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Abstract 20 

Bushmasters (Lachesis spp) and lancehead vipers (Bothrops spp) are two of the most dangerous 21 

snakes found in Latin America. Victims of envenoming by these snakes require urgent administration 22 

of antivenom. Here, we report the identification of a small set of broadly neutralizing human 23 

monoclonal single-chain variable fragment (scFv) antibodies targeting key phospholipases A2 from 24 

Lachesis and Bothrops spp using phage display technology and demonstrate their in vitro efficacy 25 

using a hemolysis assay. 26 
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Envenomings from venomous snakes continue to be a serious health challenge globally 29 

(Gutiérrez et al., 2017). Despite some developments in more recent times, antivenoms based on 30 

polyclonal antibodies derived from the plasma of immunized animals remain the only specific 31 

treatment against snakebite envenoming (Manuela Berto Pucca et al., 2019). However, with the rapid 32 

advances occurring in the fields of antibody technologies and synthetic biology, an opportunity exists 33 

for creating a new generation of antivenoms based on defined mixtures of human monoclonal 34 

antibodies that may possess improved therapeutic properties, such as better safety profiles, increased 35 

efficacy, and better affordability, compared to the conventional antivenoms (Laustsen et al., 2018). 36 

One method that has been identified as particularly promising is phage display technology, as it 37 

allows for the in vitro selection of fully human antibodies against poorly immunogenic and highly 38 

toxic antigens, such as snake venom toxins (Knudsen et al., 2019; Ledsgaard et al., 2018b). Here, we 39 

report, for the first time, the identification of a panel of human single-chain variable fragment (scFv) 40 

antibodies against venom toxins from Lachesis muta that are able to partially neutralize in vitro the 41 

enzymatic activities of phospholipases A2 toxins (PLA2s) from Lachesis muta (Bushmaster) venom 42 

as well as partially cross-neutralize phospholipases A2 toxins from Bothrops spp (Lancehead vipers) 43 

venoms. These snakes, together with snakes from the Crotalus and Micrurus genera, are responsible 44 

for all the severe envenomings in Central and South America (Sant’Ana Malaque and Gutiérrez, 45 

2016), and PLA2s in their venoms can cause several pharmacological effects in victims such as 46 

myotoxicity, edema, pain, hemolysis, neurotoxicity, cytotoxicity, cardiotoxicity, platelet aggregation 47 

disturbs, and inflammation (Leiguez et al., 2018; Xiao et al., 2017; Zambelli et al., 2017). The results 48 

presented here may indicate that when employing whole venoms as target antigens in phage display 49 

panning experiments, a positive selection bias may exist for scFv-displaying phages that bind PLA2s. 50 
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Venoms from Lachesis muta, Bothrops jararaca, B. jararacussu, B. moojeni, B. neuwiedi, and 51 

B. alternatus were kindly provided by the Serpentarium of the Medical School of Ribeirão Preto, 52 

University of São Paulo, at Ribeirão Preto, São Paulo, Brazil. Dried venoms were diluted in ultrapure 53 

water, aliquoted,  and stored at -20 °C. Protein concentrations were estimated by the Lowry method 54 

(Hartree, 1972). The selection of specific scFv-displaying phages against L. muta crude venom was 55 

carried out through four rounds of panning using the Griffin.1 phage display library (Heather M. 56 

Griffin, Medical Research Council, Cambridge, UK). This human scFv library is composed of 57 

108 clones and has previously been employed to discover antibodies specific to different targets 58 

(Krebs et al., 1998; Pessenda et al., 2016; Pucca et al., 2014; Silva et al., 2018). The phage display 59 

protocol was performed as described elsewhere (Silva et al., 2018), with slight modifications. Briefly, 60 

the first round of panning was conducted in a polystyrene Maxisorp tube (Nunc, Denmark), and a 61 

glutaraldehyde solution was employed as part of the antigen coating strategy to improve binding and 62 

exposure of L. muta crude venom to the library, as previously described (Pucca et al., 2012). A 63 

triethylamine solution pH 12 was used as the first elution step, and in order to assure the recovery of 64 

most scFv-displaying phages, a second elution step was performed using glycine 100 mM at pH 2.2. 65 

Subsequent panning rounds were conducted in a 96-well plate (Corning, US) using the same strategy, 66 

but with proportionally smaller volumes of solutions. Aiming to increase specificity, the number of 67 

washing steps with PBST (0.05% Tween-20 diluted in phosphate-buffered saline pH 7.4) followed 68 

by PBS (phosphate-buffered saline pH 7.4) were different during rounds of panning, starting from 10 69 

times during first round to 15, 20, and 20 in the second, third, and fourth rounds, respectively. 70 

