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Abstract:  19 

 20 

Snakebite envenoming is a devastating Neglected Tropical Disease, the treatment of which has seen 21 

relatively little innovation since the invention of antivenom serotherapy in 1894. Current antivenoms 22 

have been and continue to be invaluable in saving thousands of lives. However, these medicines are 23 

associated with a number of drawbacks pertaining to availability, safety, and efficacy. Fortunately, 24 

with the advent of novel methodologies, such as antibody discovery technologies, high-throughput 25 

drug discovery approaches, and improved methods for protein engineering, we are starting to see 26 

scientific advances in the field. This review presents relevant engineering and design considerations 27 

for exploiting these methodologies to develop next-generation antivenoms with improved safety, 28 

efficacy, and affordability. The pros and cons of different treatment modalities will be discussed with 29 

regards to immunogenicity, the suitability of preclinical efficacy assays, availability of discovery 30 

methods, economic viability of production schemes, and possible regulatory approval paths.  31 

 32 
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While the progress of human technology has conquered many diseases, it has left others unaddressed 39 

and forgotten. One such neglected disease is snakebite envenoming, which continues to plague 40 

vulnerable communities around the world, causing death and disability. Inflicting cytotoxicity, 41 

neurotoxicity, hemotoxicity, and other toxicities, snakebite envenoming annually claims somewhere 42 

from 81,000 to 138,000 lives, and causes hundreds of thousands of people to live with chronic 43 

disablement (Gutiérrez et al., 2017a). Snakebite envenoming disproportionally affects poor, 44 

agricultural workers, often the breadwinners of their families, and as such acts to destabilize 45 

economically vulnerable population segments (Bawaskar et al., 2017; Chaves et al., 2015; Gutiérrez 46 

et al., 2017a; Harrison et al., 2009). Hence, snakebite envenoming is not only a public health issue, 47 

but also a socioeconomic challenge in many parts of the world.  48 

 49 

Currently, snakebite envenoming is treated with antivenom consisting of polyclonal antibodies or 50 

antibody fragments derived from the plasma of hyperimmunized animals (Gutiérrez et al., 2017a). 51 

Such antivenoms save countless lives and are therapeutically invaluable. Nonetheless, the 52 

administration of heterologous antibodies comes at the inherent risk of immunogenicity, and adverse 53 

reactions have been reported both due to this and to inadequate purification procedures for some 54 

antivenom products (Burnouf et al., 2004; Chippaux et al., 1998; De Silva et al., 2016; Fry, 2018; 55 

León et al., 2013, 2008; LoVecchio et al., 2003; Malasit et al., 1986; Moran et al., 1998; Stone et al., 56 

2013; Sutherland, 1977). Along with the limited availability of antivenoms in certain regions of the 57 

world, this has highlighted the need for novel types of antivenom with improved therapeutic 58 

properties (Laustsen et al., 2016a). In this review, we seek to discuss engineering and design aspects 59 

which should be considered in the pursuit of the next generation of antivenoms. These will be 60 

supported by examples of the promising research efforts that have been published in recent years 61 

within antibody engineering and drug repurposing.  62 

 63 

2. Efficacy 64 

 65 

One of the most important factors to assess when developing a new antivenom is efficacy. Several 66 

assays exist for determining efficacy in the preclinical setting, with the common standard being 67 

administering a preincubated mixture of venom and antivenom in an animal model and monitoring 68 

survival (see Figure 1A) (Gutiérrez et al., 2017b; World Health Organization, 2018). This assay is 69 

suitable for testing antivenoms against lethal, systemic envenomings (e.g. neurotoxicity and venom-70 

induced consumption coagulopathy). However, many snake venoms initiate complex 71 

pathophysiological effects resulting in various clinical manifestations. Thus, depending on the venom 72 

in question, it might be necessary to assess additional parameters, such as nephrotoxicity, 73 

cytotoxicity, myotoxicity, and hemotoxicity (Gutiérrez et al., 2017b, 2013). Several tests capable of 74 

measuring these and other parameters preclinically have been developed, while tests for parameters 75 

such as cardiovascular and renal toxicity are still missing (Gutiérrez et al., 2017b; Williams et al., 76 

