scFv) expression. The

cell line Chinese hamster ovary (CHO) was used for immunoglobulin G (IgG) expression.

CHO cells and human embryonic kidney 293 (HEK293) cells were also used for cell lysate

preparation used for polyspecificity tests.

Media: the yeast peptone dextrose (YPD) medium was used for EBY100 growth, the selec-

tive growth dextrose casamino acids media (SD-CAA), for pYD4-transformed EBY100 selec-

tion, and the selective growth galactose casamino acids media (SG-CAA), for induction of

scFv expression. 2xYT was used for DH5α and TG1 growth.

Toxins, toxin fragments, and antibodies: The pure holotoxin BoNT/F1 was purchased from

Metabiologics Inc. (Madison, WI). The crude toxins BoNT/F2 and F4 were provided by

United States Army Medical Research Institute of Infectious Diseases (USAMRIID, Fort Det-

rick, MD). BoNT/F subtypes and BoNT/F5 fragments were expressed in BL21 [13] and were
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conjugated with different fluorescent labels using the Easylink antibody conjugation kit

(Abcam, Burlingame, CA). Mouse anti-SV5 antibody was purified from a hybridoma cell line.

BoNT/F IgG1 antibodies were made in CHO cells as described [17]. All the secondary antibod-

ies including Phycoerythrin (PE) or Allophycocyanin (APC)-conjugated goat anti-human Fc,

goat anti-mouse Fc and goat anti-human F(ab) were purchased from Jackson ImmunoRe-

search Laboratories (West Grove, PA).

2. scFv library construction

The parental antibody, 28H4 bound the subtypes of BoNT/F1, F2, F4 and F6, but did not bind

BoNT/F2, F5 or F7 (S1 Fig). To achieve binding to all the 7 BoNT/F subtypes, five scFv librar-

ies were constructed to evolve mAb 28H4. The most cross-reactive individual scFv from each

round of evolution served as the input for the next round of evolution. An overview of the

strategy and the five libraries used is summarized below and in Fig 1.

Library One: Light chain shuffling of murine scFv 28H4: A murine VK library was con-

structed by cloning a murine VK cDNA repertoire amplified from BoNT/F and BoNT/F HC

immunized mouse spleen into the vector pYD4 [27]. The recombinant pYD4-VK repertoire

was prepared with a plasmid Max Prep kit (Qiagen, Redwood City, CA) and digested with the

restriction enzymes BssHII and NotI. The 28H4 VH gene was amplified with a high-fidelity

enzyme PicoMaxx (Agilent Technologies Inc., Santa Clara, CA) from the pYD4-scFv contain-

ing the parental scFv gene with gap tailed primers homologous with the pYD4 vector. Finally,

the gap-tailed VH gene and the digested pYD4-VK library were co-transformed into EBY100

yeast cells with Lithium acetate as described previously [28] to form a light chain-shuffled

library. The transformed EBY100 cells were cultured in 500 mL of SD-CAA at 30˚C for 48

hours and then were induced in the medium SG-CAA at 18˚C for 48 hours with shaking. In

parallel, cells (10 μL) were plated on SD-CAA plates and cultured at 30˚C for 48 hours for

determination of library size. After sorting for improved cross-reactivity, the output of step 1

was scFv 28H4E10.

Library Two: Random mutation of scFv 28H4E10. A library of scFv 28H4E10 random

mutants was constructed in pYD4 using error-prone PCR, cloned into pYD4, transformed,

and induced as described above and previously [13]. After sorting for improved cross-reactiv-

ity in step 2, the scFv 6F15 was identified.

Library Three: Humanization of scFv 6F15 by light chain shuffling: A human VK library

was constructed by cloning a human VK cDNA repertoire from BoNT/A, B, C, D, and E tox-

oid-immunized human donors into the vector pYD4 [27]. The recombinant pYD4-VK reper-

toire was prepared with a plasmid Max Prep kit (Qiagen, Redwood City, CA) and digested

with the restriction enzymes BssHII and NotI. The humanized 6F15 VH gene (hu6F15VH)

was designed empirically based on framework homology, replacing the mouse amino acids

that were anticipated to not affect the structure or binding affinity of the antibody with human

ones. Briefly, the VH gene of 6F15 was first aligned with the human VH genes in the IMGT

database [29]. The most homologous human VH was selected and the three CDR loops of

6F15 were inserted into the human frameworks. Then the parental murine 6F15 VH gene was

aligned with the humanized VH gene comprising human frameworks and the 6F15 murine

VH CDRs to identify amino acids in the frameworks that were different between the murine

and humanized VH genes. Residues in the Vernier zone [30] or those involved in IgG folding

and VH-VL packing [31, 32] were not changed from the murine to the human sequence, as we

expected the structure or affinity would change significantly. Any other residues different

between the mouse and human VH frameworks were replaced with human amino acids.

Lastly, the humanized VH gene (huVH) was synthesized and amplified with a high-fidelity
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enzyme PicoMaxx (Agilent Technologies Inc., Santa Clara, CA) with gap-tailed primers

homologous with the pYD4 vector. The gap-tailed humanized VH gene and the pYD4-VK

library were co-transformed into EBY100 yeast cells with Lithium acetate as described previ-

ously [28] to form a light chain-shuffling library. After sorting for improved cross-reactivity,

the output of step 3 was scFv hu6F15.1.

Library Four: Random mutation of hu6F15.1. A library of scFv hu6F15.1 random mutants

was constructed in pYD4 using error-prone PCR, cloned into pYD4, transformed, and

induced as described above and previously [13]. After sorting for improved cross-reactivity,

the output of step 4 was scFv 6F15.3.

Fig 1. Outline of mAb 28H4 evolution. mAb 28H4 was evolved to mAb hu6F15.4 with four sequential intermediates

(28H4E10, 6F15, hu6F15.1, and hu6F15.3) from five designed single-chain variable fragment (scFv) libraries including

two light chain shuffling libraries and three random mutation libraries. MAbs hu6F15.4 and hu6F15.6 showed cross-

reactivity to seven BoNT/F subtypes.

https://doi.org/10.1371/journal.pone.0273512.g001
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Library Five: Random mutation of hu6F15.3. A library of scFv hu6F15.3 random mutants

was constructed in pYD4 using error-prone PCR, cloned into pYD4, transformed, and

induced as described above and previously [13]. After sorting for improved cross-reactivity,

the output of step 5 was scFv 6F15.4.

