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ARTICLE INFO ABSTRACT

Handling Editor: Raymond Norton Snakebite envenoming is a major cause of morbidity and mortality in rural communities throughout the tropics.
Generally, the main clinical features of snakebites are local swelling, tissue necrosis, shock, spontaneous systemic

Keywords: hemorrhage, incoagulable blood, paralysis, rhabdomyolysis, and acute kidney injury. These clinical manifesta-

Antivenoms tions result from complex biochemical venom constituents comprising of cytotoxins, hemotoxins, neurotoxins,

Diagnosis

myotoxins, and other substances. Timely diagnosis of envenoming and identification of the responsible snake
species is clinically challenging in many parts of the world and necessitates prompt and thorough clinical
assessment, which could be supported by the development of reliable, affordable, widely-accessible, point-of-
care tests. Conventional antivenoms based on polyclonal antibodies derived from animals remain the mainstay of
therapy along with supportive medical and surgical care. However, while antivenoms save countless lives, they
are associated with adverse reactions, limited potency, and are relatively inefficacious against presynaptic
neurotoxicity and in preventing necrosis. Nevertheless, major scientific and technological advances are facili-
tating the development of new molecular and immunologic diagnostic tests, as well as a new generation of
antivenoms comprising human monoclonal antibodies with broader and more potent neutralization capacity and
less immunogenicity. Repurposed pharmaceuticals based on small molecule inhibitors (e.g., marimastat and
varespladib) used alone and in combination against enzymatic toxins, such as metalloproteases and phospholi-
pase Ags, have shown promise in animal studies. These orally bioavailable molecules could serve as early in-
terventions in the out-of-hospital setting if confirmed to be safe and efficacious in clinical studies. Antivenom
access can be improved by the usage of drones and ensuring constant antivenom supply in remote endemic rural
areas. Overall, the improvement of clinical management of snakebite envenoming requires sustained, coordi-
nated, and multifaceted efforts involving basic and applied sciences, new technology, product development,
effective clinical training, implementation of existing guidelines and therapeutic approaches, supported by
improved supply of existing antivenoms.

Early adverse reactions
Monoclonal antibodies
Snakebite envenoming
Small molecule therapies

1. Background composition, broadly comprising hemotoxins, neurotoxins, cytotoxins,
and myotoxins (Gutierrez et al., 2017a). The resulting clinical features

Snakebite envenoming (SBE) is a major health problem among rural, following bites may include swelling and necrosis of the bitten body
agricultural workers throughout the tropics — especially in Africa, Asia, part, rhabdomyolysis, local bleeding, systemic hemorrhage, incoagu-
and Latin America. Some of the most important species that cause lable blood, anaemia, shock, and paralysis. Death results from progres-
serious SBE globally include carpet vipers, Russell’s vipers, Malayan and sion of these features or following superadded complications, especially
lancehead pit-vipers, rattlesnakes, puff adders, cobras, mambas, kraits, when untreated (Gutierrez et al., 2017a). For over a century, conven-
and taipans. These snakes possess venoms rich and diverse in tional antivenom has remained the mainstay of therapy against SBE
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(Pucca et al., 2019). These antivenoms consist of polyclonal (IgG) an-
tibodies or antibody fragments (Fab or F(ab’),) derived from the plasma
of large animals following immunization with venom(s). Access to
effective antivenoms has been a major challenge in the developing
world, particularly in sub-Saharan Africa (Habib et al., 2020). Mono-
valent and polyvalent antivenoms are available for therapy based on
empirical clinical judgement, which can be supported by identification
of the biting snake. Several methods are used to determine the species of
the biting snake (see next section). In many places, snake identification
is most commonly achieved by either a description of the snake, if seen,
a physical examination of the snake, if killed and brought by patients, or
by identification of presentation of typical clinical syndromes. In addi-
tion to characteristic syndromes, in the tropics, bedside assays, such as
examination of incoagulable blood determined by the 20-min Whole
Blood Clotting Test (20WBCT), is often used to confirm envenoming by
snakes with coagulopathic venom, e.g., carpet vipers, Russell’s vipers,
Malayan pit vipers, Green pit vipers, lanceheads, and Papuan taipans.
However, the 20WBCT is limited by relative lack of sensitivity and lack
of uniform standard application at the bedside for guiding treatment
decisions (Ratnayake et al., 2017). In areas where multiple snakes that
possess venom causing coagulopathy co-exist, or where the bite does not
lead to incoagulable blood, the test may be of limited discriminatory
value. However, in areas where both snakes that possess venom causing
coagulopathy and snakes that do not, a negative test might exclude
envenoming by the former. Thus, there are limitations to diagnosis as
well as therapy and access-related challenges to the use of antivenom,
though newer tests, therapeutic agents, and delivery platforms are being
developed to mitigate illness and injury, and to guide treatment.