2018; World Health Organization, 2010).  77 
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An important issue with the preincubation assay for assessing preclinical efficacy is that it largely 78 

negates the influence of pharmacokinetics and toxicokinetics. An (experimental) envenoming therapy 79 

could appear to be efficacious when preincubated with venom, but fail to neutralize the venom toxins 80 

in a rescue assay, where the antivenom is administered a given period after venom administration and 81 

at a different anatomical site (typically intravenously, whereas the venom may be administered 82 

subcutaneously, intramuscularly, intraperitoneally, or even intravenously) (see Figure 1B). Lack of 83 

efficacy in a rescue assay could thus not only be due to inability of the antivenom antitoxins to 84 

strongly bind and neutralize the venom toxins (pharmacodynamics). It could also be due to an 85 

inappropriate half-life for the antitoxins, limited volume of distribution of the antitoxins, or because 86 

of a rapid onset of irreversible toxic effects caused by venom toxins before the antitoxins are able to 87 

intercept and neutralize the venom toxins (pharmacokinetics and toxicokinetics). Additionally, the 88 

physiological and immunochemical differences between the model organisms used for the tests and 89 

the intended human recipients can render preincubation assays less predictive of clinical efficacy 90 

(Rojas et al., 2013; Sanhajariya et al., 2018), although the current assay is accepted as providing good 91 

indication for human envenoming. However, the conventional preincubation assay might still be most 92 

suitable for molecules with well-characterized pharmacokinetics and for comparing antivenoms 93 

based on the same type of scaffold molecules with similar therapeutic properties. 94 

 95 

The difference in pharmacokinetics between antibody formats could be hypothesised to make the 96 

formats differentially suited for neutralizing different classes of toxins. For instance, smaller antibody 97 

formats, which are often assumed to have larger volumes of distribution, might be more suitable for 98 

the neutralization of locally acting toxins in distal tissue, such as toxins causing local necrotic effects 99 

(Gutiérrez et al., 2003; Seifert and Boyer, 2001). Conversely, larger formats, such as the 100 

immunoglobulin G (IgG) format, might be better suited for neutralizing systemically acting toxins, 101 

such as neurotoxins and hemotoxins. The superior half-lives of IgGs might also offer prolonged 102 

protection against toxins entering circulation from the bite site at a later time point due to depot effects 103 

(Seifert and Boyer, 2001). However, careful consideration should still be given as to which format 104 

should be chosen, as studies show that the interplay between pharmacokinetics and 105 

pharmacodynamics often makes the situation more complex than what theoretical generalisations 106 

might lead one to predict (Gutiérrez et al., 2003). 107 

 108 
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 109 

Figure 1. A) Schematic representation of a preincubation assay, where either whole venom or selected 110 

venom components are incubated with the experimental antivenom, prior to administration into the 111 

model organism. B) Schematic representation of a rescue assay, in which venom or toxins are injected 112 

into the model organism, followed by injection of the experimental antivenom after a delay.  113 

 114 

Understanding the influence of pharmacodynamics and complementary properties of antibodies in an 115 

antivenom is of high importance. However, it is also essential to consider the toxicodynamics and 116 

synergistic effects of venom toxins that are to be neutralized with a given novel antivenom. For 117 

example, it might be worth considering if it is necessary to neutralize all toxins in a venom to 118 

neutralize venom lethality. It has been suggested that by only neutralizing key toxins and/or by 119 

disrupting toxin synergism (the phenomenon where a mixture of venom components has a toxicity 120 

that is significantly higher than the sum of the toxicities of the components alone), it might be possible 121 

to neutralize whole venom lethality (Laustsen, 2016a; Laustsen et al., 2015). This has recently been 122 

demonstrated to be the case for Dendroaspis polylepis venom (Laustsen et al., 2018b), as well as it 123 

has been demonstrated that antibodies raised against the snake venom metalloproteinase Ecarin from 124 

Echis carinatus venom had partial neutralising potential in mice envenomed with E. ocellatus venom 125 

(Ainsworth et al., 2018). These findings underline that when employing novel drug development 126 

strategies, as well as innovative immunization techniques (Bermúdez-Méndez et al., 2018), it may be 127 
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possible to develop efficacious antivenom products that only target a subset of the venom 128 

components. 129 

 130 

For several decades, the use of recombinant antibodies has been investigated in the field of antivenom 131 

research (Laustsen et al., 2018a, 2016a). Many of these attempts to create novel antivenoms have 132 

employed various types of antibody formats. As such, different antibody formats, including 133 

nanobodies (VHHs), single-chain antibody fragments (scFvs), antigen binding antibody fragments 134 

(Fabs and F(ab´)2s), and whole monoclonal IgG molecules (see Figure 2A) have demonstrated 135 

efficacy in neutralizing snake venoms (Boyer et al., 2013; Brvar et al., 2017; Castro et al., 2014; Julve 136 

