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Abstract: Snakebite envenoming is a neglected tropical disease that each year claims the lives
of 80,000–140,000 victims worldwide. The only effective treatment against envenoming involves
intravenous administration of antivenoms that comprise antibodies that have been isolated
from the plasma of immunized animals, typically horses. The drawbacks of such conventional
horse-derived antivenoms include their propensity for causing allergenic adverse reactions due to
their heterologous and foreign nature, an inability to effectively neutralize toxins in distal tissue, a low
content of toxin-neutralizing antibodies, and a complex manufacturing process that is dependent
on husbandry and procurement of snake venoms. In recent years, an opportunity to develop a
fundamentally novel type of antivenom has presented itself. By using modern antibody discovery
strategies, such as phage display selection, and repurposing small molecule enzyme inhibitors,
next-generation antivenoms that obviate the drawbacks of existing plasma-derived antivenoms could
be developed. This article describes the conceptualization of a novel therapeutic development strategy
for biosynthetic oligoclonal antivenom (BOA) for snakebites based on recombinantly expressed
oligoclonal mixtures of human monoclonal antibodies, possibly combined with repurposed small
molecule enzyme inhibitors.

Keywords: snakebite envenoming; neglected tropical diseases; antivenom; next-generation antivenom;
recombinant antivenom; small molecule inhibitors

Key Contribution: Snakebite envenoming and associated mortalities and morbidities are a solvable
international disaster. We propose a new strategy to improve the treatment of snakebite victims using
biosynthetic oligoclonal antivenom (BOA) for snakebites, a cocktail of recombinant human antibodies
and small molecular inhibitors. This next-generation snakebite envenoming therapy is based on
the well-established technology of human therapeutic antibodies and repurposing of small molecule
inhibitors that have been demonstrated to be sufficiently safe in humans. BOA therapy holds the promise
of being more efficacious and overcoming the inherent drawbacks of horse-derived antivenoms.
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1. Introduction

Snakebite is a serious menace in tropical countries and was recognized as a “neglected tropical
disease” by the World Health Organization in 2017 [1]. Every year, more than 1.8–2.7 million cases
of snakebite envenoming in human victims occur, resulting in 80,000–140,000 deaths and at least
twice as many disabling morbidities around the world [2]. Most of the victims are in their productive
age (between 20–40 years) and are often main breadwinners, leading to a great negative impact
on the economics of their families. India has the highest number of deaths in the world due to
snakebites (more than 46,000 [3]), predominantly caused by the “big four” snakes: Indian cobra
(Naja naja), Common krait (Bungarus caeruleus), Russell’s viper (Daboia russelii), and Saw-scaled
viper (Echis carinatus) [4]. In October 2018, several like-minded basic scientists and clinicians came
together at the Live and Let Live: Snakebite Cure Symposium at the Nextgen Genomics, Biology,
Bioinformatics, and Technologies Conference in Jaipur, India to find a sustainable solution to the Indian
snakebite envenoming challenge. Scientific discussions at this event concluded in agreement that the
concept presented in this article is likely to be a promising avenue to follow for the development of
next-generation antivenom with improved therapeutic properties. In this present concept, we propose
the use of recombinant human antibodies and small molecule inhibitors to eventually replace
horse-derived antivenoms (Figure 1). These next-generation treatments will have better efficacy and a
reduced level of adverse reactions compared to current therapies.

Toxins 2018, 10, x FOR PEER REVIEW  2 of 10 

 

1. Introduction 

Snakebite is a serious menace in tropical countries and was recognized as a “neglected tropical 
disease” by the World Health Organization in 2017 [1]. Every year, more than 1.8–2.7 million cases of 
snakebite envenoming in human victims occur, resulting in 80,000–140,000 deaths and at least twice 
as many disabling morbidities around the world [2]. Most of the victims are in their productive age 
(between 20–40 years) and are often main breadwinners, leading to a great negative impact on the 
economics of their families. India has the highest number of deaths in the world due to snakebites 
(more than 46,000 [3]), predominantly caused by the “big four” snakes: Indian cobra (Naja naja), 
Common krait (Bungarus caeruleus), Russell’s viper (Daboia russelii), and Saw-scaled viper (Echis 
carinatus) [4]. In October 2018, several like-minded basic scientists and clinicians came together at the 
Live and Let Live: Snakebite Cure Symposium at the Nextgen Genomics, Biology, Bioinformatics, 
and Technologies Conference in Jaipur, India to find a sustainable solution to the Indian snakebite 
envenoming challenge. Scientific discussions at this event concluded in agreement that the concept 
presented in this article is likely to be a promising avenue to follow for the development of next-
generation antivenom with improved therapeutic properties. In this present concept, we propose the 
use of recombinant human antibodies and small molecule inhibitors to eventually replace horse-
derived antivenoms. These next-generation treatments will have better efficacy and a reduced level 
of adverse reactions compared to current therapies. 

