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ABSTRACT
The monocled cobra (Naja kaouthia) is among the most feared snakes in Southeast Asia due to its toxicity, 
which is predominantly derived from long-chain α-neurotoxins. The only specific treatment for snakebite 
envenoming is antivenom based on animal-derived polyclonal antibodies. Despite the lifesaving impor-
tance of these medicines, major limitations in safety, supply consistency, and efficacy create a need for 
improved treatments. Here, we describe the discovery and subsequent optimization of a recombinant 
human monoclonal immunoglobulin G antibody against α-cobratoxin using phage display technology. 
Affinity maturation by light chain-shuffling resulted in a significant increase in in vitro neutralization 
potency and in vivo efficacy. The optimized antibody prevented lethality when incubated with N. kaouthia 
whole venom prior to intravenous injection. This study is the first to demonstrate neutralization of whole 
snake venom by a single recombinant monoclonal antibody, thus providing a tantalizing prospect of 
bringing recombinant antivenoms based on human monoclonal or oligoclonal antibodies to the clinic.
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Introduction

Snakebite envenoming is a neglected tropical disease, 
which each year claims hundreds of thousands of victims, 
who are either left permanently disfigured or meet an 
untimely death.1 It is estimated that every year 1.8–2.7 mil-
lion envenomings occur, which result in 81,000–138,000 
deaths and more than 400,000 people left with permanent 
physical and psychological sequelae.1 Asia is the continent 
where most envenomings and deaths occur, estimated to 
1.2–2 million cases and 57,000–100,000 fatalities.1 In 
Southern and Southeast Asia, the monocled cobra (Naja 
kaouthia) is responsible for a large number of the 
recorded severe snakebite cases,2,3 which is exemplified 
by the fact that 34% of snakebite-related deaths in 
Bangladesh from 1988 to 1989 were attributed to bites 
from either N. kaouthia or the closely related species, 
N. naja.4 Life-threatening clinical manifestations of 
N. kaouthia envenomation include flaccid paralysis due 
to the actions of abundant long-chain α-neurotoxins, 
which block neuromuscular transmission by binding to 
the nicotinic acetylcholine receptor (nAChR) with high 
affinity, causing a curare-mimetic effect.5,6 These long- 
chain α-neurotoxins belong to the three-finger toxin 
superfamily, which dominate the venom in terms of 

abundance and toxicity, as judged by their high toxicity 
scores,6–8 and are thus the main toxin targets to be neu-
tralized for successful intervention in human snakebite 
cases.

Each year, the lack of access to affordable and effective 
treatment against snakebite envenoming leaves thousands of 
victims in despair, as revealed by the estimated number of 
81,000 to 138,000 fatalities and the consequent social and 
economic impact in families and communities.1 Animal- 
derived antivenoms remain the cornerstone of snakebite enve-
noming therapy1 and are still produced by immunizing large 
mammals, usually horses, with snake venom, followed by the 
purification of antibodies from the blood plasma, resulting in 
polyclonal antibody preparations.9 Being heterologous pro-
ducts, animal-derived antivenoms often lead to a range of 
adverse reactions whose incidence varies depending on the 
product.10 Furthermore, it is estimated that only a fraction of 
the antibodies in current antivenoms contribute to neutraliza-
tion of relevant toxins. Large amounts of antivenom are there-
fore required to treat a snakebite case, resulting in heterologous 
protein loads as high as 15 g per treatment in severe envenom-
ing cases.11,12 Moreover, a discrepancy exists between the toxi-
city (high) and the immunogenicity (low) of these toxins, 
where antivenoms raised in animals have a sub-optimal 
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concentration of therapeutic antibodies against low molecular 
weight elapid neurotoxins with high toxicity scores.13–16 

Despite many advances within antibody technology and bio-
technology, a need remains for antivenoms with improved 
safety and efficacy.17,18

Recently, recombinant antivenoms based on oligoclonal mix-
tures of human antibodies have been proposed as a cost- 
competitive alternative to current antivenoms.19–22 Such recom-
binant antivenoms may offer safer and more efficacious snakebite 
envenoming therapy due to their compatibility with the human 
immune system and the possibility of only including efficacious 
antibodies, targeting medically relevant snake toxins, in the anti-
venom mixture.18 Moreover, it has been demonstrated that such 
oligoclonal recombinant antivenoms, consisting of carefully 
selected immunoglobulin Gs (IgGs), can be developed using 
phage display technology.19 This technique has also been used to 
discover nanobodies23 and antibody fragments24 against long- 
chain α-neurotoxins in the past. However, to date, no neutralizing 
human monoclonal IgG has been reported for whole venom from 
any animal following intravenous (i.v.) injection.