Parreño et al., 2017; Laustsen et al., 2018b; Richard et al., 2013). In another of these studies, Richard 137 

et al. showed that VHHs isolated from an immune phage display nanobody library, as well as VHH-138 

Fc constructs, effectively neutralized α-cobratoxin from Naja kaouthia (Richard et al., 2013). 139 

Combined, these studies demonstrate the feasibility of using different types of recombinant antibodies 140 

for neutralizing snake venom toxins. This may be unsurprising given that conventional antivenoms 141 

based on different antibody formats have been used to successfully treat snakebite victims for more 142 

than a century. 143 

 144 

A newer approach within development of next-generation envenoming therapeutics focuses on 145 

inhibitors of enzymatic toxins, such as phospholipases A2 and snake venom proteases. The strength 146 

of these small molecule inhibitors lies in their ability to neutralize the activities of multiple different 147 

toxins across different species by exploiting the similarities of the catalytic sites of toxin subfamilies. 148 

One of the most promising examples of this category of antitoxins is varespladib (LY315920) and its 149 

orally available prodrug methyl-varespladib (LY333013) (see Figure 2B). These drugs were 150 

originally developed to treat acute coronary syndrome and went through human clinical trials, but 151 

were later repurposed for inhibition of phospholipase A2 (PLA2) toxins by Lewin et al. (Lewin et al., 152 

2016). In this study, it was demonstrated that mice pretreated or co-injected with varespladib had 153 

higher rates of survival when administered with lethal doses of Micrurus fulvius and Vipera berus 154 

venom than control mice not treated with varespladib (Lewin et al., 2016). These results were 155 

bolstered further, when Bryan-Quirós et al. demonstrated that immediate injection of varespladib at 156 

the site of toxin or venom administration could significantly reduce the myonecrotic effects of venom 157 

from Pseudechis colletti and Bothrops asper (Bryan-Quirós et al., 2019). In addition to its anti-158 

myonecrotic effects, the methylated version of varespladib has shown neutralizing abilities towards 159 

lethal doses of neurotoxic venoms from Micrurus fulvius and the Papuan Oxyuranus scutellatus, 160 

respectively, in rescue assays in porcine and murine models (Lewin et al., 2018a, 2018b). This could 161 

prove especially promising for the treatment of neurotoxic snakebites in Papua New Guinea, where 162 

taipans are responsible for a large amount of lethal envenoming cases (Vargas et al., 2011).  163 

 164 

Another promising example of the use of small molecule inhibitors for the neutralization of enzymatic 165 

toxins is the metalloprotease inhibitor batimastat and its orally available prodrug marimastat (see 166 
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Figure 2B). Like varespladib, batimastat was originally developed for a different indication and later 167 

repurposed for snakebite envenoming (Rasmussen and McCann, 1997). Both batimastat and 168 

marimastat have been shown to effectively abrogate the hemorrhagic and coagulopathic effects 169 

induced by Echis ocellatus venom if administered early and close to the site of venom injection (Arias 170 

et al., 2017). Another group of small molecule enzymatic inhibitors is made up by metal chelators, 171 

such as EDTA. Several studies show that chelating agents can abrogate toxic effects of snake venom 172 

(Ainsworth et al., 2018; Escalante et al., 2017; Howes et al., 2007).  However, a common factor for 173 

these small molecule inhibitors is that they target only one family of enzymatic toxins. This makes it 174 

unlikely that one of them will become a stand-alone therapeutic that can effectively neutralize all 175 

toxic effects of a broad range of snake venoms, which typically comprise a multitude of different 176 

toxin families. Instead, it seems likely that it may find its use as an adjunctive treatment, as 177 

fortification agents for hybrid antivenoms comprising both antibodies and small molecule inhibitors, 178 

or as a first aid that can be administered en route to a healthcare facility (Kini et al., 2018). Despite 179 

the promise of these and other small molecule inhibitors, to the best of our knowledge, no small 180 

molecule inhibitors have ever been marketed for the treatment of snakebite envenoming with the aim 181 

of neutralizing the snake toxins. 182 

 183 

Other technical avenues for developing improved therapeutics against snakebite envenoming are 184 

currently being pursued, including the use of oligonucleotide aptamers and nanoparticles (see Figure 185 

2C and 2D) (Chen et al., 2016; El-Aziz et al., 2017; Karain et al., 2016). More extensive reviews of 186 

these molecules can be found elsewhere (Knudsen and Laustsen, 2018; Laustsen et al., 2016a, 2016b). 187 

 188 

 189 

Figure 2. A) Schematic representation of various antibody formats used within antivenom research. 190 