 
Figure 1. Schematic overview of the manufacturing processes for antivenoms. (A) Conventional 
plasma-derived antivenoms are manufactured through a five-step process. (1) Snakes are milked to 
obtain venom. (2) The venom is used to immunize a horse (or in some cases a sheep). (3) Upon 
completion of the immunization process, blood is drawn from the horse. (4) Plasma and erythrocytes 
are separated, and different precipitation techniques are used to isolate IgG antibodies from the 
plasma. (5) Following concentration and formulation, the antivenom is bottled and ready for use. (B) 
In contrast, recombinant antivenoms based on monoclonal antibodies and/or antibody fragments can 
be developed through a very different, and much more defined, five-step process. (1) Different 
techniques are used to identify medically important venom toxins (e.g., toxicovenomics). (2) Using 
phage display selection (or other antibody discovery techniques), monoclonal antibodies are 
discovered against the medically relevant toxins. (3) Different formats of monoclonal antibodies may 
be combined to formulate an oligoclonal mixture of monoclonal antibodies that each target different 
key toxins. (4) The oligoclonal antibody mixture is manufactured using cell cultivation techniques, 
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Figure 1. Schematic overview of the manufacturing processes for antivenoms. (A) Conventional
plasma-derived antivenoms are manufactured through a five-step process. (1) Snakes are milked
to obtain venom. (2) The venom is used to immunize a horse (or in some cases a sheep). (3) Upon
completion of the immunization process, blood is drawn from the horse. (4) Plasma and erythrocytes
are separated, and different precipitation techniques are used to isolate IgG antibodies from the plasma.
(5) Following concentration and formulation, the antivenom is bottled and ready for use. (B) In contrast,
recombinant antivenoms based on monoclonal antibodies and/or antibody fragments can be developed
through a very different, and much more defined, five-step process. (1) Different techniques are used
to identify medically important venom toxins (e.g., toxicovenomics). (2) Using phage display selection
(or other antibody discovery techniques), monoclonal antibodies are discovered against the medically
relevant toxins. (3) Different formats of monoclonal antibodies may be combined to formulate an
oligoclonal mixture of monoclonal antibodies that each target different key toxins. (4) The oligoclonal
antibody mixture is manufactured using cell cultivation techniques, such as single-batch expression
technologies. (5) Upon purification and formulation, the recombinant antivenom is bottled and ready
for use. Drawbacks of conventional plasma-derived antivenoms and the corresponding benefits of
recombinant antivenoms are presented in the right side of the figure.
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2. Current Treatment for Snakebite Victims

Snakebite envenoming is a severe medical emergency that can cause multiple organ failure. Thus,
it requires quick and timely treatment of the victims. Currently, the only accepted treatment for snakebite
envenomings involves intravenous administration of conventional antivenoms, which comprise
antibodies or antibody fragments derived from the plasma of larger mammals (typically horses)
that have been immunized with snake venom(s) (Figure 1A) [5,6]. Unfortunately, the use of such
heterologous antivenoms has numerous inherent drawbacks:

1. Inability to abrogate local tissue damage: Snakebites from several snake species cause severe local
tissue damage, leading to disfigurement, amputation, and permanent disability. The administration
of antivenoms in most cases fails to neutralize this catastrophic pathology, as the heterologous
antibodies or antibody fragments in antivenoms have insufficient pharmacokinetics to reach and
neutralize toxins in deep tissue before these have started exerting their toxic functions [2].

2. Allergic reactions and anaphylactic shock: The administration of antivenoms, which are foreign
horse-derived antibodies, may lead to acute anaphylactic shock in snakebite victims, which has
been demonstrated to be the case for >40% for certain antivenoms [7–10]. These life-threatening
adverse reactions must be managed by attending clinicians.

3. Serum sickness: Serum sickness is a delayed response to antivenom administration that occurs
for 5–56% of treated victims for certain antivenoms [11–13]. The incidence of serum sickness is
poorly defined, mostly because patients rarely return to health centers or they are not adequately
followed after hospital discharge. Despite best efforts, typical antivenoms contain only 5–36%
snake venom toxin-binding antibodies [14–16]. The ability of these antibodies to neutralize
snakebite pathologies depends on the proportion of toxin-neutralizing antibodies and their
pharmacokinetics. Hence, a significant number of antivenom vials are administered to each
snakebite victim, with extreme cases requiring as much as 15 g of heterologous antibody
protein [17]. Such a high dose administration increases the probability of serum sickness.

4. Inability to neutralize snake venoms from different regions: Snake venoms exhibit significant
geographic variations in their toxin composition [18–29]. These variations are due to local
adaptation, differences in diet, and ontogeny [30]. In a large country, like India, it would be
ideal to pool venoms from various regions when designing immunization mixtures to overcome
this drawback.

5. Complex manufacturing processes: Antivenom manufacture is complicated by the dependence
of polyclonal antibodies on two biological systems, namely representative snake venoms and
individual horse immune systems.

Some of the above drawbacks make clinicians recalcitrant to treat snakebite victims with
antivenom. These drawbacks—taken together with poor transportation to quickly reach primary
health centers, unavailability of antivenoms, and poor training of clinicians—lead to a large number of
snakebite-induced deaths.

3. Next-Generation Snakebite Therapy

Based on the above limitations, we opined that there is an unmet medical need for significantly
improved treatments for snakebite victims. In this regard, we considered the use of recombinant
antivenoms containing oligoclonal mixtures of human monoclonal antibodies along with small
molecule inhibitors.

3.1. Biosynthetic Oligoclonal Antibodies (BOA) for Snakebite

In the last couple of decades, human therapeutic antibodies have become the mainstay in the
development of biologics for the treatment of various human diseases [31]. Human antibodies and
their fragments are useful in acute and chronic treatments. Such applications have led to improved
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technologies for the production of high-quality human antibodies in large amounts. High quality,
efficacious biosynthetic oligoclonal antibodies (BOA) for snakebite requires a cocktail of human
antibodies that target most or all of the key toxins that are responsible for snakebite-induced
pathophysiology (Figure 1B) [32–34]. The key toxins to be targeted could be elucidated using
toxicovenomic approaches, including the assessment of potential toxin synergism [35–38]. BOAs may
contain 20–40 or more toxin-neutralizing antibodies for a given number of particular snake venoms,
but critically and in contrast to horse-derived polysera, these BOAs would be precisely defined mixtures
of carefully selected recombinant human antibodies [39]. Additionally, BOAs can be designed to be
monovalent or polyvalent against different snake species, depending on the number and specificity of
monoclonal antibodies included in the final formulations.