Here, we report the discovery and affinity maturation of 
a recombinant human monoclonal IgG targeting α-cobratoxin, 
the most medically relevant toxin from N. kaouthia venom. 
Using chain-shuffling, the affinity of the antibody was 
improved eightfold, resulting in enhanced neutralization both 
in vitro and in vivo. While the parent antibody could prolong 
survival of mice, when a preincubated mixture of purified α- 
cobratoxin and the antibody was administered i.v., the affinity- 
matured antibody was improved to a level where it could 
neutralize the lethal effect of whole N. kaouthia venom in mice.

Results

A phage display-derived fully human antibody that 
prolongs survival in vivo

A naïve single-chain variable fragment (scFv) phage display 
library containing 4 × 1010 clones was used for selections. This 
library was created using the variable heavy (VH) and variable 
light (VL) antibody genes from the naïve IgM repertoire of 43 
healthy human donors.25 Three rounds of panning were per-
formed against biotinylated α-cobratoxin from N. kaouthia 
immobilized on a streptavidin-coated surface. Antibody- 
encoding genes (scFv format) were isolated from both 
the second and third panning rounds and subcloned into 
a bacterial expression plasmid.26 In total, 282 clones harboring 
this expression plasmid were picked for antibody expression and 
subjected to binding analysis by dissociation-enhanced lantha-
nide fluorescence immunoassay (DELFIA)-based assays as pre-
viously described.19 Of these, 36 clones displaying a specific 
binding signal against α-cobratoxin (using an arbitrary cutoff 
of 25 times above the background binding signal) were picked 
for DNA sequencing and further characterization (Figure 1a).

Of these 36 scFv clones, a total of 29 (80.5%) scFvs had 
unique VH and VL CDR3 sequences with typical VH CDR3 
lengths of 10–25 amino acid residues. Interestingly, a high 
proportion of these clones (>50%) showed a cysteine pair in 
their VH CDR3 sequences (Supplementary Table S1). These 
scFvs were evaluated in an expression-normalized capture 

(ENC) DELFIA assay, which eliminates the signal dependence 
on the expression level of the clones, and allows ranking based 
on affinity. The six α-cobratoxin-binding scFvs that yielded the 
highest binding signals (Figure 1b) were selected for expression 
in IgG format and transiently expressed using Expi293F™ cells. 
All six α-cobratoxin-targeting antibodies retained binding to α- 
cobratoxin upon conversion (data not shown). However, when 
the antibodies and α-cobratoxin were preincubated and admi-
nistered i.v. to mice, the antibodies failed to prevent lethality, 
although they did succeed in prolonging survival significantly 
(Figure 1c). The limited efficacy of these antibodies could be 
due to sub-optimal binding affinity to α-cobratoxin.

Affinity maturation using chain-shuffling

In vitro affinity maturation strategies involve two key steps, 
diversification of the primary antibody sequence and enrich-
ment of affinity-improved antibody variants using a selection 
platform such as phage display technology. Diversification of 
primary antibody sequence can be achieved by introducing 
mutations to the variable regions using random or targeted 
mutagenesis. Alternatively, new combinations of heavy and 
light variable regions can be made by recombining selected 
heavy or light chains with a repertoire of partner chains by 
a process known as chain shuffling.27 Here, the 368_01_C01 
antibody was selected for affinity maturation due to its com-
bined performance in the ENC DEFLIA and in vivo experi-
ments. This antibody was subjected to light-chain shuffling to 
diversify its sequence by pairing the VH chain with a library of 
naïve kappa and lambda light chains. Following library gen-
eration, three rounds of stringent panning against α- 
cobratoxin were completed. For precise control of antigen 
concentration, phage display selections were carried out in 
solution phase. The phage antibodies were allowed to bind to 
biotinylated α-cobratoxin in solution, and the bound phage 
was subsequently captured using streptavidin-coated beads 
for washing and elution. The antigen concentration was low-
ered 10- and 50-fold in each round to selectively enrich anti-
bodies with high affinity. The polyclonal phage outputs for the 
selections were tested for α-cobratoxin binding through poly-
clonal DELFIA, revealing that α-cobratoxin-binding scFvs 
were present in all three rounds, while negligible binding to 
streptavidin was detected (Figure S1A). Then, scFv genes from 
the third panning rounds were subcloned into the pSANG10- 
3F expression vector. A total of 184 monoclonal colonies from 
two third-round selections were picked, and the soluble scFvs 
were assessed for binding to α-cobratoxin, revealing 290 of the 
368 (79%) displaying a binding signal against the antigen 
(Figure S1B). Among the 290 hits, 60 clones were randomly 
picked and further characterized by ENC DELFIA (Figure 2a) 
and DNA sequenced, revealing that 13 of the 60 scFvs had 
unique CDRL3 sequences (Supplementary Table 2). Based on 
their ranking in the ENC DELFIA, the 13 most promising 
scFvs were converted to the fully human IgG1 format and 
expressed in Expi293F™ cells. Purity and monomeric content 
of these antibodies were confirmed to be above 90% using 
HPLC-SEC analysis (Supplementary Table 3). A direct 
DELFIA was used to confirm that all 13 antibodies retained 
binding in the IgG format. An ENC DELFIA was used to rank 
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the binding of the IgGs (Figure 2b). Due to a more than 
twofold higher expression yield than 2552_01_F12, combined 
with favorable ranking in the ENC DELFIA, 2552_02_B02 was 
picked as the top candidate for further study.