B) Chemical structures of some small molecule inhibitors discussed in this review. C) Examples of 191 
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secondary structures of oligonucleotide aptamers (generated using software described in (Kerpedijev 192 

et al., 2015) with sequences from (Chen et al., 2016). D) Schematic representations of two 193 

nanoparticles. The representations in this figure are not to scale.  194 

 195 

In short, many exciting and promising research results have been reported on the use of various types 196 

of molecular compounds for snake toxin neutralization. However, none have progressed to clinical 197 

trials. In many cases, it is unknown how the pharmacokinetics and pharmacodynamics of the less 198 

commonly studied molecular entities or scaffolds will affect their efficacy in such trials.  199 

 200 

3. Safety 201 

 202 

The safety profiles of current antivenoms often constitute one of their greatest drawbacks, as many 203 

antivenoms have been associated with severe adverse reactions (Chippaux et al., 2017). Therefore, 204 

the propensity for eliciting adverse effects must be addressed when developing novel antivenom 205 

products. For conventional antivenoms, these adverse reactions can be both early-onset, occurring up 206 

to 24 hours after administration of antivenom, and late-onset, occurring between 5 and 24 days after 207 

antivenom administration (León et al., 2013). Around 20% of snakebite victims that are administered 208 

antivenom experience early-onset adverse reactions (León et al., 2013). However, the incidence rate 209 

is related to the antivenom product and can be as high as 88% and as low as 3% (León et al., 2013). 210 

These reactions can be serious and in rare cases be life-threatening. Early-onset adverse reactions can 211 

be divided into two categories; pyrogenic or anaphylactic reactions. The pyrogenic reactions are a 212 

direct result of contamination of the antivenom and these reactions can therefore be completely 213 

eliminated by implementation of proper product design and good manufacturing practices (GMP) in 214 

the production (León et al., 2013). Late-onset serum sickness is a result of an immune response 215 

against the heterologous proteins in the antivenom. The actual incidence of these late-onset reactions 216 

are not well known, as patients rarely return to the hospitals after treatment (León et al., 2013). In 217 

healthcare facilities, which are poorly resourced and staffed by personnel with inappropriate training 218 

to tackle such situations, adverse reactions further complicate treatment of snakebite victims 219 

(Chippaux et al., 2017). As a result, antivenom is often only administered when clear signs of 220 

envenoming manifest themselves (World Health Organization, n.d.), which also has the consequence 221 

that antivenom administration may be delayed, allowing the venom toxins to exert their toxic effects 222 

for a longer time period. However, when properly manufactured, animal-derived antivenoms having 223 

gone through rigorous quality control are associated with few adverse reactions when used to treat 224 

animal envenomings in humans (León et al., 2018). 225 

 226 

Polyclonal plasma-derived camelid IgGs have been investigated for many years (Harrison et al., 227 

2011), as they have demonstrated a lower propensity towards inducing adverse reactions than 228 

polyclonal plasma-derived IgGs of equine and ovine origin (Herrera et al., 2005). It has been 229 

suggested that intravenous administration of antivenom based on camelid antibodies might decrease 230 
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the risk of inducing serum sickness and anaphylaxis compared to administration of antivenoms based 231 

on equine antibodies (Harrison et al., 2011). However, more recent research pursues recombinant 232 

production of camelid single-domain VHH antibody fragments (Prado et al., 2016; Richard et al., 233 

2013). The development of snakebite therapeutics based on murine monoclonal IgG antibodies and 234 

antibody fragments has also been attempted (Laustsen et al., 2016a), but is no longer pursued 235 

(Laustsen et al., 2018a), as their heterologous nature has proven to cause both early and late adverse 236 

reactions, as well as loss of efficacy during repeated use in indications other than snakebite 237 

envenoming (Descotes, 2009; Hansel et al., 2010; Laustsen et al., 2018a). To mitigate the risk of 238 

immunogenicity, manufacturers of therapeutic antibodies for many other indications increasingly 239 

make use of recombinant human antibodies (Grilo and Mantalaris, 2018; Nelson et al., 2010). Human 240 

antibodies are compatible with the human immune system, and while they are not entirely devoid of 241 

the risk of provoking immunogenicity, they have greatly improved safety profiles compared to 242 

humanized, chimeric, and murine antibodies (Hansel et al., 2010; Harding et al., 2010). An additional 243 

benefit might be found in their manufacture, as recombinant expression of monoclonal antibodies 244 