To achieve as facile and low-cost development as possible, it is relevant to piggyback on existing
technologies for selection, production, and characterization of therapeutic antibodies [40]. One of the
technologies that has been identified as particularly promising for developing therapeutic antibodies
against snake venom toxins is phage display [41,42]. This technology allows for the development of
therapeutic monoclonal antibodies that are fully human to avoid allergenic adverse reactions and loss of
efficacy in human recipients. Antibody phage display technology allows for the discovery and maturation
of fully human antibodies in vitro [43]. In essence, phage display technology simulates the human
immune system in the lab, by employing libraries of antibody-displaying bacteriophages [41,44–46] to
select for human antibody fragments in vitro [47]. The phage display approach to antivenom research
circumvents meticulous immunization and screening protocols and overcomes the high toxicity and low
immunogenicity of the target protein. Following conversion from the typically employed single-chain
variable fragment (scFv) or antigen-binding fragment (Fab) format to the full human immunoglobulin
G (IgG) format, these antibodies can be expressed in mammalian cells to ensure correct folding and
post-translational modifications [48]. Following this approach, Laustsen et al. have recently reported the
development of the first experimental BOAs consisting of in vivo neutralizing human IgG antibodies
against toxins from the black mamba [32]. Additionally, manufacturing oligoclonal mixtures of IgGs has
been demonstrated to be cost-competitive [39,49].

However, several hurdles in the development of next-generation antivenoms were identified:
(a) There is a lack of point-of-care diagnostic kits for snakebites that are simple, reliable, and fast.
Preferably, such kits would be both qualitative and quantitative. Such kits will be essential for patient
stratification during clinical trials with BOAs to ensure that patients are treated with a BOA that is
efficacious against envenomings by the perpetrating snake species in each clinical trial case; (b) there
is a paucity of information on key target toxins in each venom that have to be neutralized to achieve
better efficacy in terms of reduction in mortality and morbidity; (c) a streamlined pathway has yet to
be defined to enable evaluation of the efficacy and safety of BOAs to enable approval and marketing;
and (d) the specific formulation of a given (monovalent or polyvalent) BOA needs to be defined in
terms of which snake species it should be efficacious against, so that relevant monoclonal antibodies
that target all the key medically toxins present in the venoms of these species are included.

BOA will have many potential advantages over conventional horse-derived antivenoms:

1. Compatibility with human victims: BOA will contain only human antibodies and will thus be
compatible with treatment of human patients [50].

2. Enriched for toxin-neutralizing antibodies: Horse-derived antivenoms contain both toxin-
neutralizing and toxin-binding antibodies, but only toxin-neutralizing antibodies are useful
for abrogating the pathophysiology of envenomation [33]. Antibody production in animals
occurs due to the natural immune response, and there is no control over the antibody clones that
expand and produce antibodies [51]. Therefore, horse antibodies show significant differences
in their neutralizing capacities. In addition, these antivenoms may also contain antibodies
raised against irrelevant infections, to which horses used for antivenom manufacture may
have been exposed. Consequently, horse-derived antivenoms contain a small percentage of
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toxin-neutralizing antibodies [5]. In contrast, recombinant antibodies can be selected precisely for
toxin-neutralizing ability. Therefore, the BOA will be enriched for toxin-neutralizing antibodies.

3. Consistent and reproducible production: The production of polyclonal antibodies in horses is
highly variable, and there will always be inherent batch-to-batch variations. The quality of BOAs
will provide excellent consistency and reproducibility, and thus, batch-to-batch variation will be
obviated [39,50].

4. Tailor-made antibodies with optimal pharmacokinetics (PK) and pharmacodynamics (PD):
Different toxins in snake venoms exhibit distinct biodistribution, PK, and PD, which often
contributes to multi-organ failure in snakebite victims. Neutralization of such varied properties
of toxins requires antibodies with appropriate biodistribution, PK, and PD. This can be achieved
by utilizing full-length immunoglobulin G (IgG) antibodies, antibody fragments, or alternative
non-antibody-based binding proteins [35,50]. In the preparation of BOAs, it is possible to include
a mixture of full-length antibodies and/or fragments based on the properties of each toxin
(toxicokinetics). Tailor-made mixtures of antibodies cannot be produced from horse-derived
polyclonal antibodies, but are possible in BOA technology.

5. Better safety profile: Highly compatible, toxin-neutralizing antibodies with suitable PK and PD
are expected to have better safety profiles compared to horse-derived antivenoms [50]. Thus,
intravenous administration of a BOA should not cause acute (allergic and anaphylactic) or
delayed (serum sickness) reactions.

6. Rapid administration of antivenoms: Because of inherent acute allergic and anaphylactic
reactions, horse-derived antivenoms are administered to snakebite victims only after the victim
develops symptoms and has reached a hospital setting. Such delays lead to poor treatment
outcomes. The better safety profile of the BOA will allow quicker administration, for example,
during transportation to the hospital, thus likely allowing for improved treatment outcomes.

7. Acceptance among clinicians: Poor efficacy compounded with acute (allergic and anaphylactic)
and delayed (serum sickness) reactions has kept many clinicians from venturing to treat snakebite
victims with antivenom. With better efficacy and safety profiles, BOA will help in the acceptance
of treatment of snakebite victims.

8. Geographic variation of venoms: Most of the geographic variation in venom composition is
due to differences in the abundance of specific toxins in venoms from snake specimens obtained
from different regions. Such variations, at times, will make horse-derived antivenoms raised
against venoms from one region ineffective against venoms from the same species in another
region. Additionally, venoms from the same snake species from different regions may have
one or more distinct/unique toxins. In both these cases, the problems can be overcome with
BOA by simply including more antibodies or additional antibodies against all offending toxin(s).
Such additions will not affect the safety profile of the BOA due to the compatibility of human
monoclonal antibodies with the human immune system.