3. Library sorting

The staining and sorting conditions varied for each of the five scFv yeast displayed libraries.

For single antigen sorting, libraries were stained and isolated as described previously. Sort

gates were set to collect only yeast that bound antigen and that displayed scFv as quantitated

using an anti-SV5 monoclonal antibody [13] as shown in detail in Fig 2. For multicolor sort-

ing, libraries were co-stained with three or five different fluorophore-conjugated antigens

(F1HC-APCcy7, F2HC-PEcy7, F5 HC -Alexa 647, F6 HC -PercpCy5.5, F7 HC -Alexa 488). Four

parameters were adjusted in a series of experiments done to determine what conditions to use

to stain libraries for sorting (1) the antigen concentration relative to scFv concentration; (2)

the relative concentration of each antigen; (3) the total antigen amount; and (4) the total reac-

tion volume such that the antigen amount always exceeded the amount of scFv present by 5-

10-fold. Specifically:

1. The antigen concentration was adjusted to be 5-10-fold greater than yeast-displayed scFv

molecules in order to saturate binding.

2. To determine the concentration of each antigen to use for library staining, the KD of the

parental antibody for each fluorophore-conjugated antigen was measured by flow cytome-

try. The concentration around the KD of each antigen was used for library staining.

3. The total number of moles of each antigen in the solution was approximately equal to avoid

bias in binding due to affinity differences.

4. The reaction volume used was determined based on the total scFv amount and the concen-

tration of antigen with the lowest KD value. Thus, for the antigens with high affinity, a

higher concentration than KD could be applied to control the incubation volume.

Libraries were stained at room temperature for one hour with different antigen combina-

tions using a 10-20-fold excess of yeast cell over library size using a yield mask set to the maxi-

mum value for the first round to achieve more rapid sorting. Yeast cells binding multiple

BoNT/F antigens were collected by intersecting the sort gates set on each of the individual dot-

plots of antigen-binding versus yeast display level. Briefly, binding of library yeast after stain-

ing was displayed in a dot-plot, in which the x-axis indicated scFv expression level detected

with PE-conjugated anti-SV5 IgG and the y-axis showed binding signals of one of the BoNT

antigens used for staining. For each dot-plot, a sort gate was set to capture yeast that both

bound BoNT/F antigen and were displaying scFv. These individual antigen sort gates were

then intersected to capture and collect only those yeast contained in all of the sort gates and

that bound multiple BoNT/F antigens. The same gating strategy was used in all multicolor

sorting processes.

4. Mab affinity determination

Yeast displayed scFv affinity for BoNT was determined using serially diluted BoNT/F HC frag-

ments (100, 20, 4, 0.8, 0.16 nM) or a control with no BoNT/F HC as previously described [13].

BoNT HC binding was detected by staining with IgG 6F3 [13] (for BoNT/F7 HC, 1 μg/mL) or

hu6F8 [13] (for BoNT/HC of the other 6 subtypes, 1μg/mL) followed by PE-labeled goat anti-
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Fig 2. The detailed sorting strategies of each library. Each library was sorted using FACS at least four rounds using

various strategies. Based on the different binding profile of the parental mAbs, libraries were stained with different

strategies, including sequentially changed BoNT/F subtype, multiple BoNT/F subtype co-staining (multicolor FACS),

or wild type mAb competence (off rate screen). The colonies from last round of sorting were plated on SD-CAA plates

for further characterization including DNA sequence analysis and KD and koff measurements. The labels 1st– 9th

indicate the round of staining and sorting. Details of staining and sorting conditions are provided in the methods.

Library 1. Light chain shuffling of murine scFv 28H4. The library was stained with the indicated individual BoNT/F

subtype and sorted for six rounds. This cycle of molecular evolution yielded the scFv 28H4E10. Library 2. Random
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human IgG (1 μg/mL, Jackson Immuno Research Inc.) and Alexa-647 labeled anti-SV5 IgG

(1 μg/mL). Mean fluorescence intensity (MFI) was measured using flow cytometry and KD val-

ues were calculated as described previously [13].

For some yeast displayed scFv, koff was also measured. Yeast displayed scFv were incubated

with 50 nM of a BoNT/F HC domain for one hour at room temperature. Yeast were then

washed with cold FACS buffer three times to remove the unbound BoNT/F HC and yeast

resuspended in 200 μL of FACS buffer containing 100 nM of an IgG binding the same epitope

as the yeast displayed scFv to bind the unbound and dissociated BoNT/F HC and prevent

rebinding. Samples were taken at times 0, 15, 30, 60, 120, 180, and 240 minutes. Each sample

was incubated with 1 μg/mL of 6F3 or hu6F8 IgG-APC and SV5-488 and MFIs were deter-

mined by using flow cytometry. The half-life of antigen/scFv binding on the yeast surface was

calculated based on the formula:

t1=2 ¼ log
MFI at T ¼ 0

MFI at elapsed time

� �

: Then koff was calculated based on : koff ¼ ln 2=t1=2:

KD values of IgG’s in solution were measured using a KinExA flow fluorimeter as described

previously [13, 17]. BoNT/F holotoxin or BoNT/F HC domains were mixed with serially

diluted IgG from less than 0.1-fold to greater than 10-fold above the KD value. The samples

were incubated at room temperature until equilibrium was reached. Samples were then passed

over a flow cell that was packed with a N-hydroxysuccinimide-activated Sepharose 4 Fast Flow

beads (GE Healthcare, Little Chalfont, UK) conjugated with the same IgG the KD value of

which was being measured. Finally, the bead-captured toxin was detected with another mAb

that bound to a different epitope than the IgG being measured, either 6F3 or hu6F8. KD values

were calculated using KinExA Pro software (Sapidyne Instruments, Boise, ID, USA).