(mAbs) yields a more defined antibody product (in contrast to isolation of polyclonal antibodies from 245 

sera with inherent batch-to-batch variation and undefined composition). This provides the 246 

manufacturer with control over which antibodies are produced, unlike when immunization methods 247 

are used, and will theoretically enable the antivenom manufacturer to produce antivenoms consisting 248 

purely of therapeutically relevant antibodies with proven efficacy. Since some current antivenoms 249 

consist of undefined mixtures of antibodies, as few as 5% of which target snake venom components 250 

(Rawat et al., 1994), a shift towards a defined mixture of therapeutically relevant mAbs could 251 

potentially lead to development of more efficacious antivenom products. In turn, this may lead to a 252 

scenario, where lower doses may be required to treat a given envenoming, thereby possibly lowering 253 

both cost of treatment and the risk of adverse effects.  254 

 255 

To date, antivenoms comprised of monoclonal IgGs or any other types of recombinant proteins are 256 

yet to enter the clinical setting (Laustsen et al., 2018a), but for many other indications there is a rapid 257 

increase in market-approved mAbs, especially mAbs of human origin (Grilo and Mantalaris, 2018). 258 

This trend may eventually benefit antivenom manufacturers as production of comparatively safe, 259 

recombinant antibodies becomes increasingly standardized and economically attractive.  260 

 261 

A high number of small non-antibody-based protein scaffolds with different safety profiles are being 262 

explored for various indications and may be relevant to investigate in relation to snakebite 263 

envenoming (Jenkins et al., 2019; Vazquez-Lombardi et al., 2015). In some cases, it is found that 264 

improving the safety profiles of these non-antibody-based protein scaffolds is recommendable. 265 

Elimination of T and/or B cell epitopes is one such strategy employed to decrease immunogenicity 266 

and improve safety and efficacy of the protein (King et al., 2014; Mazor et al., 2017; Nagata and 267 

Pastan, 2009). Many of non-antibody-based protein scaffolds targeting various indications outside of 268 

snakebite have progressed through preclinical trials, and several, like adnectins, affibodies, affilins, 269 
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affitins, anticalins, avimers, DARPins, and Kunitz domains have been tested in Phase I, II, or III 270 

clinical trials, respectively (Jenkins et al., 2019; Vazquez-Lombardi et al., 2015). The progression 271 

through and completion of clinical trials indicate that some of these scaffolds might be developed and 272 

used for therapeutic purposes for a wide range of indications. However, to the extent of our 273 

knowledge, the mentioned scaffolds remain clinically untested for the treatment of toxins from snake 274 

venoms.  275 

 276 

Unlike non-antibody-based protein scaffolds, nanoparticles have been investigated specifically for 277 

treating experimental snakebite envenoming. In a recent study, abiotic hydrogel nanoparticles were 278 

successfully engineered to randomly associate with and modulate the activity of a diverse array of 279 

both PLA2 and three-finger toxin isoforms, inhibiting dermonecrosis caused by the black-necked 280 

spitting cobra (Naja nigricollis) (O’Brien et al., 2018). Toxicity studies without venom 281 

administration, comparing only the effects of nanoparticle injection to the injection of phosphate 282 

buffered saline, provided promising indications of preclinical safety. Mice receiving the nanoparticles 283 

intravenously did not exhibit signs of toxicity or behavioral changes. Mice receiving the nanoparticles 284 

intramuscularly in the gastrocnemius did not exhibit problems with mobility nor did the mice exhibit 285 

a higher plasma creatine kinase activity, which would have indicated myotoxicity. When the 286 

nanoparticles were injected intradermally, no macroscopic effects on the skin were observed, and 287 

additionally, only normal microscopic appearances were observed in histological assessments 288 

subsequent to administration of the nanoparticle via the intravenous, intramuscular, and intradermal 289 

routes (O’Brien et al., 2018). In 2016, 51 medicines based on nanoparticles had achieved FDA-290 

approval, and another 77 nanoparticle-based therapeutic candidates were in clinical trials (Bobo et 291 

al., 2016). Most of these nanoparticles are of polymeric, liposomal, or nanocrystalline material, but 292 

also metallic, micelle-, and protein-based nanomedicines have been approved by regulatory agencies 293 