9. Cross-reactivity with other snake venom toxins: Some toxin-neutralizing antibodies neutralize
related toxins not only from the same species, but also from different species [52]. If such
cross-reactivity is intelligently engineered into the monoclonal antibodies during development,
it may help in preparing polyvalent BOAs from a stock of a limited number of human
antibodies [53].

10. Elimination of interaction with live snakes: The production of BOA does not require a
continuous supply of snake venoms. This will eliminate the need for collecting venoms from
wild or captive snakes, thus reducing accidental bites [5,50].

11. Abrogation of local tissue damage: In most cases, horse-derived antivenoms fail to abrogate
local tissue damage induced by snake venom toxins [2]. This inability could be either due
to a lack of antibodies that neutralize the offending toxin(s) or to the toxin(s) initiating local
tissue damaging processes before being neutralized by antibodies [54]. It may be possible to
find suitable human antibodies that could neutralize offending toxins. Alternatively, enzymatic
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processes leading to local tissue damage could be neutralized using small molecule enzyme
inhibitors [55,56] (see below). Finally, by having an improved safety profile, it might be possible
to administer BOA during transportation en route to the hospital, thereby minimizing the time
that the locally-acting snake toxins can exert their toxic actions around the bite wound.

12. Potential prophylactic use of BOA: The better safety profile of BOA could be of prophylactic
use for people who will be exposed to snakebite hazards. The longer PK of full-length antibodies
(IgGs), which typically have half-lives of several weeks [50], could provide excellent prophylactic
protection, which could reduce mortality, morbidity, and intensity of pathophysiological impact
of snakebite.

3.2. Small Molecule Enzyme Inhibitors

Snake venoms contain enzymes, including phospholipases A2, metalloproteases, serine proteases,
L-amino acid oxidases, nucleotidases, and hyaluronidases [2,5,57–59]. In addition to the digestion of
prey, these venom enzymes contribute to various pharmacological functions. They may also contribute
to various pathophysiologies of envenomation, including local tissue destruction and damage. Over the
last several decades, a number of natural and synthetic molecules have been evaluated for their ability
to inhibit various enzymes found in snake venoms, and some of these molecules have been tested in
human patients for treatment of other diseases [5,55,60,61]. Such inhibitors could be repurposed for the
treatment of snakebite victims, potentially in combination with current antivenoms or next-generation
antivenoms (Figure 2) [60,62].
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Figure 2. Schematic representation of how small molecule inhibitors may be used in combination with
conventional antivenom or biosynthetic oligoclonal antivenom (BOA) against snakebite to strategically
neutralize key toxins that are poorly neutralized by the antivenom or BOA.

The key hurdle in the use of such inhibitors is evaluating their efficacy in inhibiting offending
snake venom enzymes, both in vitro and in vivo (including in treatment mode). These molecules
should also be evaluated for their in vivo efficacy in combination with horse-derived antivenoms as
well as BOA. Small molecule enzyme inhibitors could provide several potential advantages.

1. Increased treatment window: Treatment for envenomation should ideally start within a short
time period following snakebite, as mortality and morbidity increase significantly beyond this
window. Small molecule enzyme inhibitors may substantially increase this time window, if they
can be administered in the field setting (i.e., if they are stable at elevated temperatures and orally
available), and could thus provide more time to reach hospital care.
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2. Fast and effective tissue penetration: The small size of the inhibitors may allow rapid distribution
to all ‘compartments’ in vivo, if such inhibitors exhibit fast diffusion kinetics and effective tissue
penetration [5,54,61].

3. Validated safety in humans: As many of these small molecule inhibitors have been evaluated
for their toxicity in human recipients, they have already been proven sufficiently safe for use in
the treatment of snakebite envenoming.

4. Conclusions

Mortality and morbidity due to snakebite envenoming represents a solvable international
disaster. For more than 100 years, animal-derived antivenoms have been the most accepted treatment
for snakebite victims (Figure 1A). Although they significantly reduce mortality and morbidity,
these antiquated antivenoms are beset with inherent limitations, including a high propensity to cause
adverse reactions, complex manufacturing processes, low content of toxin-neutralizing antibodies,
and an inability to effectively neutralize locally-acting toxins in distal tissues. The concept of using
biosynthetic oligoclonal antivenom (BOA) for snakebites proposes to use modern well-established
technology to overcome the limitations of existing treatments through using oligoclonal mixtures
of human monoclonal antibodies and repurposed enzyme inhibitors (Figure 1B). Being based on
human therapeutic antibodies, a BOA would not cause allergenic reactions in human recipients. Also,
since the antibodies included in a BOA would be specifically selected as toxin-neutralizing recombinant
monoclonal antibodies (both for monovalent and polyvalent BOAs), a BOA could be manufactured to
only comprise therapeutically active antibodies by industrially standardized manufacturing processes
for oligoclonal antibody mixtures. Finally, the combined use of small molecule inhibitors together with
a BOA could lead to improved neutralization of toxins in distal tissue by improving pharmacokinetics
(Figure 2).

Author Contributions: All three authors were involved in conceptualization, R.M.K. wrote the first draft,
while S.S.S. and A.H.L. helped in reviewing and editing.

Funding: This research received no external funding.