5. Thermostability assays

The melting temperature (Tm) of IgGs was measured with differential scanning fluorimetry

(DSF) as described with modification [33]. Briefly, 1 μM of IgG was incubated with SYPRO

orange dye (1:400, Invitrogen) in 40 μl of final volume with PBS in a DMSO-resistant 96-well

mutation of scFv 28H4E10. Nine rounds of sorting were performed on the 28H4E10 scFv library. For the first four

rounds, aliquots of the library were individually stained with one of the seven BoNT/F HC subtypes and sorted. The

individual yeast outputs from sorting were combined and used for the next round of staining and sorting. For the 5th

and 6th round of staining and sorting, BoNT/ F1, F2, F5, F6, and F7 HC (Round 5) or BoNT/F1, F2, F5, and F6 HC

(Round 6) labeled with unique fluorophores were mixed and used to stain the input yeast. Rounds 7 and 8 were

performed as described for Rounds 1–4 and Round 9 was performed after staining with BoNT/F7 HC. This cycle of

molecular evolution yielded the scFv 6F15. 3. Library 3. Humanization of scFv 6F15 by light chain shuffling. Five

rounds of sorting were performed. For the first round of sorting, the library was stained with a mixture of BoNT/F1

and BoNT/F7 HC labeled with unique fluorophores. For Round 2, the aliquots of the output yeast from Round 1 were

individually sorted with one of the indicated BoNT/F HC subtypes and the output from the individual sorting

combined. For Rounds 3, 4, and 5, Yeast were stained with a mixture of the indicated BoNT/F HC subtypes labeled

with unique fluorophores. This cycle of molecular evolution yielded the scFv hu6F15.1. 4. Library 4. Random mutation

of hu6F15.1. Five rounds of sorting were performed. For the first round of staining and sorting, library aliquots were

individually stained with either BoNT/F5 HC or a mixture of BoNT/F5 and BoNT/F2 HC and sorted. Sorting outputs

were combined and used for the next round of sorting. For Rounds 2–5, yeast were stained with a mixture of the

indicated BoNT/F HC subtypes labeled with unique fluorophores. This cycle of molecular evolution yielded the scFv

hu6F15.3. 5. Library 5. Random mutation of hu6F15.3. This library was stained and sorted using two approaches. In

the first approach, five rounds of sorting were performed. In each round of staining, yeast were stained with a mixture

of the indicated BoNT/F HC subtypes labeled with unique fluorophores. A 90-minute period of dissociation of labeled

antigen after staining was used during the 3rd and 4th rounds of selection prior to sorting. This cycle of molecular

evolution yielded the scFv hu6F15.4. For the second approach, yeast were stained with only BoNT/F7 HC for each

round of sorting. A 120-minute period of dissociation of labeled antigen after staining was used during the 4th round of

selection prior to sorting. This cycle of molecular evolution yielded the scFv hu6F15.6.

https://doi.org/10.1371/journal.pone.0273512.g002
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plate (Thermo Fisher). Fluorescent intensity was measured at 610 nM using the quantitative

real-time PCR instrument (Stratagene Mx3000P) with temperature scanning from 25˚C to

95˚C at 1˚C min−1. Tm values were calculated using the Prism v6.0 software (Graphpad Soft-

ware, La Jolla, CA, USA).

6. Polyspecificity assays

The polyspecificity of mAbs was measured using flow cytometry. First, the mAbs were tested

for binding to the other BoNT serotypes. Yeast-displayed scFv were incubated with 50 nM of

BoNT/A1, B1, C, D/C, E3 or G, or 50 nM of BoNT/F1 as a positive control for one hour at

room temperature. Binding was detected by incubating with 1 μg/mL at 4˚C for one hour of a

combination of ING2 IgG (for BoNT/A1 detection), B6.1 IgG (for BoNT/B1 detection), 4C2/

4C4.2 IgG (for BoNT/C and D/C detection), 4E17.1 IgG (for BoNT/E3 detection) and 7G1.1/

7G3.1 IgG (for BoNT/G detection) or hu6F13.4 (for BoNT/F1 detection). After incubation,

yeast were washed and incubated with PE-conjugated goat anti-human IgG (1 μg/mL) at 4˚C

for one hour and 1 μg/mL of SV5-Alexa-647. Yeast cells were washed with FACS buffer three

times and were then analyzed for BoNT binding by using flow cytometry. MAbs were also ana-

lyzed for binding to mammalian cell lysates. Biotin-labeled cell lysate from CHO cells and

HEK293 cells were prepared as described [34], diluted ten-fold, and incubated with yeast-dis-

played scFv at room temperature for one hour. The yeast cells were washed with FACS buffer

three times and resuspended in FACS buffer containing PE-conjugated streptavidin (1 μg/mL)

and SV5-647 (1 μg/mL) and incubated at 4˚C for one hour. After washing three times with

FACS buffer, the samples were analyzed by flow cytometry.

7. Epitope identification and fine epitope mapping

The fine epitope of 28H4, hu6F15.4 and hu6F15.6 were identified by isolation of BoNT/F1 HC

mutants that did not bind hu6F15.4 as previously described [27, 35]. Briefly, random muta-

tions were introduced into the BoNT/F1 HC gene by an error-prone PCR and the mutant rep-

ertoire cloned into the vector pYD4 and displayed on the surface of EBY100 yeast. Mutants

with loss of hu6F15.4 binding were enriched through three rounds of FACS sorting by staining

with hu6F15.4 and hu6F8. Yeast without hu6F15.4 binding but with hu6F8 binding were

sequenced and the sequences were aligned to identify shared mutations, which were regarded

as energetically important amino acids in the epitope. These amino acids, together with struc-

turally adjacent residues on the BoNT/F1 HC or F7 HC surface were individually mutated to

alanine and displayed on the yeast surface. Where the wild-type amino acid was alanine, the

residue was changed to glycine. A range of concentrations of Fab fragments of 28H4, hu6F15.4

and hu6F15.6 were incubated with the BoNT/F HC alanine mutants to determine the KD for

each alanine mutant. Experiments were performed in triplicate and the mean KD values were

obtained for calculation of the changes of Gibbs free energy (ΔΔG) to evaluate the contribution

of each amino acid in the epitope as previously described [27, 35].