2. Current diagnosis and monitoring of envenoming

The diagnosis of SBE, including identification of the responsible
snake and the severity of envenoming, is challenging, but critical, for
deciding on when and how much antivenom to use. The proper identi-
fication of snake species or, when definitive identification is not
possible, estimation of the most likely species is of prime importance for
the management of SBE. Whenever possible, expert identification of the
dead snake or a photo thereof is optimal. Otherwise, the species is
inferred based on the patient’s description and circumstances of the bite
(e.g., a nocturnal bite while sleeping on ground suggests krait in South
Asia or cobra in Africa) and the characteristic clinical syndrome
(Ariaratnam et al., 2008a, Ariaratnam et al., 2009; Viravan et al., 1992;
WHO, 2016; Bolon et al., 2020). In the absence of the culprit snake being
brought in or identified, diagnosis is usually based on the circumstances
of the bite, differentiating clinical manifestations, knowledge of species
commonly found in a given geographical area, and from information
gathered from the victim or a witness. This syndromic approach usually
necessitates clinical toxinological knowledge and is difficult even in the
best equipped settings in most regions.

Currently, no single, commonly available, laboratory investigation
or bedside test exists to identify patients with systemic envenoming, and
diagnosis involves combination of recognition of consistent clinical
features and investigations (Ariaratnam et al., 2008a,b; Bolon et al.,
2020). There are, however, simple tests and diagnostic tools (algorithms
or checklists) that can be used to confirm the presence of important
clinical signs of SBE, which indicate the need for early antivenom
treatment and, in some cases, can help identify the most likely genus or
species of snake responsible for the bite. Provided it does not cause a
delay in initiating critical care (Isbister et al., 2013), evaluation of
clinical severity and efficacy of antivenom treatment may be aided by
low-tech bedside tests, such as the 20WBCT. The 20WBCT has been used
as a simple inexpensive bedside test to identify coagulopathy world-
wide, especially in many rural communities throughout the developing
world (Costa et al., 2021; Habib and Warrell, 2013; Sano-Martins et al.,
1994; Ratnayake et al., 2017; Dsilva et al., 2019). Where rapid, stan-
dardized laboratory testing is not available (e.g.,International
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Normalized Ratio, Prothrombin Time, Activated Partial Thromboplastin
Time, Thrombin Time), the 20WBCT can be usefully applied as
described in BOX 1. The test has performed well with reasonable
sensitivity and specificity in several settings in the tropics, although its
application needs to be standardized (Benjamin et al., 2018) [See
Table 11].

Given the challenges in diagnosis and known limitations of the
20WBCT, exploring alternative bedside tests, which are affordable,
reliable, and quicker is a priority (Wedasingha et al., 2020). At present,
there is only one commonly available commercial diagnostic test
available: Seqirus’ Snake Venom Detection Kit. The success and accep-
tance of this Australian venom detection test suggests that this type of
technology can be widely applied with satisfactory results (Currie, 2004;
Isbister et al., 2013). This test uses polyclonal antibodies to differentiate
snake venoms, but can only confirm contact with a particular genus of
Australian elapid and does not confirm envenoming. Point-of-care tests
such as this must be developed on a regional basis, so that they can be
used to better inform the selection of antivenom, especially where spe-
cies diagnosis is not clear and only monovalent antivenom is available.