Acknowledgments: We thank all the participants (Omesh Bharti, Indira Gandhi Medical College, India;
Robin Doley, Tezpur University, India; Jay W. Fox, University of Virginia, USA; Priyanka Kadam, Snakebite Healing
and Education Society, India; Gopi Kadiyala, Kyntox Biotech, India; K. Kemparaju, University of Mysore, India;
Nishigandha Naik, Haffkine Institute, India; Sadanand Raut, Vignahar Foundation, India; and B. S. Vishwanath,
University of Mysore, India) for their involvement in unrestrained discussions and their contributions to the
concept. We also thank Somasekar Seshagiri from Genentech, USA, the Chairman of the Organizing Committee of
the Nextgen Genomics, Biology, Bioinformatics and Technologies Conference for his and his committee’s support
in organizing the one-day symposium on snakebite cure. Finally, we thank Timothy P. Jenkins from the University
of Cambridge for preparation of figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chippaux, J.-P. Snakebite envenomation turns again into a neglected tropical disease! J. Venom Anim. Toxins
Incl. Trop. Dis. 2017, 23, 38. [CrossRef] [PubMed]

2. Gutiérrez, J.M.; Calvete, J.J.; Habib, A.G.; Harrison, R.A.; Williams, D.J.; Warrell, D.A. Snakebite envenoming.
Nat. Rev. Dis. Primers 2017, 3, 17063. [CrossRef] [PubMed]

3. Mohapatra, B.; Warrell, D.A.; Suraweera, W.; Bhatia, P.; Dhingra, N.; Jotkar, R.M.; Rodriguez, P.S.; Mishra, K.;
Whitaker, R.; Jha, P.; et al. Snakebite mortality in India: A nationally representative mortality survey.
PLoS Negl. Trop. Dis. 2011, 5, e1018. [CrossRef] [PubMed]

4. Warrell, D.A. Clinical toxicology of snakebite in Asia. In Handbook of Clinical Toxicology of Animal Venoms and
Poisons; Meier, J., White, J., Eds.; CRC Press: Boca Raton, FL, USA, 1995; pp. 493–594. ISBN 978-0-8493-4489-3.

5. Laustsen, A.H.; Engmark, M.; Milbo, C.; Johannesen, J.; Lomonte, B.; Gutiérrez, J.M.; Lohse, B. From Fangs
to Pharmacology: The Future of Snakebite Envenoming Therapy. Curr. Pharm. Des. 2016, 22, 5270–5293.
[CrossRef] [PubMed]

http://dx.doi.org/10.1186/s40409-017-0127-6
http://www.ncbi.nlm.nih.gov/pubmed/28804495
http://dx.doi.org/10.1038/nrdp.2017.63
http://www.ncbi.nlm.nih.gov/pubmed/28905944
http://dx.doi.org/10.1371/journal.pntd.0001018
http://www.ncbi.nlm.nih.gov/pubmed/21532748
http://dx.doi.org/10.2174/1381612822666160623073438
http://www.ncbi.nlm.nih.gov/pubmed/27339430


Toxins 2018, 10, 534 8 of 10

6. Gutiérrez, J.M.; León, G.; Lomonte, B.; Angulo, Y. Antivenoms for snakebite envenomings. Inflamm. Allergy
Drug Targets 2011, 10, 369–380. [CrossRef] [PubMed]

7. Malasit, P.; Warrell, D.A.; Chanthavanich, P.; Viravan, C.; Mongkolsapaya, J.; Singhthong, B.; Supich, C.
Prediction, prevention, and mechanism of early (anaphylactic) antivenom reactions in victims of snake bites.
Br. Med. J. (Clin. Res. Ed.) 1986, 292, 17–20. [CrossRef]

8. Theakston, R.D.G.; Warrell, D.A.; Griffiths, E. Report of a WHO workshop on the standardization and control
of antivenoms. Toxicon 2003, 41, 541–557. [CrossRef]

9. Lalloo, D.G.; Theakston, R.D.G. Snake antivenoms. J. Toxicol. Clin. Toxicol. 2003, 41, 277–290. [CrossRef]
10. Ariaratnam, C.A.; Sjöström, L.; Raziek, Z.; Kularatne, S.A.; Arachchi, R.W.; Sheriff, M.H.; Theakston, R.D.;

Warrell, D.A. An open, randomized comparative trial of two antivenoms for the treatment of envenoming by
Sri Lankan Russell’s viper (Daboia russelii russelii). Trans. R. Soc. Trop. Med. Hyg. 2001, 95, 74–80. [CrossRef]

11. Lavonas, E.J.; Gerardo, C.J.; O’Malley, G.; Arnold, T.C.; Bush, S.P.; Banner, W.; Steffens, M.; Kerns, W.P.
Initial experience with Crotalidae polyvalent immune Fab (ovine) antivenom in the treatment of copperhead
snakebite. Ann. Emerg. Med. 2004, 43, 200–206. [CrossRef]

12. Bush, S.P.; Green, S.M.; Moynihan, J.A.; Hayes, W.K.; Cardwell, M.D. Crotalidae polyvalent immune
Fab (ovine) antivenom is efficacious for envenomations by Southern Pacific rattlesnakes (Crotalus helleri).
Ann. Emerg. Med. 2002, 40, 619–624. [CrossRef] [PubMed]

13. Lavonas, E.J.; Kokko, J.; Schaeffer, T.H.; Mlynarchek, S.L.; Bogdan, G.M.; Dart, R.C. Short-term outcomes
after Fab antivenom therapy for severe crotaline snakebite. Ann. Emerg. Med. 2011, 57, 128–137. [CrossRef]

14. Herrera, M.; Paiva, O.K.; Pagotto, A.H.; Segura, A.; Serrano, S.M.T.; Vargas, M.; Villalta, M.; Jensen, S.D.;
León, G.; Williams, D.J.; et al. Antivenomic characterization of two antivenoms against the venom of the
taipan, Oxyuranus scutellatus, from Papua New Guinea and Australia. Am. J. Trop. Med. Hyg. 2014, 91,
887–894. [CrossRef] [PubMed]

15. Segura, Á.; Herrera, M.; Villalta, M.; Vargas, M.; Gutiérrez, J.M.; León, G. Assessment of snake antivenom
purity by comparing physicochemical and immunochemical methods. Biologicals 2013, 41, 93–97. [CrossRef]
[PubMed]