Surface plasmon resonance (SPR) was used to assess affinity 
improvement derived from the maturation of the parental anti-
body light chain. Here, the parent (368_01_C01) and 
2552_02_B02 were reformatted as monovalent antigen-binding 

fragments (Fabs) and used for affinity measurements to avoid 
avidity effects. For the parent clone, affinity (equilibrium dis-
sociation constant, KD) was determined to be 3.9 nM, whereas 
the matured clone displayed an affinity of 490 pM, an approx-
imate eightfold increase. This increase in affinity resulted from 
the improvement of both the on and off rate of the original 
antibody by 2.4-fold and 3.3-fold, respectively (Figure 2 c 
and d).

Figure 1. Affinity ranking of scFvs and Kaplan–Meier survival curves for mice co-administered with IgG antibodies and α-cobratoxin. (a) direct and ENC DELFIA of 36 
monoclonal scFv-containing supernatants. (b) direct and ENC DELFIA of the top six monoclonal scFv-containing supernatants. (c) Kaplan–Meier survival curves for mice 
co-administered with IgG antibodies and α-cobratoxin. α-cobratoxin refers to mice injected with α-cobratoxin alone.
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Figure 2. Binding, expression, and binding kinetics characterization of discovered antibodies. (a) direct monoclonal DELFIA signals (in black on the left Y-axis) and ENC 
DELFIA signals (in blue on the right Y-axis) of the 60 monoclonal scFvs selected for sequencing. (b) ENC DELFIA signals of IgG-containing supernatants of the 13 clones 
that were converted to the IgG format. 2552_02_B02 was selected for further characterization. for (A) and (B), data from the parent scFv (368_01_C01) is shown furthest 
to the right. (c) 1:1 binding model (black lines) fitted to the SPR data kinetics of parental antibody (368_01_C01) in the fab format. (d) 1:1 binding model (black lines) 
fitted to the SPR data of the affinity matured clone (2552_02_B02) in the fab format.

Figure 3. Inhibition of the binding interaction between the α7-AChR and α-cobratoxin using IgGs. (a) schematic representation of a receptor blocking assay, wherein the 
ability of IgG antibodies to inhibit the interaction between the α7 subunit of AChR (α7-AChR) and α-cobratoxin can be quantified. (b) antibodies block α-cobratoxin 
binding to its receptor (α7-AChR) in a concentration-dependent manner. as a negative control an IgG specific to dendrotoxins was used and showed no blocking (data 
not shown). Y-axis is signal relative to that of the positive control.
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Affinity matured IgGs show potent blocking of toxin: 
receptor binding interaction

To assess if an increase in affinity translated to improved 
blocking of the binding interaction between the AChR and α- 
cobratoxin, a receptor blocking assay was performed 
(Figure 3a).

Results revealed that both IgGs were able to fully abrogate 
the binding between the receptor subunit and α-cobratoxin, 
though the affinity-matured clone was able to prevent the 
binding at lower concentrations than the parent antibody. The 
IC50 values were 0.32 nM (CI95 0.28–0.36 nM) and 1.38 nM 
(CI95 1.02–1.86 nM) for 2552_02_B02 and 368_01_C01, 
respectively (Figure 3b). The 8.1-fold increase in affinity to α- 
cobratoxin, therefore, resulted in a 4.3-fold improvement of 
IC50 in this blocking assay.

Affinity matured IgG shows increased neutralization 
potency in vitro

To assess if the increase in affinity and ability to block the 
α7-AChR:α-cobratoxin interaction for 2552_02_B02 also 
resulted in an improved ability to protect nAChR function, 
functional neutralization assays were conducted using auto-
mated patch-clamp electrophysiology. First, the EC80 value for 
ACh was established (70 µM, Figure 4 a and b), and the IC80 for 
α-cobratoxin was determined (4 nM, Figure 4 c and d). Then, 
titrated 368_01_C01 and 2552_02_B02 were preincubated with 
α-cobratoxin and tested for the ability to neutralize the cur-
rent-inhibiting activity of α-cobratoxin. As a negative control, 
a dendrotoxin-binding IgG was included. This irrelevant IgG 
showed no effects, while the α-cobratoxin-recognizing antibo-
dies were able to fully abrogate α-cobratoxin activity (data not 
shown). Furthermore, the affinity-matured clone, 
2552_02_B02, was a more potent neutralizer with an IC50 of 
2.6 nM (CI95 2.3–2.9 nM), while the parental clone 
(368_01_C01) exhibited an IC50 of 8.1 nM (CI95 6.6–10.0 
nM). Relative to the concentration of α-cobratoxin used, 
these data indicate that 0.65 IgG molecules were needed per 
toxin molecule for 50% neutralization for 2552_02_B02, 
whereas 2.03 IgG molecules were needed per toxin to achieve 
the same effect with 368_01_C01. Hence, the increased affinity 
between 2552_02_B02 and α-cobratoxin resulted in increased 
functional neutralization in vitro.