In the case of species identification, if the dead snake has been
brought to the hospital, it can sometimes be identified, but this requires
skill and even experienced medical personnel may mistake harmless
mimics for venomous snakes, or they may confuse different venomous
species (Joseph et al., 2007; Williams et al., 2017; Cox et al., 2018). As a
result, the patient may be given antivenom unnecessarily. This has been
the case with hump-nosed pit viper (Hypnale hypnale) bites mistaken for
saw-scaled viper (Echis carinatus) bites in Southwest India (Joseph et al.,
2007; Williams et al., 2017); or mistaken for Russell’s viper (Daboia
russelii) bites in Sri Lanka, since currently available polyvalent anti-
venoms do not cover the venom of this species (Ariaratnam et al.,
2008b). However, this may soon change as two newly-developed poly-
valent antivenoms with activity against venom Hypnale hypnale are
currently undergoing clinical trial in Sri Lanka.

Tests of blood coagulation, such as prothrombin time (PT), the In-
ternational Normalized Ratio (INR), or activated partial thromboplastin
time (aPTT), measurement of fibrin(ogen) related proteins also known
as fibrin degradation products (FDP), or D-dimer, can also be used to
diagnose snakebite envenoming. Thromboelastography (TEG) and
thromboelastometry (TEM, ROTEG, and ROTEM) have also been used in
developed countries as simple bedside methods for assessing coagul-
opathy in snakebite victims, but the equipment is expensive (Hadley
et al., 1999). The need for bedside thromboelastography equipment is
well recognized in the trauma setting, where such devices would benefit
the bedside management of snakebite (Gonzalez et al., 2010).

In cases of neurotoxic envenoming, patients with neurological
manifestations are monitored by serial general physical and neurolog-
ical examination with special attention to cranial nerve function,
airway, respiration, and bedside measures, such as Peak Expiratory Flow
Rate (PEFR) and blood oxygen saturation (SpO2). The serial examina-
tions assess the need for resuscitation and facilitate detection and
monitor progression of neurological signs and symptoms. Indeed, the
importance of airway management and artificial respiration has been
well recognized for nearly 150 years (Brunton and Fayrer, 1873-4).
Anticholinesterase inhibitors (e.g. edrophonium or tensilon) have been
used to assess and provide immediate ancillary treatment, especially
following envenomings by snakes causing post-synaptic neurotoxic
envenoming (Banerjee et al., 1972; Watt et al., 1986; Warrell, 2010;
Gutierrez et al., 2017a) and are generally not useful following enve-
noming by elapid snakes causing pre-synaptic neurotoxicity (Brunton
and Fayrer, 18734, Banerjee et al., 1972, Anil et al., 2010). Other useful
assessments, where available, can be generically described as ancillary
bedside testing, but include simple tests such as visual acuity, neck and
grip strength, ability to swallow, and electrophysiological methods
based on twitch amplitude using instruments commonly available in
basic anesthesiology suites to assess residual neuromuscular blockade
(e.g. train of four) and have previously been used in the setting of
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BOX 1
20 min Whole Blood Clotting Test (20WBCT) (WHO, 2016)

e Leave undisturbed for 20 min at ambient temperature.
e Tip the vessel once.

If the blood is clotted, the test is negative.

e Place 2 mL of freshly sampled venous blood in a small, new, dry, glass vessel.
o If the blood is still liquid (unclotted) and runs out, the patient has incoagulable blood (hypofibrinogenaemia) as a result of venom-induced
consumption coagulopathy and is in need of antivenom treatment.

In Southeast Asia, incoagulable blood is diagnostic of a viper bite and rules out an elapid bite (kraits and cobras).
o If there is any doubt, repeat the test in duplicate, including a “control” (blood from a healthy person).

Table 1
Performance of the 20-min Whole Blood Clotting Test (20WBCT) compared to International Normalized Ratio (INR) or plasma fibrinogen level.
Reference and year Sensitivity Specificity Patients Comparator Main Comments
(country) ) ) (@) INR Threshold Fibrinogen level Cut-off :22[])(2n31ble
(g/L)
Isbister and Currie, 2003 100 100 62 (Prothrombin Time Western brown Only 2 coagulopathy
(Australia) > 12 seconds) snake patients included
Pongpit et al., 2012 85.7 95.8 97 >1.2 <1.0 Green pit viper
(Thailand) 50 97.6 97 <1.7 Green pit viper
Isbister et al., 2013 (Sri 40 100 140 >1.5 Not stated; EIA Russell’s viper Conducted by non-trained
Lanka) confirmation of staff. Test not standardized
envenoming
Paiva et al., 2015 (Papua 92.9 90.6 ? <0.5 Papuan taipan Unpublished; Presented at a
New Guinea) conference
Ratnayake et al., 2017 (Sri 82 98 987 >1.4 Not applicable; Russell’s viper Trained staff. Test
Lanka) Standardized
Dsilva et al., 2019 (India) 94 76 58 >1.4 or clinical Russell’s and Envenoming defined
envenoming carpet viper clinically
100 74 58 >1.4 Russell’s and
carpet viper
100 84 58 >1.2 Russell’s and
carpet viper
Thongtonyong and 81 90.3 296 <1.0 Malayan pit
Chinthammitr, 2020 viper
(Thailand) 98.5 78.6 296 >1.4 <1.0 Malayan pit
viper