(Bobo et al., 2016). The wide array of nanoparticles which have gained regulatory approval, and the 294 

diversity of the indications these nanoparticles target, offer hope that nanoparticles might also find a 295 

therapeutic use within snakebite envenoming. 296 

 297 

Most producers of antibody-based therapeutics outside of the field of snakebite antivenom are moving 298 

away from the use of non-human IgG antibodies. While antivenom researchers are exploring the 299 

opportunity to mimic this trend by shifting the focus to nanobodies, human antibodies, and non-300 

antibody-based protein scaffolds, none of this research has yet left the laboratories and entered the 301 

clinic. The reports of adverse effects of existing antivenoms highlight one of the greatest drawbacks 302 

of the current antivenom generation and thereby one of its greatest and most important opportunities 303 

for improvement. Although thorough safety studies of alternative therapeutic modalities for treating 304 

envenoming remain scarce, modalities which have proved safe for the treatment of other indications 305 

might constitute safer alternatives to the frequently immunogenic antivenoms based on heterologous 306 

polyclonal antibodies, which are currently in use.  307 

 308 
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4. Developability and manufacturing 309 

 310 

The process of bringing a pharmaceutical to the market is time-consuming, expensive, and has a 311 

success rate of less than 1% (Kannt and Wieland, 2016). This, in combination with the poor economic 312 

incentive to develop new antivenoms, necessitates focusing on tried and tested molecular formats 313 

with standardized discovery and production methods. Doing so might minimize the risk of prolonging 314 

the process of bringing the drug to the market. Such a prolongation would further increase the costs 315 

of the drug development program, forcing the drug developer to charge a high price for the drug to 316 

recoup expenditure, and thereby possibly rendering the drug economically unavailable to those who 317 

need it (Kini et al., 2018; Laustsen and Dorrestijn, 2018).  318 

 319 

Due to their complexity, snake venoms are unlikely to be neutralized by a single molecule, and this 320 

makes ‘one hit’ drugs therapeutically unfeasible. Furthermore, as snake venoms are highly diverse 321 

and different across continents, developing a ‘universal antivenom’ that theoretically would be able 322 

to neutralize all key toxins from all snakes across the world seems highly infeasible and irrelevant. 323 

However, future antivenoms will most likely be quite complex therapeutic products with mixed 324 

compositions of toxin-neutralizing modalities. For the development of an array of molecules that can 325 

neutralize different toxins, it could be beneficial to use molecules for which standardized high-326 

throughput discovery protocols exist and where the development and production process can 327 

piggyback on experience from other fields. Examples of molecules for which high-throughput 328 

discovery protocols have already been developed include aptamers, peptides, and mAbs that can all 329 

be selected against toxins in vitro through SELEX (for aptamers) (Tuerk and Gold, 1990) or phage 330 

display (for peptides and antibodies) (McCafferty et al., 1990; Smith, 1985). As an example, phage 331 

display was employed to select human antibodies against mamba toxins, which were not neutralized 332 

by conventional antivenom (Laustsen et al., 2018b). Phage display has additionally been used to 333 

discover human scFvs against toxins from Bothrops jararacussu and Crotalus durissus terrificus 334 

venom. These scFvs were in vitro reported to inhibit plasma-clotting and prolonged survival of mice 335 

injected with lethal doses of the two venoms (Silva et al., 2018).  336 

 337 

Repurposing existing drugs might significantly shorten the process of discovery and lead to 338 

development of novel adjunctive treatments targeting specific toxin (sub-)families, with one 339 

prominent example being the previously mentioned varespladib (Kini et al., 2018; Lewin et al., 340 

2018b, 2016; Wang et al., 2018). Repurposing of such drugs has the potential to lower the cost of 341 

treatment as there are much fewer expenses associated with their development.  342 

 343 

Another important factor for the cost of a novel antivenom is the cost of its manufacture (Laustsen 344 

and Dorrestijn, 2018). For antibody-based antivenoms, recombinant production can be undertaken in 345 

several ways (see examples in Figure 3), depending on the requirements of glycosylation, yields, ease 346 

of purification, and the scale of the production (Laustsen et al., 2018a). Within large scale 347 
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pharmaceutical antibody production approximately 95% of therapeutic antibodies are produced in 348 

mammalian cell lines such as Chinese Hamster Ovarian (CHO) cells (Jäger et al., 2013; Walsh, 2014). 349 

This has prompted antibody researchers to undertake cost-calculations for large scale production of 350 

IgG-based antivenoms in mammalian cell lines (see Figure 3C) and lead to the theoretical 351 

demonstration that such production methods would likely be cost-competitive with existing 352 

manufacturing processes for conventional antivenoms, assuming that oligoclonal expression 353 

technologies (such as the Sympress technology) are employed (Laustsen, 2016b; Laustsen et al., 354 