Accumulation of binders was evaluated by polyclonal phage ELISA (enzyme-linked immunosorbent 71 

assay), as described in section 2.3. Based on these results, the fourth round of panning was selected 72 

for the isolation of monoclonal antibody-displaying phages. Individual infected colonies were 73 

inoculated into 96-well plates containing 150 µL LB media supplemented with 100 µg/mL ampicillin 74 

and 1% glucose. After 8 hours of incubation at 200 rpm and 37 °C, plates were stored at -80 °C after 75 

glycerol addition. Aliquots of 6.5 µL from each well were transferred to a new 96-well plates 76 
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containing the same media and plates were incubated at 37 °C and 200 rpm, until bacteria reached the 77 

exponential growth phase (OD600 0.4-0.5). Monoclonal cultures were infected with VCS-M13 helper 78 

phage, and the plates were incubated for 30 minutes at 37 °C. Plates were centrifuged for 30 minutes 79 

at 3300 g and 37 °C, and pellets were resuspended in LB media supplemented with 100 µg/mL 80 

ampicillin and 50 µg/mL kanamycin. After overnight growth at 30 °C and 200 rpm shaking, plates 81 

were centrifuged for 30 minutes at 3300 g, and the specificity of monoclonal phage particles in each 82 

supernatant was evaluated by monoclonal ELISA. A 96-well MaxiSorp plate (Nunc, Denmark) was 83 

coated overnight with 50 µL of L. muta crude venom (2.5 µg/well) diluted in 50 mM sodium 84 

carbonate-bicarbonate buffer at pH 9.6 and 4 °C. The polyclonal and monoclonal ELISAs were 85 

carried out according to (Silva et al., 2018), using 5% BSA as blocking agent. The binding of scFv-86 

displaying phages was detected using a 1:500 dilution of polyclonal rabbit anti-VCS-M13 antibody 87 

conjugated with horseradish peroxidase (HRP) (Tamarozzi et al., 2006). TMB (3,3′,5,5′-88 

tetramethylbenzidine) was used as substrate, and the reaction was stopped with 2M sulfuric acid. 89 

Absorbance were registered at 450 nm. Positive control wells were coated with VCS-M13 (109 pfu), 90 

and negative controls wells were not coated.  91 

The non-suppressor E. coli strain HB2151 [k12 ara Δ(lac-proAB) thi/F’ proA+B laclq 92 

lacZΔM15], which produces soluble scFv antibody fragments, was incubated in LB media at 37 °C 93 

(200 rpm shaking rotation) until OD600 0.4-0.5 was reached, whereupon the cells were infected with 94 

precipitated monoclonal scFv-displaying phages for 30 minutes at 37 °C. Cultures were centrifuged 95 

for 30 minutes at 3300 g, and bacteria were resuspended and plated in LB agar supplemented with 96 

100 µg/mL ampicillin and 1% glucose. After overnight growth at 37 °C, bacteria were harvested with 97 

30% glycerol in LB media and stored at -80 °C. New LB media (10 mL) supplemented with 100 98 

µg/mL ampicillin and 0.1% glucose were infected with 25 µL of each clone and incubated overnight 99 

at 37 °C and 300 rpm. Cultures were transferred to 4 L Erlenmeyer flasks containing 1 L of LB 100 

media supplemented with 100 µg/mL ampicillin and 0.1% glucose and incubated at 37 °C, 300 rpm, 101 
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until OD600 0.6 was reached. An IPTG (isopropyl β-D-1-thiogalactopyranoside) solution was added 102 

to a final concentration of 0.1 mM, and cultures were grown overnight at 37 °C and 300 rpm. 103 

Cultures were centrifuged for 20 minutes at 4000 g and 4 °C, and bacteria pellets were resuspended 104 

in cooled 30 mL 50 mM Tris-HCl at pH 8.0 and submitted to sonication (18 rounds, 1 minute pulse, 105 

and 45 second interval at 65% amplitude) on ice. Samples were centrifuged for 15 minutes at 18000 106 

g and 4 °C, resuspended in the same volume of lysis buffer (100 mM NaH2PO4, 10 mM Tris, 8 M 107 

urea, 10 mM imidazole, pH 8.0), and kept overnight at vertical rotation at room temperature. Cell 108 

debris was removed by 15 minutes of centrifugation at 13500 g, and then dialyzed against phosphate-109 

buffered saline (pH 7.4) to remove remaining denaturant. Soluble scFv fragments were purified 110 

according to the inclusion body purification protocol from the QIAexpressionist (QIAGEN 111 