snakebite for research purposes (reviewed by Ranawaka et al., 2013).
3. Challenges and limitations of existing antivenom therapy

Antivenoms currently available are produced via hyperimmuni-
zation of large animals, such as horses, sheep, donkeys, and camels
(WHO, 2010; Laustsen et al., 2018a,b). Consequently, antivenoms are
heterologous and polyclonal immunobiologicals that are complex and
costly to produce and come with a range of drawbacks in regard to
effectiveness, safety, and availability.

Although an antivenom can be demonstrated to neutralize venom
toxins in vitro or in laboratory animals (Gutiérrez et al., 2017b), clinical
evidence of efficacy from well-designed randomized clinical trials is
scarce and ethically challenging to obtain. Lack of standardization of the
venom pools used to immunize the animals for antivenom
manufacturing, associated with inter- or intraspecific venom variability,
is one of the causes of poor effectiveness (Calvete et al., 2011; Kalita
et al., 2018; Senji Laxme et al., 2021). In addition, the ‘gold standard’ in
the preclinical assessment and quality control of antivenoms is the
neutralization of venom-induced lethality, caused by neuromuscular
paralysis, mostly by elapid venoms, or of thrombosis and/or cardio-
vascular collapse, mostly by viperid venoms (Gutiérrez et al., 2017b).
Thus, other toxic actions of snake venoms, such as local effects from
viperid envenomings, are usually not assessed in preclinical and clinical
studies.

Antivenoms consist of heterologous proteins, and early adverse re-
actions (EARs) to antivenom therapy are expected undesirable events. It

is noteworthy that ~70 % of the immunoglobulin content in some
antivenoms is not directed against venom components (Laustsen et al.,
2018a,b). Clinically, patients suffering from adverse reactions against
the antivenom immunoglobulins may present with urticaria, itching,
tachycardia, nausea, vomiting, abdominal colic, bronchospasm, hypo-
tension, and angioedema. Although both the frequency and severity of
EARs have decreased due to improvements in the antivenom purifica-
tion process, the incidence of EARs is still around 20 % in Latin America
(Pardal et al., 2004; Otero et al., 2006; Mendonca-da-Silva et al., 2017),
and >50 % in some Asian countries, where antivenom-related anaphy-
laxis is still a common event (Leon et al., 2013; Sharma et al., 2019;
Isbister et al., 2012). Although EARs are not predictable by prior skin
testing (Malasit et al., 1986), premedication with sub-cutaneous
adrenaline (syn. epinephrine) has been shown to prevent EARs in 43
%-68 % of cases, and it is therefore recommended to be used to mitigate
against EARs (de Silva et al., 2011; Habib, 2011). Conversely, premed-
ication with antihistamines has no proven ability to prevent EARs
(Bucaretchi et al., 1994; Wen et al., 1999; de Silva et al., 2011; Habib,
2011). The possibility of EARs generates fear among many health pro-
fessionals and is a major obstacle for antivenom decentralization
(Monteiro et al., 2020). The frequency of late adverse events (such as
serum sickness), resulting from the deposition of long-lived immune
complexes in blood vessels, kidneys, and joints seems to be lower than
the frequency of EARs, but the true frequency is unknown (Itkin and
Tryjillo, 2005).
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4. Choosing the right antivenom: Syndromic diagnosis versus
identification of the biting snake