2017; Rasmussen et al., 2012; Wiberg et al., 2006).  355 

 356 

 357 

Figure 3. Comparison of antibody generation schemes for antivenoms. A) Antibody generation 358 

scheme for many antivenoms in clinical use. B) Generation scheme for antibodies via hybridoma 359 

technology. C) Generation scheme for antibodies by phage display technology. 360 

 361 

For other types of molecules, such as nucleotide-based aptamers, simple chemical production is often 362 

used for small scale synthesis. This allows for cheap production of aptamers required for preclinical 363 

testing. However, while some studies present a positive outlook on the large scale cost of manufacture 364 

of aptamers (Keefe et al., 2010), studies that thoroughly examine this cost of manufacture are hard to 365 

find. It therefore remains unclear what the actual cost of aptamer manufacture is in large scale. It 366 

therefore remains to be seen whether this cost is prohibitively high for novel aptamer-based 367 

antivenom products that are to reach impoverished victims in the tropics. 368 

 369 

Generally, in the pharmaceutical industry, many small molecule therapeutics can be manufactured in 370 

large volumes at low cost. However, this does not guarantee that the cost of simultaneous production 371 
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of multiple small molecules for an antivenom will be equally low, as different production facilities 372 

operating in parallel will most likely be needed for each of these molecules.  373 

 374 

Another important consideration is the downstream processing needed for purification of the active 375 

pharmaceutical ingredients after the upstream process. As an example, IgGs and IgG-like proteins 376 

can be produced both in mammalian cell cultures and in plants (Julve Parreño et al., 2017; Laustsen 377 

et al., 2018b). Even more important than the upstream process is the complex and expensive 378 

downstream process, which often accounts for as much as 80% of the total production cost (Wilken 379 

and Nikolov, 2012). Downstream processing of proteins expressed in plants requires harvesting, 380 

extraction, clarification of the extract, and purification of the proteins (Lojewska et al., 2016). By 381 

comparison, antibodies expressed in cell cultures can be purified using caprylic acid precipitation 382 

and/or protein A affinity chromatography (Liu et al., 2010; Morais et al., 2014). This is routinely 383 

performed within industrial antibody manufacturing (Hammerschmidt et al., 2014; Liu et al., 2010), 384 

with the consequence that these purification methods have been extensively optimized and are highly 385 

standardized. Therefore, when choosing a production strategy, it is highly relevant to take the 386 

downstream processing, that follows each method of (bio)synthesis, into account. 387 

 388 

For a novel antivenom product to be able to replace existing plasma-derived antivenoms, the cost of 389 

treatment is of high importance, as these therapies are to be delivered especially to impoverished 390 

victims in countries with limited healthcare budgets. To keep costs low, strategies such as choosing 391 

a molecule for which standardized discovery and manufacturing protocols exist and considering the 392 

cost of both upstream and downstream processing are thus highly relevant. Repurposing of existing 393 

drugs could also allow for great reduction of cost of antivenoms’ development processes. 394 

 395 

5. Regulatory aspects 396 

 397 

Antivenoms are unusual medicines and have historically not followed the conventional path for 398 

regulatory approval. Antivenoms have been used since 1896 in human patients, with limited attention 399 

in many clinical trials towards their safety and effectiveness (World Health Organization, 2010). Even 400 

to this day, some manufacturers introduce new antivenoms to the market with no conventional clinical 401 

evaluation process, and some antivenoms even lack preclinical data to support effectiveness 402 

(Williams et al., 2018). 403 

 404 

Bringing a drug candidate to the market through the conventional pathway is notoriously expensive 405 

and time-consuming (Kannt and Wieland, 2016): The average time from the conclusion of preclinical 406 

testing until FDA-approval is granted is 8-9 years, seven of which are spent on clinical trials and 1-2 407 

of which are for FDA review (Reichert, 2010). All in all, the process from drug development to 408 

regulatory approval frequently ends up taking over 15 years and costing between USD 3.7 and 11.8 409 
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billion (Kannt and Wieland, 2016); a sum that is prohibitive within antivenom development and 410 

marketing (Williams et al., 2018).  411 

 412 

Another challenge for current antivenoms is their propensity for inducing adverse effects, which has 413 

caused many manufacturers to forfeit phase 1 trials rather than expose healthy individuals to the risk 414 

of suffering adverse reactions (Alirol et al., 2017). Fortunately, fundamentally novel types of 415 

antivenom (such as recombinant antivenoms based on monoclonal antibodies) are currently being 416 

researched and developed (Jenkins et al., 2019; Knudsen and Laustsen, 2018; Laustsen, 2017; 417 

Laustsen et al., 2018a, 2016a). These next-generation antivenoms can be designed to have improved 418 

safety profiles compared to current antivenoms, as they can be based on less immunogenic modalities. 419 