Distributors, 2003). The scFvs were eluted with 8 mL of elution buffer (50 mM NaH2PO4, 500 mM 112 

NaCl, 250 mM imidazole pH 8.0), and dialyzed against ultrapure water, after which they were 113 

lyophilized. Each clone was resuspended in 1.5 mL ultrapure water and stored at -20 °C. Purification 114 

of  scFvs was evaluated by 12% SDS-PAGE under non-reducing conditions, as described previous 115 

(Laemmli, 1970, p. 4).  116 

For testing the inhibition of PLA2 activity, a hemolysis solution containing 10 mM Tris–HCl 117 

buffer at pH 7.4, supplemented with 140 mM NaCl, 2.5 mM CaCl2, 0.06% (v/v) fresh egg yolk, and 118 

0.015% (v/v) washed erythrocytes, was prepared. The scFv clones 1.1E, 1.4E, and 2.1E were pre-119 

incubated with L. muta venom using 0.5:1, 1:1, and 2:1 ratios (scFv:venom, mass:mass) in a final 120 

volume of 75 µL for 30 minutes at 37 °C, and the reaction was started by adding 175 µL of the 121 

hemolysis solution. Venom concentrations able to induce significant hemolysis were: Lachesis muta 122 

- 8 mg/mL, B. jararaca 20 mg/mL, B. jararacussu 12 mg/mL, B. moojeni 9 mg/mL, B. neuwiedi 10 123 

mg/mL, B. alternatus 30 mg/mL. The kinetic assay was carried out in a 96-well plate, incubated in an 124 

ELISA reader adjusted to 37 °C and 10 minutes reading interval at 700 nm. A 0.9% saline solution 125 

was used as negative control and L. muta venom was used as positive control. A third control was 126 

prepared with each scFv, aiming to evaluate if the antibodies could induce hemolysis by themselves.   127 
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In order to confirm the binding ability of the scFvs to PLA2s, the scFv 1.4E was used to prepare 128 

an affinity column able to capture PLA2s from the L. muta venom. The scFv 1.4E (0.5 ml, 200 129 

µg/mL) was diluted in 100 mM sodium carbonate-bicarbonate and 500 mM NaCl buffer at pH 8.2 130 

and incubated with a CNBr-activated Sepharose resin for conjugation, according to the manufacture’s 131 

protocol (GE Healthcare, US). Briefly, the resin (0.280 g) was resuspended and washed for 15 132 

minutes with 1.0 mM HCl, before it was incubated with the monoclonal antibodies for 12 hours at 4 133 

°C, under vertical and slow rotation. The resin was washed with 10 mL of 100 mM sodium 134 

carbonate-bicarbonate buffer at pH 8.2, supplemented with 500 mM NaCl and incubated with 100 135 

mM Tris-HCl at pH 8.0 for 2 h to block binding sites. After four washing cycles (7.5 mL of both 100 136 

mM sodium acetate at pH 4.0 and 100 mM Tris-HCl pH 8.0, both supplemented with 500 mM 137 

NaCl), the resin was packed. An aliquot of 1.0 mL of L. muta crude venom (400 µg/mL) diluted in 138 

hemolysis buffer was incubated with the resin first for 45 minutes at 4 °C, then for 15 minutes at 139 

room temperature, and the column was washed with 5.0 mL of the same buffer. The L. muta venom 140 

lacking PLA2 (flow-through) was collected and used in the indirect hemolysis assay as described 141 

before. The same concentration of L. muta crude venom was used as positive control and saline 142 

solution as negative control. To elute the PLA2s as well, the column was treated with 100 mM 143 

triethylamine-HCl with pH ranging from 9.5-11.5 (intervals of 0.5), or 100 mM glycine-HCl with pH 144 

ranging from 2.5-4.5 (intervals of 0.5). A saline treatment with 0.5-4.0 M MgCl2 (intervals of 0.5) 145 

was also evaluated. The purification was followed by 12% SDS-PAGE. 146 

The scFvs were evaluated for their ability to cross-neutralize PLA2s from Bothrops species 147 

venoms (B. jararaca, B. jararacussu, B. moojeni, B. neuwiedi, and B. alternatus) through the same 148 

indirect hemolysis approach. All scFvs were tested in 1:1 ratio (scFv:venom, mass:mass), except for 149 