In a few countries, the available antivenoms are monovalent, and
their proper use is possible only if the biting species is known or after
diagnosis is performed based on clinical manifestations (WHO, 2018).
Most patients do not bring the biting snake to the hospital, and often do
not provide any clues that can aid in its identification. The decision on
which antivenom to use is therefore based on clinical and epidemio-
logical criteria. Accuracy of the syndromic approach for SBE manage-
ment is influenced by the overlap of clinical manifestations in
envenomings by different species, and by the relative prevalence of the
types of envenomings in different geographic areas. In the Brazilian
Amazon, SBEs caused by Bothrops and Lachesis generally have the same
clinical presentation, with pain and swelling, associated to coagulopathy
(Monteiro et al., 2020). The positive predictive value of Bothrops enve-
noming diagnosis in this region reaches 97.8-100 % when using an
immunoassay based on monoclonal antibodies (Pardal et al., 2004;
Sachett et al., 2017) due to the high prevalence (~90 %) of the Bothrops
genus (Monteiro et al., 2020). In Thailand, however, coagulotoxic and
neurotoxic syndromes following snakebites can be caused by several
species and, in the past, before the development of polyvalent anti-
venoms, the treatment was efficacious only with correct snake identi-
fication (Viravan et al., 1992). Similar conclusions were obtained in Sri
Lanka, although this country has polyvalent antivenoms available
(Ariaratnam et al., 2009). Syndromic diagnostic algorithms have also
been used in Australia (Isbister et al., 2013; Knudsen et al., 2021) and in
sub-Saharan Africa by Médecins Sans Frontieres (MSF). A large number
of studies have been published on the development of diagnostic
methods for the detection of venom components in different biological
samples, notably using enzymatic immunoassays (Knudsen et al., 2021).
Yet these are rarely used in both research and clinical practice, with the
sole exception of Australia (Isbister et al., 2013).

5. New methods for diagnosis of snakebite envenoming

Early treatment of SBE has been linked to improved patient outcome,
faster recovery, and decreased resource consumption at treatment fa-
cilities (Johnston et al., 2017; Anderson et al., 2018; Alfred et al., 2019;
Pinho et al., 2005; Mise et al., 2018). Therefore, researchers have long
been developing supportive tools for the diagnosis of SBE, especially for
differentiation of snake venoms (Knudsen et al., 2021). Supportive
diagnostic tools could potentially bring about multiple benefits, perhaps
the foremost of which is facilitation of early and correct treatment,
including selection of the most appropriate antivenom. In addition to
their impact on the treatment of individual patients, novel diagnostics
could also support epidemiologists in the mapping of snakebite in-
cidents, which in turn can aid healthcare systems in deciding which
antivenoms to procure and how to optimize their distribution. Such
studies could also inform the design of novel antivenoms and aid anti-
venom manufacturers in identifying which patients to include in clinical
trials.

Snakebite diagnostics reported in the literature include assays based
on infrared thermography (de Madeiros et al., 2017; Sabitha et al.,
2021), measurement of enzymatic activity of toxins (Maduwage et al.,
2014), molecular biology methods (Suntrarachun et al., 2001; Supika-
molseni et al., 2015), and immunoassays (e.g., Faria et al., 2018; Lin
etal., 2020; Hung et al., 2014; Liu et al., 2018) to mention only a few), of
which enzyme-linked-immunosorbent assays (ELISAs) are the most
frequently described. The pros and cons of these methods make them
differentially suited for different uses. For instance, PCRs with their
often extremely low limits of detection may be well-suited for forensic
studies at well-equipped facilities, but not necessarily for point-of-care
use, due to the requirement of specialized equipment and trained
personnel (though this is likely to change with the implementation of
more rapid, affordable, and user-friendly forms of PCR, see e.g. (Jiang
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et al., 2015; Neuzil et al., 2006; Vaagt et al., 2013)). Conversely, rapid,
user-friendly, and affordable lateral flow assays (LFAs) may be
well-suited for point-of-care applications, while not offering the same
functionalities as more complex assay types. Other parameters that in-
fluence the utility of novel diagnostics include sensitivity, specificity,
sampling method and sample matrix, stability, choice of analyte (e.g.
venom toxins, RNA, or DNA), measurability, accuracy, and precision.