8. Molecular modeling and BoNT/F residue numbering

The Alphafold model of BoNT/F (AF-A7GBG3) was used to model the location of the epitopes

of 28H4 and derivatives hu6F15.4 and hu6F15.6 on the holotoxin surface. The BoNT/F1HC

crystal structure (PDB ID, 3FUQ) and a model of the BoNT/F7HC were used to visualize the

fine epitopes for mAbs 28H4 hu6F15.4 and hu6F15.6. The BoNT/F7HC model was constructed

based on the BoNT/F1 crystal structure (PDB ID, 3FUQ) using the server SWISS-MODEL

[36]. The overall root-mean-square deviation (RMSD) Structural Distance Measure (SDM)

and Q-score were calculated with UCSF Chimera to evaluate the models [37–39]. The RMSD
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was also calculated using the position of either backbone residues or all heavy atoms. Pymol

2.0 was used to view, edit, and show the epitopes on BoNT/F or BoNT/FHC. To visualize dif-

ferences in the protein sequences of BoNT/F1-F9 impacting the epitopes of 28H4, hu6F15.4

and hu6F15.6, BoNT/F sequences were aligned by the alignment software Bioedit 7.2 (RRID:

SCR_007361). The numbering system generated from the alignment was used to number the

amino acids of BoNT/F1, BoNT/F7, and the other BoNT/F subtypes.

Results

1. Molecular evolution of scFv 28H4 to bind seven BoNT/F subtypes

As previously reported, scFv 28H4 was isolated from a yeast displayed library constructed

from a mouse immunized with BoNT/F1 HC and boosted with BoNT/F1 holotoxin [13]. scFv

28H4 bound the HC domain of BoNT/F as determined using yeast displayed BoNT/F1

domains (S1 Fig and Table 1) with significantly higher affinity for BoNT/F1 HC (KD on yeast

surface, 10.88 nM) than to BoNT/F3, F4, or F6 (KD on yeast surface 237 nM, 212 nM, and

>250 nM respectively). There was no detectable binding to BoNT/F2, F5, or F7 when stained

with 100 nM of antigen (S1 Fig). To sequentially evolve mAb 28H4 to bind seven BoNT/F sub-

types with a KD < 1 nM, rounds of molecular evolution were used (Figs 1 and 2). The most

cross-reactive individual scFv from each round of evolution served as the input for the next

round of evolution. scFv libraries for each round of evolution contained at least 2 x 107 scFv

variants. To optimize binding to the seven different BoNT/F subtypes, different sorting strate-

gies were used including switching subtypes used for staining after each round, sorting sepa-

rately library aliquots stained with different subtypes, and then combining the outputs for the

next round of sorting or staining with multiple subtypes in a single sample by labeling subtypes

with different fluorophores.

Library One: Affinity maturation of murine scFv 28H4

A yeast displayed library of scFv 28H4 mutants was constructed where the 28H4 Vk light

chain was replaced with a library of murine Vk light chains (light chain shuffling) [28]. The

library was sorted for six rounds; for the first two rounds, the library was stained with BoNT/

F1 HC, and for rounds 3 through 6 the library was stained with BoNT/F7 HC (round 3), BoNT/

F2 HC (round 4), BoNT/F5 HC (round 5) and BoNT/F6 HC (round 6) (Fig 3). After the last

round of sorting, individual colonies were screened for binding to BoNT/F subtypes. The most

cross-reactive scFv, 28HE10, had an at least 10-fold enhanced affinity to BoNT/F1HC (KD,

Table 1. KD values of yeast displayed scFv mAbs as measured by using flow cytometry.

KD values (nM)

28H4 28H4E10 6F15 hu6F15.1 hu6F15.3 hu6F15.4 hu6F15.6

F1HC 10.88 ±5.03 1.10 ± 0.49 0.93 ± 0.22 1.63 ±1.09 0.996 ± 0.41 1.02 ± 0.65 0.70 ± 0.3

F2HC No binding 63.73 ±10.64 47.12 ± 6.52 34.22 ± 2.89 23.67 ± 2.12 23.48 ± 3.46 50.79 ± 0.37

F3HC 237 ±69.9 14.64 ± 3.13 12.31 ±1.27 10.75 ± 2.02 11.44 ±1.65 14.18 ± 4.03 16.58 ± 0.66

F4HC 212 ±45.1 13.04 ± 2.87 15.60 ± 4.01 12.82 ± 2.89 12.69 ±1.75 15.21 ± 6.19 12.46 ± 3.05

F5HC No binding 36.82 ±14.33 28.84 ± 3.56 7.82 ± 2.56 8.87 ±1.66 9.28 ±1.80 16.88 ±1.26

F6HC >250 32.08 ±10.71 28.96 ± 6.19 17.18 ± 3.24 19.64 ± 0.55 13.84 ±3.36 30.21 ± 3.71

F7HC No binding >250 12.35 ± 0.96 1.36 ± 0.51 1.55 ± 0.50 1.51 ± 0.38 0.47 ± 0.29

No binding = mean fluorescent intensity no different than control when stained with 250 nM BoNT. KD > 250 nM = unable to saturate binding at a BoNT/F

concentration of 500 nM. Measurements used for KD calculations are shown in S1 Data.

https://doi.org/10.1371/journal.pone.0273512.t001
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1.10 nM vs. 10.88 nM), F3 HC (KD, 14.64nM vs. 237 nM) F4 HC (KD, 13.4 nM vs. 212 nM) and

F6 HC (KD, 32.08 nM vs. >250 nM) (Table 1). 28HE10 also had measurable binding to BoNT/

F2HC, F5HC, and F7HC (63.73 nM, 36 nM, and>250 nM respectively) whereas the parental

scFv 28H5 had no measurable binding to these subtypes.

Library Two: Affinity maturation of scFv 28H4E10

To further improve cross-reactivity, random mutations were introduced into the 28H4E10

scFv gene by using error-prone PCR [13]. The library was sorted for nine rounds, with rounds

5 and 6 performed by co-staining with BoNT subtypes labeled with different fluorophores

(multicolor FACS). A more detailed description and visualization of multicolor staining and

sorting is detailed below for Library Three. The final round of sorting was performed after

staining with BoNT/F7. After the last round of sorting, individual colonies were screened for

binding to BoNT/F subtypes. The resulting scFv, 6F15, had significantly improved affinity for

BoNT/F7 HC (KD, 12.35 nM vs.>250 nM for 28H4E10) while retaining affinity similar to

28H4E10 for the other BoNT/F subtypes (Table 1).