Affinity matured antibody neutralizes Naja kaouthia 
whole venom in vivo

To determine the ability of 2552_02_B02 to neutralize the 
effects of N. kaouthia whole venom, a mouse lethality assay 
was performed, as this is the gold standard of the World Health 
Organization (WHO) for the assessment of the preclinical 
efficacy of antivenoms. Two LD50s of N. kaouthia whole 
venom (containing approximately 1.2 nmol of α-cobratoxin) 
were preincubated with the IgG in different molar ratios for 
30 minutes before injecting the mixture i.v. in mice (four mice 
per group). Control groups consisted of 1) venom only, 2) 
venom incubated with an irrelevant IgG isotype control, or 3) 
venom incubated with a commercially available polyclonal 

antivenom. Survival was recorded and is illustrated in 
Figure 5. All mice injected with either venom alone or in 
combination with the isotype control antibody died within 
30 minutes after injection with signs of neuromuscular paraly-
sis (Figure 5). At the end of the experiment (48 hours post 
injection), the four mice receiving venom and polyclonal anti-
venom were alive and showed no signs of neurotoxicity, at 
which point the study on this group was concluded. For the 
groups of 1:1 and 1:2 toxin:IgG dosages, the surviving mice at 
24 hours showed clear signs of toxicity, and it was decided to 
extend the observation period until 48 hours owing to the 
novel nature of these antibodies and the need to know whether 
the neutralization observed in the first hours could be reverted. 
At the 48-hour time point, all four mice in the 1:1 ratio were 
dead, and only one of four mice in the 1:2 toxin:IgG dosage 
group remained alive. Therefore, a new experiment increasing 
the dosage to 1:4 toxin:IgG was set up. Control mice injected 
with venom alone died within 30 min, as expected, whereas all 
four mice receiving venom and antibody survived the 24-hour 
period, and one out of four mice was dead at 48 hours. To 
ensure that protection was maintained beyond the 48-hour 
observation time, this group of mice was kept until 72 hours, 
and no further deaths had occurred (Figure 5). These results 
clearly demonstrate that the therapeutic effect of 2552_02_B02 
on mice injected with a lethal amount of N. kaouthia whole 
venom was dose-dependent in vivo, as expected for specific 
antibody therapeutics. Even further, at an α-neurotoxin to IgG 
molar ratio of 1:4, all four mice survived the observation period 
recommended by the WHO for this type of study (24 hours), 
and even at the 72-hour mark, three out of four mice had 
survived.

Discussion

Previously, we described the discovery of an oligoclonal mix-
ture of human antibodies capable of neutralizing dendrotoxin- 
mediated neurotoxicity of black mamba venom in a rodent 
model.19 Although the cocktail of antibodies tested in that 
study did neutralize whole venom, the model, using intracer-
ebroventricular injection (i.c.v.), did not account for the effects 
elicited by α-neurotoxins, since their main target is the nAChR 
in the neuromuscular junctions. Thus, the i.c.v. model is not as 
clinically relevant as i.v. injection, which is recommended by 
WHO as the standard for assessing antivenoms. Another study 
has reported in vivo neutralization of α-cobratoxin-induced 
lethality by a VHH and a VHH2-Fc following intraperitoneal 
injection in mice.23 However, to date, no study has successfully 
demonstrated the neutralization of lethality caused by a whole 
venom (or a purified toxin) preincubated with a recombinant 
human monoclonal IgG antibody following i.v. injection.

In this study, we demonstrate that a recombinant human 
monoclonal IgG antibody, discovered and optimized entirely 
in vitro by phage display technology, was able to neutralize leth-
ality in mice challenged i.v. with whole venom from N. kaouthia 
when venom and antibody were preincubated before administra-
tion. This clearly showcases the utility of in vitro selection meth-
ods for the discovery of efficacious antivenom antibodies against 
animal toxins with reduced immunogenicity, which may be chal-
lenging for traditional in vivo-based discovery approaches. 
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Moreover, this study has also elucidated the mechanism of action 
of the neutralizing antibody using receptor blocking and auto-
mated patch clamp electrophysiology assays, which revealed that 
the antibody could abrogate neurotoxicity by preventing the 
medically most important toxin present in the venom of 
N. kaouthia, α-cobratoxin from interacting with the nAChR. 
This first report of a recombinant monoclonal antibody neutraliz-
ing whole venom from a snake thus presents an integrated 
approach for future discovery and evaluation of recombinant 
antibodies against toxins from snake and other animal venoms. 