New snakebite diagnostics need not, however, come in the form of
bioassays. In an entirely different avenue of diagnostics, it has been
proposed that artificial intelligence can assist in snake identification and
in linking clinical syndromes to snake species or genera (de Castaneda
et al., 2019). Snake recognition apps may also make differentiation of
dry bites and bites by non-venomous snakes easier (a property not
necessarily possessed by bioassays). With the advent of ever-more
affordable, sensitive, and user-friendly technologies and the growing
attention to SBE, it seems plausible that more snakebite diagnostics may
find their way to the clinic in the future.

6. Therapeutic application of monoclonal antibodies and
antibody fragments

With the advent of recombinant DNA technology and modern ap-
proaches for the discovery of monoclonal antibodies, there is today an
opportunity to develop novel types of antivenoms based on recombi-
nantly expressed antibodies and antibody fragments (Laustsen et al.,
2020). Given that it is well-established that animal-derived antibodies
and fragments thereof are (relatively) effective in neutralizing snake
venom toxins (Gutiérrez et al.,, 2017b, 2011), it seems almost
self-evident that mixtures of recombinantly expressed human antibodies
and antibody fragments could find therapeutic utility if properly
developed and manufactured (Casewell et al., 2020; Kini et al., 2018).
Compared to animal-derived antibodies, human antibodies are less
immunogenic to human recipients (Laustsen et al., 2018a, 2016), and if
carefully designed, mixtures of monoclonal antibodies, that target
neutralizing epitopes of toxins that are medically relevant for human
envenomings or disrupt toxin synergism, can likely be optimized to have
better efficacy, less batch-to-batch variation, and possibly even lower
cost of manufacture (Kini et al., 2018; Laustsen, 2016b, 2018a, 2018b;
Laustsen et al., 2015, 2018a). Given these potential benefits, scientific
efforts have in recent years focused on the development of both fully
human monoclonal and oligoclonal antibodies (Laustsen et al., 2018b)
and camelid antibody fragments (Bailon Calderon et al., 2020; Julve
Parreno et al., 2017; Richard et al., 2013). Combined, these studies have
demonstrated the feasibility of using phage display technology for the
discovery of such molecules, as well as the potential utility of formu-
lating these into so-called ‘recombinant antivenoms’ (Laustsen, 2016a).
One of the challenges for these types of endeavors is, however, to
develop sufficiently broadly-neutralizing monoclonal antibodies, which
is a necessity for feasible recombinant antivenom manufacture, as the
inclusion of antibodies that are able to cross-neutralize multiple toxins
allow the manufacturer to limit the number of antibodies needed in a
recombinant antivenom formulation (Jenkins and Laustsen, 2020;
Ledsgaard et al., 2018). Therefore, recent studies have focused on
devising simple, rational methods that allow for facile discovery of an-
tibodies with such properties. This is exemplified by Ahmadi et al., who
introduced a cross-panning strategy in phage display selection cam-
paigns that allowed for proactively selecting for broadly-neutralizing
antibodies prior to antibody screening, allowing the researchers to
discover fully human antibody fragments that could cross-neutralize
three-finger toxin (3FTx) cytotoxins from African cobras (Ahmadi
et al., 2020). In the future, other strategies, such as the application of
recombinant consensus toxins (de la Rosa et al., 2019), may also prove
useful for the discovery of broadly-neutralizing monoclonal antibodies,
as well as improved high-throughput analytical methods for assessing
cross-reactivity will become essential tools for developing polyvalent
recombinant antivenoms (Krause et al., 2020; Laustsen et al., 2018a,b;
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Ledsgaard et al., 2018). Finally, the application of Big Data and machine
learning approaches are expected to take up speed in the field of anti-
body discovery (Laustsen et al., 2021), which in turn may be exploited in
the development of recombinant antivenoms. However, before any re-
combinant antivenom development project can commence, it is essential
to have a clear understanding of the benefits and drawbacks of different
antibody formats, as the choice of format will have major influence on
the development strategy (Knudsen et al., 2019).