Improved safety could even allow antivenom developers to bring next-generation antivenoms into 420 

clinical phase 1 trials. Being able to test novel antivenom products in clinical phase 1 trials has the 421 

potential to dramatically improve future envenoming therapies for patients by allowing for early 422 

systematic assessment of clinical safety prior to market entry. It can further be speculated, that if the 423 

safety of next-generation antivenom products can be demonstrated to be superior compared to 424 

existing antivenoms, an opportunity may present itself for earlier antivenom administration, e.g. in 425 

an ambulance en route to a treatment facility. Earlier treatment of snakebite envenoming has been 426 

correlated with faster recovery and hospital discharge (Anderson et al., 2018; Johnston et al., 2017) 427 

and might be especially helpful in the case of rapidly acting toxins, e.g. neurotoxins. Thus, improved 428 

safety may very well lead to improved effectiveness for snakebite antivenoms. 429 

 430 

Repurposing of approved therapeutics or therapeutic candidates, which have already gone through 431 

(some) clinical trials, could be a way to reuse the results from costly clinical safety trials. As an 432 

example, varespladib has previously gone through clinical trials, but was arrested in phase 3 due to 433 

insufficient efficacy against acute coronary syndrome (Adis, 2011; U.S. National Library of 434 

Medicine, n.d.). However, the phase 2 trials of varespladib suggested that six months of daily 435 

treatment for acute coronary syndrome with 500 mg active pharmaceutical ingredient generated no 436 

adverse effects compared to the placebo treatment. The estimated dose of varespladib required to treat 437 

snakebite envenoming in an adult man of 70 kg has been estimated to be 280 mg, which suggests that 438 

treatment with varespladib against snakebite would be safe from adverse reactions (Wang et al., 439 

2018). Similarly, the safety of batimastat and marimastat has already been clinically investigated 440 

(Parsons et al., 1997; Sparano et al., 2004; Steward, 1999). As such, relying on previous safety 441 

assessments of repurposed therapeutics and therapeutic candidates poses another potential path 442 

through the regulatory approval system for novel antitoxin molecules.  443 

 444 

Finally, it is possible that future antivenoms will combine existing molecular formats with new ones. 445 

For example, it could be envisioned that traditional antivenoms could be spiked with some of the 446 

novel antitoxins discussed here. Small molecule inhibitors with broad neutralizing capacities and 447 

human monoclonal antibodies targeting poorly immunogenic toxins could bolster current antivenoms 448 
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(Kini et al., 2018).  However, it is difficult to predict how such hybrid products will be viewed by the 449 

regulatory authorities, and which regulatory demands hybrid antivenom products may be met with. 450 

 451 

In conclusion, next-generation antivenoms might display improved safety and efficacy profiles, 452 

which could enable them to go through more conventional clinical trials and regulatory processes. 453 

However, funding and practical challenges associated with such trials, as described by Williams et 454 

al. (Williams et al., 2018), might still prove problematic or even prohibitive for the completion of 455 

clinical trials, and it is difficult to predict how next-generation antivenoms or hybrid antivenoms will 456 

be evaluated by the regulatory authorities. 457 

 458 

6. Closing remarks  459 

 460 

An urgent need for improving prevention and treatment of snakebite victims exists. Such an 461 

improvement must occur on multiple levels, from the creation of international guidelines and public 462 

health policies, over national strategies for snakebite management, to improved therapies that are 463 

affordable and available to snakebite victims (Gutiérrez et al., 2014; Harrison and Gutiérrez, 2016). 464 

While some countries are reliably served with high-quality antivenom products by several 465 

manufacturers, other countries are struck by an antivenom paucity in part due to the poor economic 466 

viability of current antivenoms in these markets. This accentuates the need for considering antivenom 467 

development and production from an economic perspective. Based on these considerations, it might 468 

be relevant to focus on therapeutic modalities which are either inherently broadly specific against 469 

certain toxin subfamilies (e.g. some enzymatic inhibitors) or scaffold molecules which can be easily 470 

adapted to neutralize multiple targets (e.g. antibodies or similar scaffold proteins). It would further 471 

be advantageous to focus on types of molecules, which can be discovered and developed in a 472 

parallelized high-throughput fashion and which are manufacturable using standardized large scale, 473 

low-cost production processes. Additionally, it might be relevant for the antivenom researcher to 474 

focus on modalities with known pharmacokinetics to minimize the risk of failure in preclinical and 475 

clinical studies. By allowing these engineering and design considerations to direct the development 476 

process for fundamentally novel types of antivenoms, it may one day be possible to bring about safer, 477 

more effective, and economically viable antivenom products to snakebite victims in need. 478 
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