Our study was designed to assess whether a neutralizing antibody 
could be generated using the experimental platform described, 
which was clearly demonstrated. Assessing the therapeutic effi-
cacy of this antibody in a setting that would more closely resemble 
the actual circumstances of envenoming, i.e., by using a rescue- 
type neutralization protocol, was beyond the goals of this work 
and should be approached in future investigations.

It is important to note that the neutralization of this parti-
cular venom by a single IgG cannot be extrapolated to all other 
snake venoms due to their complex composition of different 

Figure 4. In vitro neutralization of inhibition of nAChR by α-cobratoxin. automated patch-clamp experiments conducted using a QPatch (Sophion Bioscience). (a) 
example of sweep plot and (b) concentration–response curve showing the relationship between increased ACh concentration and the measured current running across 
the cell membrane. 70 µM ACh was used throughout the rest of the experiments. (c) Example of sweep plot and (d) concentration–response curve showing how 
increasing concentrations of α-cobratoxin result in a decrease in the current measured. 4 nM α-cobratoxin was used, resulting in approximately 80% inhibition of the 
current. (e) example of sweep plot (368_01_C01) and (f) concentration–response curves showing how increasing concentrations of the two IgGs preincubated with α- 
cobratoxin result in better protection of the nAChR, as the loss of current mediated by α-cobratoxin is prevented in a dose-dependent manner. An irrelevant IgG was 
used as a control, which did not prevent the inhibitory effects of α-cobratoxin (data not shown).
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medically relevant toxin families that each may require one or 
more antibodies for neutralization.28 In many cases, co- 
administration with other antibodies or small-molecule inhi-
bitors, such as varespladib, batimastat, or marimastat,29,30 

might be necessary to achieve full protection.18 Furthermore, 
the targeted epitope and pharmacokinetic properties of the IgG 
reported in this study have not been investigated and therefore 
these properties remain unknown. The toxin epitope could 
have an influence on how effectively the toxin is 
neutralized.31 Moreover, it is also known that antibody phar-
macokinetics plays a significant role in drug efficacy,32 while 
antibody biophysics can have a major influence on antibody 
manufacturability and stability.33,34,35 Additional investigation 
and potential optimization of these properties and their effects 
on in vivo neutralization efficacy and downstream develop-
ment are therefore warranted prior to further preclinical and 
clinical assessments.

Finally, it is currently not clear whether recombinant anti-
venoms based on monoclonal or oligoclonal antibodies will be 
regulated as blood products, similar to existing plasma-derived 
antivenoms, or whether recombinant antivenoms will be 
viewed as biotherapeutic products to be regulated as biophar-
maceuticals by relevant authorities. Establishment of 
a regulatory framework for recombinant antivenom products 
is thus a necessity for bringing such new snakebite envenoming 
therapies swiftly to the clinic.

Nonetheless, the advances in the discovery, optimization, 
and assessment of monoclonal antibodies against snake toxins 
described in this study represent an important technical mile-
stone toward the application of in vitro developed recombinant 
antivenoms as a therapeutic intervention in snakebite enve-
noming in the future.

Materials and methods

Toxin preparation

α-cobratoxin was obtained in lyophilized form from Latoxan SAS, 
France, Product ID L8114. The toxin was reconstituted in phos-
phate-buffered saline (PBS) and biotinylated using a 1:1 (toxin: 

biotinylation reagent) molar ratio as previously described.19 

Following biotinylation, Amicon® Ultra-4 Centrifugal Filter 
Units with a 3 kDa membrane were used for purification of the 
biotinylated toxin. Purification was performed at 8 °C and con-
sisted of three washes of 4 mL PBS. The protein concentration was 
measured by the absorbance at 280 nm using a NanoDrop and 
adjusted using the extinction coefficient. The degree of biotinyla-
tion was analyzed using MALDI-TOF in a Proteomics Analyzer 
4800 Plus mass spectrometer (Applied Biosystems).