B. alternatus venom, in which the 0.5:1 ratio was employed since this venom presents the lowest 150 

hemolytic activity. DNA sequences of scFvs 1.1E, 1.4E, and 2.1E were obtained from E. coli 151 

HB2151 plasmid purification (QIAprep Spin Miniprep Kit, QIAgen, Germany), using primers 152 
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pHEN2_F (ATGACCATGATTACGCCAAG) and pHEN2_R (GCC CCATTCAGATCCTCTTC). 153 

Sequencing analysis was performed at the Biotechnology Service Nucleus at the Hemocentro 154 

Foundation of Ribeirão Preto.  155 

In this study, phage display technology was used to accumulate scFv-displaying phages capable 156 

of binding toxins from L. muta venom. Differently from other studies, where only one elution step 157 

was employed (Kuba and Furukawa, 2009; Liu et al., 2009; Pucca et al., 2012), this study included 158 

the use of two elution steps, one using a basic (triethylamine) elution buffer and the other using an 159 

acidic (glycine) elution buffer. It was observed that a high number of phages were eluted in both 160 

steps (Figure 1A), suggesting that scFvs with different physico-chemical characteristics bind venom 161 

components. By performing both a basic and an acidic elution step, it is speculated that combined a 162 

pool of scFv-displaying phages with higher clonal diversity is selected, which may possibly lead to 163 

the identification of a higher number of unique monoclonal scFv hits later in the identification 164 

process. 165 

Upon completion of the phage display experiments, polyclonal phage ELISA demonstrated that 166 

scFv-displaying binding phages had been enriched in the third and fourth rounds of selection (Figure 167 

1B). The fourth panning round was chosen for isolation of monoclonal scFv-displaying phages, and 168 

192 clones were picked into two 96-well plates for initial assessment by monoclonal phage ELISA. 169 

Although the results revealed more than 100 hits against L. muta venom, only 12 clones displaying 170 

the highest binding signals were chosen for further evaluation (clones 1.1B, 1.1E, 1.2A, 1.2C, 1.2F, 171 

1.2G, 1.3B, 1.3E, 1.4E, 1.4H, and 1.9F from the first plate, and 2.1E from the second plate) (Figure 172 

1C). The three top binders were further selected for scFv expression (clones 1.1E, 1.4E, and 2.1E), 173 

which were successfully purified (Figure 1D).  174 

The monoclonal scFvs 1.1E, 1.4E, and 2.1E were evaluated for their ability to inhibit PLA2 175 

activity from L. muta venom through an indirect kinetic hemolysis assay using different ratios of 176 

scFv:venom (mass:mass). All three scFvs were able to inhibit more than 50% of hemolysis using a 177 

2:1 ratio (Figure 2A-C). Interestingly, the PLA2 activity was abolished from L. muta venom after 178 
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PLA2s had been captured via an affinity chromatography approach employing the scFv 1.4E (Figure 179 

2D). Nevertheless, it was not possible to further remove the enzyme from the column without losing 180 

its activity, as (1) an elution step with trietylamine at pH 12 could not elute the PLA2s; (2) an acidic 181 

treatment with glycine at pH 2.5 resulted in the co-release of both PLA2s and antibody fragments 182 

from the matrix; and as (3) the treatment with MgCl2 was able to elute the PLA2s only with 183 

concentrations above 2.5 M, which also resulted in the loss of activity of the enzyme (data not 184 

shown). 185 

Knowing that PLA2s have an overall conserved conformational structure among snake venoms 186 

(Tonello and Rigoni, 2017), the scFvs 1.1E, 1.4E, and 2.1E were also tested against Bothrops spp 187 

venoms at a 1:1 ratio (scFv:venom, mass:mass). The monoclonal scFvs, 1.1E and 1.4E, were able to 188 

completely inhibit the hemolysis induced by B. jararaca venom, while the scFv 2.1E inhibited more 189 

than 50% of the hemolytic activity (Figure 2E). All the scFvs inhibited more than 50% of the 190 

hemolytic activity induced by B. jararacussu venom (Figure 2F). In comparison, the scFv 2.1E 191 

demonstrated greater inhibitory effect against the venoms of B. moojeni and B. neuwiedi, although 192 

the other two scFvs were also able to partially inhibit both venoms (Figure 2G-H). The scFvs were 193 

also tested in a 0.5:1 ratio against B. alternatus venom, where all scFvs were able to completely 194 

inhibit hemolysis induced by this venom (Figure 2I). 195 

The DNA sequences of scFvs 1.1E, 1.4E, and 2.1E revealed that the three clones were unique. 196 