16. Rawat, S.; Laing, G.; Smith, D.C.; Theakston, D.; Landon, J. A new antivenom to treat eastern coral snake
(Micrurus fulvius fulvius) envenoming. Toxicon 1994, 32, 185–190. [CrossRef]

17. Harrison, R.A.; Gutiérrez, J.M. Priority actions and progress to substantially and sustainably reduce the
mortality, morbidity and socioeconomic burden of tropical snakebite. Toxins 2016, 8, 351. [CrossRef]
[PubMed]

18. Alape-Girón, A.; Sanz, L.; Escolano, J.; Flores-Díaz, M.; Madrigal, M.; Sasa, M.; Calvete, J.J. Snake Venomics
of the Lancehead Pitviper Bothrops asper: Geographic, Individual, and Ontogenetic Variations. J. Proteome Res.
2008, 7, 3556–3571. [CrossRef] [PubMed]

19. Boldrini-Franca, J. Snake venomics and antivenomics of Crotalus durissus subspecies from Brazil: Assessment
of geographic variation and its implication on snakebite management. J. Proteomics 2010, 73, 1758–1776.
[CrossRef]

20. Calvete, J.J. Snake population venomics and antivenomics of Bothrops atrox: Paedomorphism along its
transamazonian dispersal and implications of geographic venom variability on snakebite management.
J. Proteomics 2011, 74, 510–527. [CrossRef]

21. Núñez, V.; Cid, P.; Sanz, L.; De La Torre, P.; Angulo, Y.; Lomonte, B.; Gutiérrez, J.M.; Calvete, J.J. Snake
venomics and antivenomics of Bothrops atrox venoms from Colombia and the Amazon regions of Brazil,
Perú and Ecuador suggest the occurrence of geographic variation of venom phenotype by a trend towards
paedomorphism. J. Proteomics 2009, 73, 57–78. [CrossRef]

22. Tan, K.Y.; Tan, C.H.; Fung, S.Y.; Tan, N.H. Venomics, lethality and neutralization of Naja kaouthia (monocled
cobra) venoms from three different geographical regions of Southeast Asia. J. Proteomics 2015, 120, 105–125.
[CrossRef] [PubMed]

23. Goncalves-Machado, L. Combined venomics, venom gland transcriptomics, bioactivities, and antivenomics
of two Bothrops jararaca populations from geographic isolated regions within the Brazilian Atlantic rainforest.
J. Proteomics 2016, 135, 73–89. [CrossRef] [PubMed]

24. Laustsen, A.H.; Gutiérrez, J.M.; Rasmussen, A.R.; Engmark, M.; Gravlund, P.; Sanders, K.L.; Lohse, B.;
Lomonte, B. Danger in the reef: Proteome, toxicity, and neutralization of the venom of the olive sea snake,
Aipysurus laevis. Toxicon 2015, 107, 187–196. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/187152811797200669
http://www.ncbi.nlm.nih.gov/pubmed/21745181
http://dx.doi.org/10.1136/bmj.292.6512.17
http://dx.doi.org/10.1016/S0041-0101(02)00393-8
http://dx.doi.org/10.1081/CLT-120021113
http://dx.doi.org/10.1016/S0035-9203(01)90339-6
http://dx.doi.org/10.1016/j.annemergmed.2003.08.009
http://dx.doi.org/10.1067/mem.2002.129939
http://www.ncbi.nlm.nih.gov/pubmed/12447339
http://dx.doi.org/10.1016/j.annemergmed.2010.06.550
http://dx.doi.org/10.4269/ajtmh.14-0333
http://www.ncbi.nlm.nih.gov/pubmed/25157124
http://dx.doi.org/10.1016/j.biologicals.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23190453
http://dx.doi.org/10.1016/0041-0101(94)90107-4
http://dx.doi.org/10.3390/toxins8120351
http://www.ncbi.nlm.nih.gov/pubmed/27886134
http://dx.doi.org/10.1021/pr800332p
http://www.ncbi.nlm.nih.gov/pubmed/18557640
http://dx.doi.org/10.1016/j.jprot.2010.06.001
http://dx.doi.org/10.1016/j.jprot.2011.01.003
http://dx.doi.org/10.1016/j.jprot.2009.07.013
http://dx.doi.org/10.1016/j.jprot.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25748141
http://dx.doi.org/10.1016/j.jprot.2015.04.029
http://www.ncbi.nlm.nih.gov/pubmed/25968638
http://dx.doi.org/10.1016/j.toxicon.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26169672


Toxins 2018, 10, 534 9 of 10

25. Shashidharamurthy, R.; Jagadeesha, D.K.; Girish, K.S.; Kemparaju, K. Variations in biochemical and
pharmacological properties of Indian cobra (Naja naja naja) venom due to geographical distribution.
Mol. Cell Biochem. 2002, 229, 93–101. [CrossRef] [PubMed]

26. Minton, S.A.; Weinstein, S.A. Geographic and ontogenic variation in venom of the western diamondback
rattlesnake (Crotalus atrox). Toxicon 1986, 24, 71–80. [CrossRef]

27. Williams, V.; White, J.; Schwaner, T.D.; Sparrow, A. Variation in venom proteins from isolated populations of
tiger snakes (Notechis ater niger, N. scutatus) in South Australia. Toxicon 1988, 26, 1067–1075. [CrossRef]

28. Daltry, J.C.; Wüster, W.; Thorpe, R.S. Diet and snake venom evolution. Nature 1996, 379, 537–540. [CrossRef]
29. Jayanthi, G.P.; Gowda, T.V. Geographical variation in India in the composition and lethal potency of Russell’s

viper (Vipera russelli) venom. Toxicon 1988, 26, 257–264. [CrossRef]
30. Wray, K.P.; Margres, M.J.; Seavy, M.; Rokyta, D.R. Early significant ontogenetic changes in snake venoms.