7. Advantages and disadvantages of different antibody formats

In contrast to many other disease areas, such as oncology and
autoimmune diseases, where antibodies have successfully entered the
clinic, SBE is fundamentally different in nature: It is acute, a very large
number of targets of great molecular complexity must be neutralized,
therapy only needs to be administered over a short period of time, and
the majority of patients come from impoverished regions of the tropics
(Laustsen, 2019). This puts certain constraints on what antibody formats
are likely to be useful for treating this pathology, as well as feasible to
develop and cost-competitive to manufacture (Jenkins and Laustsen,
2020; Knudsen et al., 2019; Laustsen et al., 2017; Laustsen and Dor-
restijn, 2018). Generally, different antibody formats have different ad-
vantages and disadvantages (Table 2), but it is important that the
antibody format of choice is compatible with the human immune system
and therefore safe, that the format is versatile and allows for facile
development of antibodies that can neutralize different toxin families,
that the format is easy and low-cost to manufacture, and that the format
can be engineered to bind toxins with very high affinity (Knudsen et al.,
2019; Laustsen et al., 2018a). These requirements may easily restrict the
utility of more advanced antibody formats, and instead favor simpler
formats with a history of successful clinical use, such as human immu-
noglobulin G antibodies (IgGs) and single-domain antibodies, although
smaller non-antibody-based scaffold proteins could potentially also find

Table 2
Overview of the advantages and drawbacks of different antibody formats.

Antibody format

Advantages

Disadvantages

Animal-derived
antibodies
Human IgG

Human F(ab),

Human Fab
Human scFv

Human Vy

Camelid VyzH

Bispecific IgG

Bi/multispecific
Vi and VyH

Antibody-like
scaffolds

In vivo affinity maturation
possible, manufacturable
Safe, manufacturable, long
half-life, clinically successful
format

Safe, medium half-life

Safe, manufacturable,
clinically successful format
Easy to discover, low cost of
manufacture

Easy to discover, (very) low
cost of manufacture, fast tissue
penetration

Easy to discover, in vivo
affinity maturation possible,
(very) low cost of
manufacture, fast tissue
penetration

Smaller number of different
antibody clones needed to
target different toxins

Smaller number of different
antibody clones needed to
target different toxins, easy
half-life extension options
available

(Very) low cost of
manufacture sometimes
possible, fast tissue
penetration

Immunogenic, medium cost of
manufacture
Medium cost of manufacture

Non-optimal for recombinant
expression, high cost of
manufacture

Medium cost of manufacture,
short half-life

Prone to aggregation and
polymerization, short half-life
Short half-life

Short half-life, not fully
human

Complex and low-yield
manufacture, same amount of
total antibody needed for
neutralization

Same amount of total
antibody needed for
neutralization, short half-life

High affinity more
complicated to achieve,
blocking intellectual property
rights may exist
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use in the clinical setting (Jenkins et al., 2019). Ultimately, however, it is
not unlikely that a combination of different antibody formats in a re-
combinant antivenom may be useful for targeting different types of
toxins and thereby providing more benefits than each format is capable
of alone (Casewell et al., 2020). In the shorter term, it is also possible
that monoclonal antibodies and their fragments could be used to fortify
existing plasma-derived antivenoms to improve efficacy - especially
against highly toxic components of low immunogenicity that do not give
rise to high antibody titers during immunization (Kini et al., 2018;
Knudsen et al., 2019).

8. Repurposed molecules

Small molecule therapeutics (SMT) represent a potentially useful
addition to antibody-based antivenoms. As a group, most SMTs used in
pharmaceutical preparations are derived from natural bioactive com-
pounds or synthetic molecules intended to act on specific targets. In the
foreseeable future, the therapeutic approach to snakebite envenoming
might include combinations of SMTs and antibody-derived therapeutics,
capitalizing on their respective strengths as toxin-neutralizing in-
terventions. Particular attention has been paid to inhibitors of metal-
loproteases, secreted phospholipase Ass (SPLAy), and serine proteases,
but several other potential targets for SMTs exist with or without
enzymatic activities (Clare et al., 2021).