For reasons of intellectual property protection, the sequences obtained will not be published. 197 

Over more than 10 years, our research group has collected evidence that scFv-displaying 198 

phages that bind PLA2s seem to be positively selected and outcompete phages binding other venom 199 

proteins when phage display experiments are performed using snake whole venom as antigen 200 

(Oliveira et al., 2009; Roncolato et al., 2013; Tamarozzi et al., 2006). In some venoms, PLA2s are the 201 

most abundant component, such as in many rattlesnake venoms (i.e. crotoxin), where it may 202 

represent more than 70% of total protein (Boldrini-França et al., 2010; Oliveira et al., 2019). In 203 
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comparison, PLA2s are not the most abundant components of L. muta and Bothrops spp venoms, 204 

where it only represents about 10-32% (Correa-Netto et al., 2010; Öhler et al., 2010, 2010; Pla et al., 205 

2013; Zelanis et al., 2012). Despite this lower abundance, we selected a relatively high number of 206 

scFv-displaying phages binding PLA2. Interestingly, a similar selection bias was observed when 207 

whole bee venom was employed as antigen (Funayama et al., 2012), in which  PLA2s represent less 208 

than 12% of total protein (Manuela B. Pucca et al., 2019).  The possible positive selection bias for 209 

PLA2 binding scFvs in phage display experiments may represent a challenge for the development of 210 

recombinant antivenoms, as antibodies are likely needed to neutralize all the medically relevant 211 

toxins in a given whole venom. In line with other reports, it may thus be advisable to avoid the use of 212 

crude whole venoms as antigen, and instead employ isolated toxins and venom fractions for better 213 

control over selections rounds (Laustsen et al., 2017, 2015). 214 

Antibody cross-reactivity has recently become a topic of interest and investigation within 215 

toxinology (Ledsgaard et al., 2018a; Silva et al., 2018). The result presented here demonstrate that it 216 

is possible to harness phage display technology for selecting human monoclonal scFvs that are not 217 

only capable of neutralizing (some of) the toxins that they were selected against, but also toxins from 218 

entirely different snake genera. These results thus represent the first report on the identification of 219 

human monoclonal scFvs against PLA2 toxins from Lachesis muta with inter-genera paraspecificity. 220 
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 354 

 355 

Figure captions 356 

Figure 1. Identification of scFvs against Lachesis muta venom. (A) Enrichment of scFv-357 

displaying phages specific to L. muta venom during panning cycles. Polyclonal scFv-displaying 358 

phages were eluted with triethylamine or glycine and used to infect E. coli TG1. (B) Polyclonal 359 

phage ELISA. scFv-displaying binding phages had enriched in the third and fourth rounds of 360 

selection. (C) Monoclonal phage ELISA. Monoclonal scFv-displaying phages presenting the 361 
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highest binding signals against L. muta venom. Data were analyzed using a one-way ANOVA, 362 

followed by the Tukey post-hoc test. *p < 0.05 versus respective control. (D) Purification of scFvs. 363 

The three top binder clones (1.1E, 1.4E, and 2.1E) were expressed and purified with success. M: 364 

molecular weight marker (Thermo Fisher, Lithuania). Silver staining.  365 

 366 

Figure 2. Inhibition of PLA2 activity. Monoclonal scFvs 1.1E, 1.4E, and 2.1E were evaluated for 367 

their ability to inhibit PLA2 activity from L. muta or Bothrops spp venoms through an indirect kinetic 368 

hemolysis assay using different ratios of scFv:venom. (A-C) Inhibition of PLA2 activity from L. muta 369 

venom. (D) Evaluation of hemolysis induced by PLA2-free venom. (E-I) Cross-neutralization of 370 

PLA2 activities of Bothrops spp. venoms. Data were analyzed using two-way ANOVA, followed by 371 

the Bonferroni post-hoc test. For all variables with the same letter, the difference between the means 372 

is not statistically significant. If two variables have different letters, they are significantly different. 373 

Values of p < 0.05 were considered statistically significant.  374 







Highlights 

 

• Human scFvs were selected against Lachesis muta venom using Phage 

Display; 

• Lachesumabs bind conserved sites in PLA2 from different snake species; 

• Lachesumabs neutralize the phospholipase activity of laquetic and 

bothropic venoms. 
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