Initial discovery and assessment of parent clone

The initial discovery of the parent antibody clone 368_01_C01 
was performed by panning the IONTAS phage display library 
(diversity of 4 × 1010 human scFv clones) against biotinylated α- 
cobratoxin captured by streptavidin in a MaxiSorp vial, followed 
by subcloning and expression of scFv genes in BL21 (DE3) E. coli 
and DELFIA-based screening of the scFv-containing supernatants 
as previously described.19 Thirty-six binding clones were cherry- 
picked and sequenced (Eurofins Genomics sequencing service) 
using the S10b primer (GGCTTTGTTAGCAGCCGGATCTCA). 
The binding strengths of the clones were ranked using an expres-
sion-normalized capture (ENC) assay, and the top six scFvs dis-
playing the highest binding signals were reformatted into the IgG 
format and expressed in Expi293™ cells (Thermo Fisher) and 
subsequently purified using an Äkta Pure system (GE 
Healthcare) as previously described.19 The binding of purified 
IgGs was confirmed using a DELFIA-based binding assay.19

Library generation using chain-shuffling

The VH region of antibody 368_01_C01 was PCR amplified 
from pINT3 plasmid DNA using pINT3 Nco FWD 
(TCTCTCCACAGGCGCCATGG) and IgG1 CH1 Xho Rev 
(CCCTTGGTGGAGGCACTCGAG) primers using Platinum™ 
SuperFi II Green PCR Master Mix (Invitrogen, 12369010). The 
PCR product was cloned into pIONTAS125 vector harboring 
the naïve VL lambda and kappa chain libraries using NcoI and 
XhoI restriction endonucleases. Ligation reactions were carried 
out for 16 hours at 16 °C and contained 160 ng of insert and 400 
ng of vector DNA in a total volume of 40 µL. Ligations were 
purified using the MinElute PCR Purification Kit (Qiagen, 
28004) and eluted in 10 µL nuclease-free water. The purified 
ligation product was transformed into 200 µL of electrocompe-
tent TG1 cells (Lucigen, 60000-PQ763-F) followed by addition 
of 6 mL of recovery medium (Lucigen, F98226-1) and incuba-
tion at 37 °C for 1 hour at 280 rpm rotation. Cells were plated 
on 2xTY agar plates supplemented with 100 µg/mL ampicillin 
and 2% glucose. Dilutions of the transformations were also 
plated to determine library size, which was 1.01 × 108 for the 
lambda library and 1.67 × 108 for the kappa library with more 
than 96% of the transformants being positive for insertion of 
heavy-chain insert, as determined by colony PCR.

Library rescue and solution-based phage display selection

Rescue of phages from the chain-shuffled libraries and the 
three rounds of selections were performed as described 
elsewhere,25 except that the phages were not concentrated 

Figure 5. Kaplan–Meier curves showing survival of mice co-administered with 
N. kaouthia whole venom and IgG 2552_02_B02. 1:1, 1:2, and 1:4 designates the 
toxin:IgG molar ratio that 2552_02_B02 was injected in. The death of the venom 
only and antibody isotype control groups occurred within 30 minutes after 
injection, whereas those receiving venom and antivenom survived the 48-hour 
observation period. All groups were observed for 48 hours, except mice receiving 
2552_02_B02 in a 1:4 molar ratio, which were observed for 72 hours.
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using PEG precipitation, but phage-containing supernatants 
were used directly for selections. Deselection of streptavidin- 
specific phages was performed before each round of selection 
using 80 µL of streptavidin-coated Dynabeads (Invitrogen, 
M-280). Additionally, the selections were conducted using 
biotinylated α-cobratoxin that was captured using 80 µL of 
streptavidin-coated Dynabeads (Invitrogen, M-280). The con-
centration of α-cobratoxin was decreased through the three 
rounds of selections starting at 10 nM in the first round and 
ending at 20 pM in the third round. The kappa and lambda 
libraries were mixed before the first round of selections.

Subcloning, primary screening, and sequencing of scFvs

Subcloning of the α-cobratoxin-binding selection output into 
pSANG10-3 F and primary screening of candidates was per-
formed as described elsewhere.19 In brief, scFv genes from the 
selection outputs were subcloned from the pIONTAS1 phage-
mid vector to the pSANG10-3 F expression vector using NcoI 
and NotI restriction endonuclease sites and transformed into 
E. coli strain BL21 (DE3) (New England Biolabs). From each of 
the two subcloned selection outputs, 184 colonies were picked 
and expressed in 96-well plates. The scFvs were assessed for 
their binding to biotinylated α-cobratoxin (5 µg/mL) indirectly 
immobilized on black MaxiSorp plates (Nunc) with streptavi-
din (10 µg/mL) using a DELFIA-based assay. After immobili-
zation of the toxin, the wells were blocked with PBS 
supplemented with milk protein (MPBS). The scFvs were 
expressed overnight using autoinduction media. The scFv- 
containing supernatants were blocked with MPBS and added 
to the toxin-coated wells. Binding was detected using an anti- 
FLAG IgG (Sigma, F3165) conjugated with europium and 
DELFIA Enhancement solution (Perkin Elmer, 4001–0010). 
In total, 60 clones binding to α-cobratoxin were cherry- 
picked and sequenced (Eurofins Genomics sequencing service) 
using S10b primer (GGCTTTGTTAGCAGCCGGATCTCA). 
The antibody framework and CDR regions were annotated, 
and light-chain CDR3 regions were used to identify 14 unique 
clones.