Library Three: Humanization of murine scFv 6F15

To support manufacturing and clinical development, 6F15 was humanized through sorting a

library that consisted of a designed humanized VH paired (shuffled) with a human VK

Fig 3. Dot plots of FACS of the mAb 28H4 scFv yeast displayed library stained with a single subtype for each round of sorting. The

28H4 library was sorted for six rounds sequentially staining with different BoNT subtypes BoNT/F1HC (Rounds 1 and 2) BoNT/F7HC

(Round 3) BoNT/F2HC (Round 4), BoNT/F5HC (Round 5), and BoNT/F6HC (Round 6). Each dot represents a single yeast with the

BoNT subtype used for staining and the BoNT binding fluorescence shown on the y-axis and the level of scFv yeast surface display on

the x-axis. The population gated for sorting and the percent of the total population sorted is shown with the gated yeast colored green.

https://doi.org/10.1371/journal.pone.0273512.g003
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repertoire. For the first round of sorting, libraries were co-stained with BoNT/F1 and BoNT/

F7, and for the second round of sorting, library aliquots were stained and sorted individually

with the seven BoNT/F HC subtypes to isolate colonies with improved affinity to each subtype.

The sorted yeast cells were then combined for the next round of sorting with multicolor FACS

staining to improve affinity to lower affinity subtypes while maintaining affinity to higher

affinity subtypes. Yeast cells were stained with a combination of four labels, either BoNT/

F1HC-APC-Cy7, F5HC-647, F7HC-488, and anti-SV5-PE or BoNT/F1HC-APC-Cy7, F2HC-

PEcy7, F6HC-PerCP-Cy5.5, and SV5-PE. To collect yeast cells, for example, with binding to

BoNT/F1, F5 and F7, three different dot-plots were generated plotting yeast scFv display level

vs binding to BoNT/F1HC, BoNT/F5HC, or BoNT/F7HC. Sort gates were set on each of these

populations and then intersected so that the cell sorter only collected yeast cells contained

within all three sort gates and thus binding all three BoNT/F subtypes (Fig 4A). This sorting

process was repeated for the yeast stained with BoNT/F1HC, BoNT/F2HC, and BoNT/F6HC.

The two groups of sorted yeast cells were mixed for the next round of sorting, in which yeast

cells were simultaneously stained with five different BoNT antigens including BoNT/F1HC-

APC-Cy7, F2HC-PE-Cy7, F5HC-647, F6HC-PerCP-Cy5.5, F7HC-488, and SV5-PE, collecting

the cell population (12 cells per 50,000 cells sorted) with F1HC, F2HC F5HC, F6HC, and F7HC

Fig 4. Dot plots of FACS of the mAb 28H4E10 scFv yeast displayed library using multi-color staining. A. For the third round of

sorting, the scFv library was stained with a mixture of either BoNT subtypes BoNT/F1HC-APCcy-7, BoNT/F5HC-Alexa647, and BoNT/

F7HC-Alexa488 or BoNT subtypes BoNT/F1HC-APCcy-7, BoNT/F2HC-PEcy7, and BoNT/F6HC-Pepcy5.5. Each dot represents a single

yeast with the BoNT subtype used for staining and the BoNT binding fluorescence shown on the y-axis and the level of scFv yeast surface

display on the x-axis. The population gated for sorting and the percent of the total population sorted is shown with the gated yeast

colored according to the legend for each of the BoNT subtypes. For sorting the three gates were intersected and only yeast in all three

gates (colored blue and with the percent of yeast in the intersected yeast indicated) were collected. B. For the fourth round of sorting, the

scFv library was stained with a mixture of BoNT subtypes BoNT/F1HC-APCcy-7, BoNT/F2HC-PEcy7, BoNT/F5HC-Alexa647, BoNT/

F6HC-Pepcy5.5, and BoNT/F7HC-Alexa488. Each dot represents a single yeast with the BoNT subtype used for staining and the BoNT

binding fluorescence shown on the y-axis and the level of scFv yeast surface display on the x-axis. The population gated for sorting and

the percent of the total population sorted is shown with the gated yeast colored according to the legend for each of the BoNT subtypes.

For sorting the five gates were intersected and only yeast in all five gates (colored blue and with the percent of yeast in the intersected

yeast indicated) were collected.

https://doi.org/10.1371/journal.pone.0273512.g004
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with the same gating strategy (Fig 4B). Analysis of multiple scFv after this final round of sort-

ing yielded scFv hu6F15.1 consisting of a fully human VK and a humanized VH. Compared

with the murine 6F15, KD values on yeast cells of Hu6F5.1 showed improved affinity to BoNT/

F7HC (12-fold, 1.36 nM vs. 12.35 nM), BoNT/F5HC (3.7-fold, 7.82 nM vs. 28.84 nM) and

BoNT/F6HC (1.7-fold, 17.18 nM vs. 28.96 nM), while the affinity to BoNT/F1HC, F2HC, F3HC,

and F4HC remained relatively unchanged (Table 1).

Since the final therapeutic mAb format is IgG, and since we have observed variability

between the affinity of yeast displayed scFv and IgG [13, 16, 17], we converted the parental

scFv 28H4 and the humanized Hu6F5.1 to IgG and measured the IgG solution KD to seven

BoNT/F subtypes using flow fluorimetry in a KinExA. These studies confirmed that the paren-

tal 28H4 did not have a measurable affinity for BoNT/F2, F5, or F7. In contrast, the humanized

and affinity matured Hu6F15.1 bound BoNT/F2, F5, or F7 with KD values ranging from 0.6 to

3.76 nM and had 17-fold to 333-fold higher affinity for the other four BoNT subtypes

(Table 2).