Toxicon 2015, 96, 74–81. [CrossRef]
31. Walsh, G. Biopharmaceutical benchmarks 2014. Nat. Biotech. 2014, 32, 992–1000. [CrossRef]
32. Laustsen, A.H.; Karatt-Vellatt, A.; Masters, E.W.; Arias, A.S.; Pus, U.; Knudsen, C.; Oscoz, S.; Slavny, P.;

Griffiths, D.T.; Luther, A.M.; et al. In vivo neutralization of dendrotoxin-mediated neurotoxicity of black
mamba venom by oligoclonal human IgG antibodies. Nature Communications 2018, 9, 3928. [CrossRef]
[PubMed]

33. Laustsen, A.H.; Lohse, B.; Lomonte, B.; Engmark, M.; Gutiérrez, J.M. Selecting key toxins for focused
development of elapid snake antivenoms and inhibitors guided by a Toxicity Score. Toxicon 2015, 104, 43–45.
[CrossRef] [PubMed]

34. Laustsen, A.H. Recombinant Antivenoms, 1st ed.; University of Copenhagen: Copenhagen, Denmark, 2016;
ISBN 978-87-93086-61-6.

35. Laustsen, A.H. Guiding recombinant antivenom development by omics technologies. New Biotechnol. 2018,
45, 19–27. [CrossRef] [PubMed]

36. Laustsen, A.H. Toxin synergism in snake venoms. Toxin Rev. 2016, 35, 165–170. [CrossRef]
37. Dam, S.H.; Friis, R.U.W.; Petersen, S.D.; Martos-Esteban, A.; Laustsen, A.H. Snake Venomics Display:

An online toolbox for visualization of snake venomics data. Toxicon 2018, 152, 60–64. [CrossRef] [PubMed]
38. Bermúdez-Méndez, E.; Fuglsang-Madsen, A.; Føns, S.; Lomonte, B.; Gutiérrez, J.M.; Laustsen, A.H.

Innovative Immunization Strategies for Antivenom Development. Toxins 2018, 10, 452. [CrossRef] [PubMed]
39. Laustsen, A.H.; Johansen, K.H.; Engmark, M.; Andersen, M.R. Recombinant snakebite antivenoms:

A cost-competitive solution to a neglected tropical disease? PLoS Negl. Trop. Dis. 2017, 11, e0005361.
[CrossRef]

40. Laustsen, A.H.; Dorrestijn, N. Integrating Engineering, Manufacturing, and Regulatory Considerations in
the Development of Novel Antivenoms. Toxins 2018, 10, 309. [CrossRef]

41. Ledsgaard, L.; Kilstrup, M.; Karatt-Vellatt, A.; McCafferty, J.; Laustsen, A.H. Basics of Antibody Phage
Display Technology. Toxins 2018, 10, 236. [CrossRef]

42. Roncolato, E.C.; Campos, L.B.; Pessenda, G.; Costa e Silva, L.; Furtado, G.P.; Barbosa, J.E. Phage display as a
novel promising antivenom therapy: A review. Toxicon 2015, 93, 79–84. [CrossRef]

43. McCafferty, J.; Griffiths, A.D.; Winter, G.; Chiswell, D.J. Phage antibodies: Filamentous phage displaying
antibody variable domains. Nature 1990, 348, 552–554. [CrossRef] [PubMed]

44. Sidhu, S.S. Phage display in pharmaceutical biotechnology. Curr. Opin. Biotechnol. 2000, 11, 610–616.
[CrossRef]

45. Rodi, D.J.; Makowski, L. Phage-display technology—Finding a needle in a vast molecular haystack.
Curr. Opin. Biotechnol. 1999, 10, 87–93. [CrossRef]

46. Hoogenboom, H.R.; de Bruïne, A.P.; Hufton, S.E.; Hoet, R.M.; Arends, J.-W.; Roovers, R.C. Antibody phage
display technology and its applications. Immunotechnology 1998, 4, 1–20. [CrossRef]

47. Parmley, S.F.; Smith, G.P. Antibody-selectable filamentous fd phage vectors: Affinity purification of target
genes. Gene 1988, 73, 305–318. [CrossRef]

48. Wright, A.; Morrison, S.L. Effect of glycosylation on antibody function: Implications for genetic engineering.
Trends Biotechnol. 1997, 15, 26–32. [CrossRef]

49. Laustsen, A.H.; Johansen, K.H.; Engmark, M.; Andersen, M.R. Snakebites: Costing recombinant antivenoms.
Nature 2016, 538, 41. [CrossRef]

http://dx.doi.org/10.1023/A:1017972511272
http://www.ncbi.nlm.nih.gov/pubmed/11936852
http://dx.doi.org/10.1016/0041-0101(86)90167-4
http://dx.doi.org/10.1016/0041-0101(88)90205-X
http://dx.doi.org/10.1038/379537a0
http://dx.doi.org/10.1016/0041-0101(88)90216-4
http://dx.doi.org/10.1016/j.toxicon.2015.01.010
http://dx.doi.org/10.1038/nbt.3040
http://dx.doi.org/10.1038/s41467-018-06086-4
http://www.ncbi.nlm.nih.gov/pubmed/30279409
http://dx.doi.org/10.1016/j.toxicon.2015.07.334
http://www.ncbi.nlm.nih.gov/pubmed/26238171
http://dx.doi.org/10.1016/j.nbt.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28552814
http://dx.doi.org/10.1080/15569543.2016.1220397
http://dx.doi.org/10.1016/j.toxicon.2018.07.019
http://www.ncbi.nlm.nih.gov/pubmed/30053438
http://dx.doi.org/10.3390/toxins10110452
http://www.ncbi.nlm.nih.gov/pubmed/30400220
http://dx.doi.org/10.1371/journal.pntd.0005361
http://dx.doi.org/10.3390/toxins10080309
http://dx.doi.org/10.3390/toxins10060236
http://dx.doi.org/10.1016/j.toxicon.2014.11.001
http://dx.doi.org/10.1038/348552a0
http://www.ncbi.nlm.nih.gov/pubmed/2247164
http://dx.doi.org/10.1016/S0958-1669(00)00152-X
http://dx.doi.org/10.1016/S0958-1669(99)80016-0
http://dx.doi.org/10.1016/S1380-2933(98)00007-4
http://dx.doi.org/10.1016/0378-1119(88)90495-7
http://dx.doi.org/10.1016/S0167-7799(96)10062-7
http://dx.doi.org/10.1038/538041e