IgG expression, purification, and characterization

VH and VL genes of 13 unique α-cobratoxin-binding scFvs 
were converted to the fully human IgG1 format as previously 
described.19 IgG1 antibodies were expressed in HEK293 cells 
(Expi293, Thermo Fisher) and purified using Protein A affinity 
chromatography (Generon, PC-100). Purity and monomeric 
content of the antibodies were analyzed using SDS-PAGE and 
analytical size exclusion chromatography (Agilent 1100 HPLC 
instrument, Superdex 200 Increase 5/150 column at a flow rate 
of 0.25 mL/min). The binding of the IgGs was confirmed and 
ranked using an expression-normalized capture (ENC) assay. 
Briefly, black MaxiSorp plates (Nunc) were coated overnight 
with an anti-human IgG (Jackson ImmunoResearch, 109–005- 
098). Plates were washed thrice with PBS and blocked with PBS 
supplemented with 3% milk protein. Plates were washed thrice 
with PBS and 0.25x unpurified IgG-containing culture super-
natant in PBS supplemented with 3% milk protein was added 
before incubating for 1 hour at room temperature. Plates were 

washed thrice with PBS-T and thrice with PBS before adding 
either 1 nM or 100 pM biotinylated α-cobratoxin in PBS 
supplemented with 3% milk protein to each well. After 
1 hour of incubation, the plates were washed thrice with PBS- 
T and thrice with PBS. Then, 1 µg/mL of Europium-labeled 
Streptavidin (Perkin Elmer, 1244–360) in DELFIA Assay 
Buffer (Perkin Elmer, 4002–0010) was added. Following 
30 minutes of incubation, plates were washed thrice with 
PBS-T and thrice with PBS, and DELFIA Enhancement 
Solution (Perkin Elmer, 4001–0010) was added for detection 
of binding. Based on these results, the top clone, 2552_02_B02, 
was expressed and purified as described previously.19

Fab expression and purification

VH and VL genes of 13 unique α-cobratoxin-binding scFvs 
were converted to the Fab format as performed for IgGs as 
described previously,19 except the Fab-vector, pINT12, was 
used instead of the pINT3 IgG1 vector.

Surface plasmon resonance

The binding affinity of the discovered antibodies for α- 
cobratoxin was determined using SPR (BIAcore T100, GE 
Healthcare). All measurements were performed at 25 °C 
using 10 mM HEPES, 150 mM NaCl, and 3 mM EDTA at 
pH 7.4 as running buffer. Immobilization of α-cobratoxin on 
CM5 sensor chips (Cytiva, BR100530) was performed by amine 
coupling using 1-Ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC)/N-hydroxysuccinimide surface activation fol-
lowed by injection of 5 µg/mL of α-cobratoxin in 10 mM 
NaOAc pH 4 to obtain a final immobilization level of 23 
response units (RU). The sensor chip was inactivated using 
ethanolamine. The Fabs in concentrations ranging from 81 nM 
to 390 pM were injected at 40 µL/minute for 120 seconds and 
dissociation was recorded for 450 seconds. Following dissocia-
tion, the sensor was regenerated using two injections (15– 
20 seconds) of 20 mM NaOH. Measurements were conducted 
using 5–7 analyte concentrations for each antibody. The blank 
subtracted data was analyzed using the BIAcore T100 
Evaluation Software employing a 1:1 Langmuir binding model.

Receptor blocking DELFIA

The receptor blocking assay was adapted from 
Ratanabanangkoon et al.36 Black MaxiSorp plates (Nunc) 
were coated overnight with 100 µL of 5 µg/mL human 
α7-acetylcholine receptor chimera (adapted from Ref.37) in 
PBS. Plates were washed thrice with PBS and blocked with 
1% bovine serum albumin (BSA) in PBS. About 4 nM of 
biotinylated α-cobratoxin with various concentrations of 
368_01_C01, 2552_02_B02, or a negative control IgG specific 
to dendrotoxins in 0.1% BSA was prepared and preincubated 
for 30 minutes at room temperature. Plates were washed thrice, 
and 100 µL of the preincubated toxin and antibody mixture 
was added to the blocked wells. Following incubation for 
1 hour, the plates were washed thrice with PBS-T (PBS, 0.1% 
Tween-20) and thrice with PBS, and 100 µL of 1 µg/mL of 
Europium-labeled Streptavidin (Perkin Elmer, 1244–360) in 
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0.1% BSA was added. Following 30 minutes of incubation, 
plates were washed thrice with PBS-T and thrice with PBS 
and 100 µL of DELFIA Enhancement Solution (Perkin Elmer, 
4001–0010) was added to each well. Signals were measured 
using a VICTOR Nivo Multimode Microplate Reader using 
excitation at 320 nm and emission at 615 nm. Each antibody 
concentration was tested in quadruplicate.