Library Four: Affinity maturation of scFv Hu6F15.1

We target an affinity of less than 1 nM for lead therapeutic mAbs, which was not achieved for

the BoNT/F7 subtype and barely achieved for the BoNT/F2, F3, and F5 subtypes. In addition,

there was a 360-fold difference between the highest and lowest affinity subtype. To increase

the affinity of Hu6F15.1 to BoNT/F2, F3, and F7, a random mutation library based on

hu6F15.1 scFv was generated. The library was sorted with BoNT/F2HC-PE-Cy7 and F5HC-

6F5.4-PE for three rounds, then with BoNT/F2HC-PE-Cy7, F4 holotoxin-6F5.4-PE, F6HC-per-

cypCy5.5, and F7HC-488 for two rounds, and then with F5HNHC-6F5.4-PE and F6HC-

PerCP-Cy5.5 for one round. Analysis of multiple scFv after the final round of sorting yielded

scFv hu6F15.3. Although the KD values on the surface of yeast measured with flow cytometry

did not show significant improvement (Table 1), the IgG KD measured by using flow fluorime-

try showed significant improvement in the affinity of hu6F15.3 to BoNT/F2HC, BoNT/F3HC,

BoNT/F5HC and BoNT/F6HC (KD, 230 pM-370 pM) and similar binding affinity to BoNT/

F1HC (KD, 12.83 pM) and BoNT/F4HC (KD, 23.39 pM) (Table 2). The affinity to BoNT/F7HC,

however, was still relatively low compared to other subtypes (KD, 2540 pM).

Library Five: Affinity maturation of scFv Hu6F15.3

To improve the affinity of Hu6F15.3 to BoNT/F7, another random mutation library based on

hu6F15.3 scFv was constructed. Two different sorting strategies were compared. In the first

Table 2. KD values of IgGs for F toxin domains as measured with KinExA (nM).

KD (nM) (95% confidence interval)

28H4 Hu6F15.1 hu6F15.3 hu6F15.4 hu6F15.6

F1 holotoxin 3.48 (4.17–2.89) 0.010 (0.016–0.005) 0.038 (0.042–0.034) 0.031 (0.035–0.025) 0.302 (0.389–0.201)

F1 HC 0.585 (0.716–0.395) 0.031 (0.037–0.025) 0.013 (0.014–0.011) 0.006 (0.007–0.004) 0.147 (0.181–0.102)

F2 HC No binding 0.6 (0.624–0.542) 0.268 (0.285–0.236) 0.057 (0.068–0.048) 1.03 (1.06–0.985)

F3 HC 13.890 (14.96–12.24) 0.8 (0.856–0.733) 0.254 (0.275–0.233) 0.078 (0.084–0.73) 0.722 (0.854–0.607)

F4 HC 2.21 (2.57–1.82) 0.067 (0.096–0.043) 0.023 (0.044–0.004) 0.018 (0.019–0.014) 0.292 (0.338–0.198)

F5 HNHC No binding 0.551 (0.739–0.339) 0.37 (0.732–0.136) 0.23 (0.259–0.199) 5.57 (5.79–5.25)

F6 HC 12.10 (12.41–11.68) 0.600 (.714–0.383) 0.231 (0.239–0.214) 0.053 (0.055–0.051) 0.808 (0.885–0.716)

F7 HC No binding 3.76 (4.04–3.50) 2.540 (4.12–1.15) 0.66 (0.969–0.307) 0.023 (0.03–0.164)

No binding = no signal detected with 250 nM of antigen. KinExA plots and KD calculations are shown in S3 Data.

https://doi.org/10.1371/journal.pone.0273512.t002
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strategy, the scFv library was selected using BoNT/F7HC for four rounds, using 1 nM BoNT/

F7 HC for the first two rounds, and 2 nM BoNT/F7HC for the third and fourth round with a

120-minute dissociation step during the fourth round. Analysis of multiple scFv after the final

round of sorting yielded scFv hu6F15.6 that had a KD for BoNT/F7 on the surface of yeast.

This was three-fold higher than the KD of hu6F15.3 (0.47 nM vs. 1.55 nM, Table 1). However,

hu6F15.6 had an approximate two-fold decrease in affinity for BoNT/F2HC, F5HC and F6HC

(50.79 nM vs. 23.67 nM for BoNT/F2HC, 16.88 nM vs. 8.87 nM for F5HC, 30.21 nM vs. 19.64

nM for F6HC, Table 2). In the IgG format, hu6F15.6 had a 110-fold increase in affinity for

BoNT/F7 HC compared to Hu6F15.3 (22.85 pM vs. 2540 pM) (Table 2), however, the affinity

for the other BoNT/F subtypes decreased by 3.5 to 15-fold indicating that a selection strategy

using a single subtype had a negative impact on the binding affinity to other subtypes.

In the second sorting strategy, multicolor FACS was used to select the hu6F15.3 library to

better maintain binding affinity to all BoNT/F subtypes. The first two rounds of sorting were

done after staining with BoNT/F5 and BoNT/F7 (round 1) and BoNT/F5, BoNT/F7, and

BoNT/F2 (round 2). The final two rounds of sorting were done after staining with BoNT/F1,

BoNT/F2, BoNT/F5, BoNT/F6, and BoNT/F7 (round 3) and with BoNT/F1, BoNT/F2, BoNT/

F4 BoNT/F5, BoNT/F6, and BoNT/F7 with a 90-minute dissociation step during these rounds.

Analysis of multiple scFv after the final round of sorting yielded scFv hu6F15.4 that had a KD

value for BoNT/F7 on the surface of yeast. This was approximately the same as hu6F15.3 (1.51

nM vs. 1.55 nM, Table 1) but unlike hu6F15.6, the affinity of hu6F15.4 for the other BoNT/F

subtypes also was unchanged compared to hu6F15.3 (Table 1). In the IgG format, hu6F15.4

had a 3.8-fold increase in affinity for BoNT/F7 HC (660 pM vs. 2540 pM) (Table 2), and the

affinity for the other BoNT/F subtypes also increased by 1.6 to 4.7-fold indicating that a selec-

tion strategy using multiple subtypes better-maintained subtype cross-reactivity (Table 2).

2. Thermostability and specificity of engineered mAbs

The melting temperature (Tm) of these mAbs was determined with differential scanning

fluorimetry (DSF). By this method, the Tm of the hu6F15.4 was measured as 75.0˚C (95% CI,

74.1˚C-74.8˚C) showing high thermostability, although 6˚C lower than the parental mAb

28H4 (81.5˚C, 95% CI, 81.5˚C—81.6˚C), DSF plot and raw data are shown in S2 Data. When

tested with serotypes of BoNT/A1, B1, C, D/C, E3, and G, the mAb variants did not show any

binding to these BoNT serotypes at concentrations as high as 50 nM (Fig 5A). mAb specificity

was also evaluated by staining with biotin-labeled cell lysates from CHO cells and HEK293

cells, indicating that none of the mAb variants showed any binding to the cell lysates (Fig 5B).