Toxins 2018, 10, 534 10 of 10

50. Laustsen, A.H.; Gutiérrez, J.M.; Knudsen, C.; Johansen, K.H.; Bermúdez-Méndez, E.; Cerni, F.A.;
Jürgensen, J.A.; Ledsgaard, L.; Martos-Esteban, A.; Øhlenschlæger, M.; et al. Pros and cons of different
therapeutic antibody formats for recombinant antivenom development. Toxicon 2018, 146, 151–175.
[CrossRef]

51. Laustsen, A.H.; Engmark, M.; Clouser, C.; Timberlake, S.; Vigneault, F.; Gutiérrez, J.M.; Lomonte, B.
Exploration of immunoglobulin transcriptomes from mice immunized with three-finger toxins and
phospholipases A2 from the Central American coral snake, Micrurus nigrocinctus. PeerJ 2017, 5, e2924.
[CrossRef]

52. Ledsgaard, L.; Jenkins, T.P.; Davidsen, K.; Krause, K.E.; Martos-Esteban, A.; Engmark, M.; Rørdam
Andersen, M.; Lund, O.; Laustsen, A.H. Antibody Cross-Reactivity in Antivenom Research. Toxins 2018, 10,
393. [CrossRef]

53. Laustsen, A.H. Toxin-centric development approach for next-generation antivenoms. Toxicon 2018, 150,
195–197. [CrossRef] [PubMed]

54. Prasarnpun, S.; Walsh, J.; Awad, S.S.; Harris, J.B. Envenoming bites by kraits: The biological basis of
treatment-resistant neuromuscular paralysis. Brain 2005, 128, 2987–2996. [CrossRef] [PubMed]

55. Knudsen, C.; Laustsen, A.H. Recent Advances in Next Generation Snakebite Antivenoms. Trop. Med.
Infect. Dis. 2018, 3, 42. [CrossRef]

56. Arias, A.S.; Rucavado, A.; Gutiérrez, J.M. Peptidomimetic hydroxamate metalloproteinase inhibitors abrogate
local and systemic toxicity induced by Echis ocellatus (saw-scaled) snake venom. Toxicon 2017, 132, 40–49.
[CrossRef] [PubMed]

57. Kini, R.M.; Doley, R. Structure, function and evolution of three-finger toxins: Mini proteins with multiple
targets. Toxicon 2010, 56, 855–867. [CrossRef]

58. Kini, R.M. Excitement ahead: Structure, function and mechanism of snake venom phospholipase A2 enzymes.
Toxicon 2003, 42, 827–840. [CrossRef]

59. Kini, R.M. Anticoagulant proteins from snake venoms: Structure, function and mechanism. Biochem. J. 2006,
397, 377–387. [CrossRef]

60. Lewin, M.; Samuel, S.; Merkel, J.; Bickler, P. Varespladib (LY315920) Appears to Be a Potent, Broad-Spectrum,
Inhibitor of Snake Venom Phospholipase A2 and a Possible Pre-Referral Treatment for Envenomation. Toxins
2016, 8, 248. [CrossRef]

61. Lewin, M.R.; Gilliam, L.L.; Gilliam, J.; Samuel, S.P.; Bulfone, T.C.; Bickler, P.E.; Gutiérrez, J.M. Delayed
LY333013 (Oral) and LY315920 (Intravenous) Reverse Severe Neurotoxicity and Rescue Juvenile Pigs from
Lethal Doses of Micrurus fulvius (Eastern Coral Snake) Venom. Toxins 2018, 10, 479. [CrossRef]

62. Lewin, M.R.; Gutiérrez, J.M.; Samuel, S.P.; Herrera, M.; Bryan-Quirós, W.; Lomonte, B.; Bickler, P.E.;
Bulfone, T.C.; Williams, D.J. Delayed Oral LY333013 Rescues Mice from Highly Neurotoxic, Lethal Doses of
Papuan Taipan (Oxyuranus scutellatus) Venom. Toxins 2018, 10, 380. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.toxicon.2018.03.004
http://dx.doi.org/10.7717/peerj.2924
http://dx.doi.org/10.3390/toxins10100393
http://dx.doi.org/10.1016/j.toxicon.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/29857088
http://dx.doi.org/10.1093/brain/awh642
http://www.ncbi.nlm.nih.gov/pubmed/16195243
http://dx.doi.org/10.3390/tropicalmed3020042
http://dx.doi.org/10.1016/j.toxicon.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28400263
http://dx.doi.org/10.1016/j.toxicon.2010.07.010
http://dx.doi.org/10.1016/j.toxicon.2003.11.002
http://dx.doi.org/10.1042/BJ20060302
http://dx.doi.org/10.3390/toxins8090248
http://dx.doi.org/10.3390/toxins10110479
http://dx.doi.org/10.3390/toxins10100380
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Current Treatment for Snakebite Victims 
	Next-Generation Snakebite Therapy 
	Biosynthetic Oligoclonal Antibodies (BOA) for Snakebite 
	Small Molecule Enzyme Inhibitors 

	Conclusions 
	References