Electrophysiology

Planar whole-cell patch-clamp experiments were carried out 
on a QPatch II automated electrophysiology platform (Sophion 
Bioscience), where 48-channel patch chips with 10 parallel 
patch holes per channel (patch hole diameter ∼1 μm, resistance 
2.00 ± 0.02 MΩ) were used.

The cell line used was a human-derived 
Rhabdomyosarcoma RD cell line (CCL-136, from ATCC), 
endogenously expressing the muscle-type nAChR, composed 
of the α1, β1, δ, γ, and ε subunits. The cells were cultured 
according to the manufacturer’s guideline, and on the day of 
the experiment, enzymatically detached from the culture flask 
and brought into suspension.

For patching, the extracellular solution contained 145 mM 
NaCl, 10 mM HEPES, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 
and 10 mM glucose, pH adjusted to 7.4 and osmolality adjusted 
to 296 mOsm. The intracellular solution contained 140 mM 
CsF, 10 mM HEPES, 10 mM NaCl, 10 mM EGTA, pH adjusted 
to 7.3, and osmolality adjusted to 290 mOsm.

In the experiments, an nAChR-mediated current was elicited 
by 70 µM acetylcholine (ACh, Sigma-Aldrich), approximately 
the EC80 value, and after compound wash-out, 2 U acetylcholi-
nesterase (Sigma-Aldrich) was added to ensure complete ACh 
removal. The ACh response was allowed to stabilize over three 
ACh additions, before the fourth addition was used to evaluate 
the effect of α-cobratoxin (4 nM α-cobratoxin, reducing the ACh 
response by 80%), preincubated with varying concentrations of 
IgGs. α-cobratoxin and IgGs were preincubated at room tem-
perature for at least 30 minutes before application, and the 
patched cells were preincubated with α-cobratoxin and IgG for 
5 minutes prior to the fourth ACh addition. As a negative con-
trol, an IgG specific to dendrotoxins was included.

The inhibitory effect of α-cobratoxin was normalized to the 
full ACh response (fourth response normalized to third 
response), plotted in a non-cumulative concentration- 
response plot, and a Hill fit was used to obtain IC50 values for 
each IgG. The data analysis was performed in Sophion 
Analyzer (Sophion Bioscience) and GraphPad Prism 
(GraphPad Software).

Animals

In vivo assays were conducted in CD-1 mice of both sexes of 
18–20 g body weight, supplied by Instituto Clodomiro Picado, 
following protocols approved by the Institutional Committee 
for the Use and Care of Animals (CICUA), University of Costa 
Rica (approval number CICUA 82–08). Mice were housed in 
cages in groups of 3–4 and were provided food and water ad 
libitum.

In vivo preincubation experiments

The neutralization activity of the naïve IgGs against α- 
cobratoxin was tested by i.v. injection in groups of three 
mice. About 4 µg of α-cobratoxin (corresponding to 2 LD50s) 
and 150 µg of corresponding IgG (α-cobratoxin:IgG = 1:2 
molar ratio) were dissolved in PBS, preincubated (30 min at 
37 °C), and injected into the caudal vein, using an injection 
volume of 100 µL. Control mice were injected with either 
isotype control IgG and α-cobratoxin or α-cobratoxin alone. 
Deaths were recorded, and Kaplan–Meier curves were used to 
represent mouse survival along time.

For the affinity-matured clone, similar in vivo experiments 
were conducted, except the IgG was preincubated with 9.12 µg of 
N. kaouthia whole venom (Latoxan, L1323), corresponding to 2 
LD50s and containing approximately 1.2 nmol of α-cobratoxin, 
at a 1:1, 1:2, and 1:4 α-neurotoxin:IgG molar ratio. For calculat-
ing molar ratios, it was estimated that 55% of N. kaouthia venom 
consists of α-neurotoxins, based on a toxicovenomic study of the 
venom.7 All injections were performed as described above on 
groups of four mice. Control mice were injected with either an 
isotype control IgG incubated with N. kaouthia venom or 
N. kaouthia venom alone. As a positive control for N. kaouthia 
venom neutralization, Snake Venom Antiserum from VINS 
Bioproducts Limited (Batch number: 01AS13100) was used. 
According to the manufacturer, the potency of this antivenom 
against the venom of Naja naja is 0.6 mg venom neutralized 
per mL antivenom. Since no information is provided on the 
neutralization of N. kaouthia venom, we used a ratio of 0.2 mg 
venom per mL antivenom to ensure neutralization. Survival was 
monitored for 24–72 hours, and results are presented in Kaplan– 
Meier curves.
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