The data indicated that the increase in the cross-reactivity to BoNT/F subtypes 1–7 did not

cause polyspecificity to proteins either from humans or hamster.

3. Visualizing the structural basis of increased subtype cross-reactivity

To better understand the structural basis of increased BoNT/F subtype cross-reactivity, the

fine epitopes of 28H4, hu6F15.4 and hu6F15.6 on both BoNT/F1HC and F7HC were mapped.

Hu6F15.4 and hu6F15.6 were selected for epitope mapping as they represented the final out-

puts of molecular evolution, had the same parental mAb, but differed in their subtype binding

properties and selection methodology (hu6F15.4 selected simultaneously on multiple subtypes

using multicolor sorting vs hu6F15.6 selected only on the BoNT/F7 subtype). Epitopes were

mapped by isolation of BoNT/F1 HC mutants that had significantly reduced or no binding to

hu6F15.4 using methods previously described and detailed in the methods section [27, 35].

Briefly, random mutations were introduced into the BoNT/F1 HC gene by error-prone PCR,

the mutant repertoire cloned into the vector pYD4 and displayed on the surface of EBY100
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yeast. BoNT/F1 HC mutations with loss of hu6F15.4 binding were enriched through three

rounds of FACS sorting and sequencing. Amino acids, together with adjacent residues identi-

fied on structural models of the BoNT/F1 HC or F7 HC surface, were individually mutated to

alanine, displayed on the yeast surface and the changes of Gibbs free energy (ΔΔG) calculated

Fig 5. Specificity of mAbs with broadened specificity and improved affinity. A. Yeast displaying the indicated scFv were stained with either an equimolar

mixture of BoNT serotypes A, B, C, D, E, and G or with BoNT/F1. Each yeast displayed scFv bound BoNT/F1 but did not bind the mixture of the other six

serotypes. B. Yeast displaying the indicated scFv with stained with either biotinylated HEK293 or Chinese Hamster Ovary (CHO) cell lines or with biotinylated

BoNT/F2HC as a positive control. Binding was detected using streptavidin-PE. scFv did not bind HEK or CHO cell lines but did bind BoNT/F2 in proportion

to their affinity.

https://doi.org/10.1371/journal.pone.0273512.g005
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to evaluate the contribution of each amino acid in the epitope as previously described [27, 35]

(S2 Fig). The location of energetically important amino acids in the epitopes were then visual-

ized on models of the BoNT/F1 holotoxin, the BoNT/F1 HC crystal structure and a model of

the BoNT/F1 HC structure (Fig 6).

For the three mAbs, the number of amino acid residues with Δ Δ G> 0.2 ranged from 5 to

13 amino acids. Of these, three amino acids were different between BoNT/F1 and BoNT/F7,

while the remaining six subtypes (BoNT/F2 -F6) had at most two amino acids, which differed

from BoNT/F1. The 28H4 epitope consisted of amino acids located on four different BoNT/F

HC loops with 10 amino acids (solvent-accessible surface area, 1044.6 Å2) making energetically

important contacts (Fig 6). Four amino acids, R1026, L1027, G1048 and T993 provided the

largest energetic contributions with ΔΔG of 1.82 ->2.13 kcal/mol. Since 28H4 did not have

detectable binding to BoNT/F7 HC, amino acid contributions to binding could not be mea-

sured. Molecular evolution of mAb 28H4 resulted in relatively similar epitopes for mAb

hu6F15.6 on both BoNT/F1 HC and BoNT/F7 HC with epitopes of 13 and 12 amino acids.

R1026, L1027 and G1048 remained high energy contacts for binding of hu6F15.6 to both

BoNT/F subtypes. Hu6F15.6 picks up an additional high energy contact (A994) for binding to

BoNT/F1 and three new low energy contacts (L1044, N1046 and I105, ΔΔG of 0.22–0.38 kcal/

mol). Residue 994 has less contribution to binding to BoNT/F7 where the amino acid is differ-

ent, T994 vs A994. Finally, a new high energy contact is created, L1045, for binding to BoNT/

F7 as well as four new moderate energy contacts, Q991, G995, I1044 and N1046, ΔΔG of 0.59–

1.4 kcal/mol). L1045 is different in BoNT/F1 (S1045) and is not used in binding of either 28H4

or hu6F15.6 to BoNT/F1.

The epitope of hu6F15.4 on BoNT/F1, in contrast, is much smaller than the epitopes of

28H4 and hu6F15.6 with only two high energy contacts R1026 and L1027 and three additional

moderate or low energy contacts (G1048, S1045 and T993). For binding to BoNT/F7, the epi-

tope size increases significantly, with a total of 11 contacts (7 new contacts, the loss of one con-

tact and an increase in the binding energetics of two contacts.

This epitope mapping provides some insights into the basis of the specificity and affinity of

hu6F15.4 and hu6F15.6 compared to 28H4 and their immediate molecular evolution predeces-

sor hu6F15.3. Additional energetic contacts of hu6F15.6 compared to 28H4 likely account for

the 45-fold higher affinity of the Fab for BoNT/F1. It is not possible to make a similar compari-

son to 28H4 of energetically important residues for hu6F15.4 and hu6F15.6 binding to BoNT/

F7 since we could not detect binding of 28H4 to BoNT/F7. Of note, however, the epitope for

hu6F15.6 binding to BoNT/F7 looks comparable to that of its binding to BoNT/F1 and 28H4

binding to BoNT/F1. The addition of the single new high energy contact L1045 and multiple

moderate energy contacts likely account for the comparable and high binding affinity of

hu6F15.6 to BoNT/F1 and BoNT/F7 (0.28 nM for both for Fab binding). The lower affinity

binding of hu6F15.4 to BoNT/F7 (1.9 nM for the Fab) is likely due to the absence of the L1045

high energy contact. The very high affinity of hu6F15.6 for BoNT/F7 comes at a cost with

respect to broad specificity. BoNT subtypes F2, F3, F4, F5, and F6 have amino acids in two

positions much more like BoNT/F1 than BoNT/F7 including all having S1045 not L1045, and

A994 or S994, not T994. Thus hu6F15.6 cannot make these high and moderate energy contacts

to these subtypes. This likely accounts for hu6F15.6 having a 2.4-fold to 18-fold lower affinity

for IgG binding to BoNT/F2, F3, F4, F5, and F6 than hu6F15.4. Finally, the epitope mapping

that shows far fewer energetically important amino acids does not well explain the basis of the

higher affinity of hu6F15.4 compared to 28H4 nor the comparable affinity with hu6F15.6. One

possible explanation is that hu6F15.4 makes more contacts with the BoNT/F main chain, inter-

actions that would not be quantitated by alanine mapping.
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Fig 6. The epitopes of 28H4, hu6F15.4 and hu6F15.6 on BoNT/F1 and BoNT/F7. A. The key amino acid residues in the epitope of

28H4, hu6F15.4 and hu6F15.6. In the left panel, four key residues for the binding of 28H4 to BoNT/F1 (T993, R1026, L1027 and

G1048) are shown on a surface model of the BoNT/F1 holotoxin (Alphafold, AF-A7GBG3). The BoNT/F1 HC is shown in beige, the

catalytic domain (LC) in blue, and the translocation domain in pink. In the right panel, the side chains of the same four key residues are

shown on a ribbon diagram of the crystal structure of BoNT/F1 HC (pdb, 3fuq). The four key amino acid residues are located on three

different loops B. The fine epitope maps of mAbs 28H4. The contribution of amino acid side chains in mAb binding was measured

and shown by coloring the surface side chain projection on either the BoNT/F1HC structure (pdb, 3fuq) or a model of the BoNT/F7HC
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Discussion

High affinity is crucial for neutralizing mAbs to clear and neutralize botulinum neurotoxins

(BoNT) because of their extreme potency [40]. It has been established that a combination of at

least three mAbs with high affinity is required to neutralize BoNT with a potency that allows a

clinically reasonable dose, while any single mAb even with extremely high affinity (KD = 56

pM) does not achieve this potency [13, 16–18]. In addition, cross-specificity of mAbs is neces-

sary since each BoNT serotype usually contains multiple subtypes. To achieve the minimum

number of three antibodies in the BoNT antitoxin, binding of antibodies to all subtypes is

required. Cross-specificity could be achieved either through immunization of animals with

combinations of different antigens or through antibody engineering via mutagenesis and selec-

tion For example, antibodies to HPV 16, 18, 31, and 45 were raised in mice immunized with a

minor capsid protein L2-RG1 from HPV16 and 18 [41], while chain shuffling and structure-

based “hot spot” mutagenesis enabled a mAb to HIV to obtain broad neutralization [42]. Most

recently, a trispecific mAb that targeted CD4+ cells and two HIV surface antigens was devel-

oped to neutralize various HIV strains, efficiently preventing HIV infection in primates [43].

Similarly, a mAb with high affinity to BoNT/A1 but with lower affinity to BoNT/A2 was engi-

neered to have increased affinity against BoNT/A2 while maintaining high-affinity binding to

BoNT/A1 [1].

The high level of sequence dissimilarity among the BoNT/F subtypes (up to 36% dissimilar)

led to the varied binding affinity of mAbs to different subtypes and identification of only three

mAbs binding seven BoNT/F subtypes [13]. To provide an additional lead mAb for clinical

development, we humanized and broadened the subtype specificity of murine mAb 28H4. The

parental mAb 28H4 had no detectable binding to BoNT/F subtypes F2, F5, and F7 at BoNT

concentrations of 250 nM suggesting an affinity lower than 1–10 μM. In fact, it could be pre-

sumed that 28H4 did not bind these subtypes. Despite this, using serial rounds of mutagenesis

and sorting on multiple BoNT subtypes, a humanized mAb hu6F15.4 was generated that

bound BoNT/F1, F2, F3, F4, F5, F6, and F7 with KD ranging from 5.8 to 660 pM. For subtypes

F1, F3, F4, and F6, affinity increased from 100 to 229-fold for hu6F15.4 compared to the paren-

tal 28H4. For subtypes F2, F5, and F7, where the parental affinity was no better than 1 μM,

affinity increased at least 1,500 to 17,500-fold. Improving subtype cross-reactivity also did not

come at the expense of loss of specificity; none of the higher affinity mAbs showed significant

binding to any of the other BoNT serotypes or to the proteins in human or hamster cell lysates

(Fig 5).

We did not systematically evaluate different staining and sorting strategies except for the

final round of affinity maturation where we compared a strategy staining only with BoNT/F7

to a strategy using multicolor staining where the yeast library was simultaneously stained with

BoNT subtypes labeled with different fluorophores (multicolor FACS). Multicolor FACS led to

a more homogeneous range of subtype affinities and thus better subtype cross-reactivity com-

pared to staining with only a single subtype. While multicolor flow cytometry has been rou-

tinely used in immunological research and for disease diagnosis [44, 45], our current study is

the first report to apply multicolor FACS to isolate cross-reactive mAbs from yeast-displayed

scFv libraries stained with up to six different dye-conjugated antigens. Multicolor FACS

turned out to be quite efficient for isolation of cross-specificity BoNT/F mAb and could be

more generally applied for generation or modification of multi-specific therapeutic mAbs.

based on 3fuq. Surface side chains were colored based on the values of ΔΔG from beige (no impact on mAb binding, ΔΔG<0.2) to dark

red, ΔΔG>2.0 according to the key shown at the bottom of the Figure.

https://doi.org/10.1371/journal.pone.0273512.g006
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In conclusion, multicolor FACS technology is a powerful method that could facilitate the

isolation of mAb variants with the desired affinity for multiple antigens and could be generally

used to generate multi-specific antibodies, to humanize non-human antibodies, and to

improve antibody affinity to different homologous antigens.

Supporting information

S1 Fig. Binding specificity of parental mAb 28H4. A. Dot plots of the binding of mAb
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binding of mAb 28H4 to yeast displayed BoNT/F domains of different BoNT F subtypes.
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human PE. The display level of each domain on the surface of yeast was quantitated with the
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