Drug development is exceedingly expensive, but one approach to
mitigating development costs is to search for molecules developed for
other indications that have desired inhibitor properties. Several of such
drug candidates exist that have reached advanced stages of clinical
development for other indications in oncology (metalloprotease in-
hibitors) and for acute indications such as severe sepsis (sPLA; in-
hibitors) (Steward, 1999; Zeiher et al., 2005). If proven safe and
effective, these previously developed compounds could be catapulted
into clinical use with the least cost possible, especially if supported by
industry data packages (Bulfone et al., 2018). Multiple laboratories have
spurred recent interest in testing these previously tested candidate
molecules alone, in combinations with each other, or with antivenom
(Lewin et al., 2018a, 2018b; Bittenbinder et al., 2018; Albulescu et al.,
2020a, b). Discovering small molecules for specific blockade of
non-enzymatic toxins, such as 3FTxs, remains challenging, but could be
amenable to combinations of SMTs and monoclonal antibodies (Laust-
sen et al., 2015). No molecule has every required therapeutic attribute
(e.g. nafamostat is used as a serine protease inhibitor, but has excep-
tionally short half-life, varespladib and most metalloprotease inhibitors
dissolve at very different pH and would be challenging to co-formulate),
and Proof of Concept in humans has yet to be established for any of these
compound classes.

Examples of small molecules likely to advance to clinical trials in the
near future include repurposed sPLA; inhibitors, such as varespladib and
its orally bioavailable prodrug varespladib-methyl and metalloprotease
inhibitors such as marimastat (Lewin et al., 2016; Albulescu et al.,
2020a). Significant preclinical work in the field now includes combi-
nation studies of varespladib with marimastat and even the addition of a
third inhibitor of serine proteases, nafamostat (Xie et al., 2020a, 2020b;
Still, 2020; Albulescu et al., 2020b). To advance these molecules to help
modernize treatment of SBE, clinical trials including the existing stan-
dard of care must be carefully conducted with attention to measurable
endpoints able to discriminate study drug effects from standard of care.
While a species-by-species approach could be feasible with unlimited
funding, it is neither cost-effective nor desirable. The ideal toxin-specific
inhibitor should be broadly specific and robust against smaller changes
to the tertiary and quaternary structures of the enzyme being inhibited.
To that end, it may make sense to approach clinical trial sites with
concentrations of SBEs exemplifying distinct syndromes and venom
characteristics (Xie et al., 2020a, 2020b; Still, 2020; Albulescu et al.,
2020a, b). For example, an inhibitor capable of blocking monomeric,
dimeric, and more complex sPLAys could be tested in sites experiencing
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bites from Russell’s vipers, saw-scale vipers (monomeric sPLAj), cobras,
and kraits, featuring both non-covalently bound and covalently bound
dimeric sPLAys. Trials demonstrating efficacy against the toxicities of
structurally and functionally diverse sPLAys could successfully make the
case for broad approval (Gutiérrez et al., 2020) and then be combined in
formulation or co-administered with other small molecule inhibitors,
such as a metalloprotease inhibitor (Lomonte et al., 2009; Albulescu
et al., 2020a,b).

Formulation and solubility issues will ultimately determine the po-
tential for co-formulated antidotes and dosage forms. Oral solid dosage
forms (e.g. tablets and capsules) may be more amenable to co-
formulation, but molecules such as varespladib favor alkaline environ-
ments, while protease inhibitors such as marimastat and prinomastat
favor an acidic environment for solubility, suggesting significant pre-
clinical evaluation and optimization will be needed before they are to
be considered for co-administered by the intravenous route in the future.
Rapid absorption of potent orally available inhibitors could make them
amenable to administration in intubated patients providing viable
routes to avoid the need for mechanical ventilation in resource-limited
environments. There is much to learn in the next few years as SMTs
emerge and are evaluated for their potential addition to the therapeutic
armamentarium for the initial and adjunctive treatment of SBE.

The existing SMTs have already passed prior drug development steps
and attained reasonable safety status for human use (Wojtowicz-Praga
et al., 1997; Rosenson et al., 2010). However, clinical studies are ur-
gently needed to evaluate safety, efficacy, optimum mode of adminis-
tration, and duration of therapy for such repurposed molecules (e.g.,
marimastat, prinomastat and varespladib) among SBE patients. The re-
sults from such trials should be compared to existing antivenom therapy
and standard of care, which in turn may help shine light on whether such
SMTs could be utilized as adjuncts to antivenom in either the
pre-hospital or hospital setting (Kini et al., 2018).

9. Improving education and training

The burden of snakebite is highest in developing countries with weak
healthcare systems, resulting in substantial deaths and disabilities
(Habib and Abubakar, 2011). The clinical management of SBE entails
hospitalization, administration of effective antivenoms, and provision of
supportive care by Health Care Workers (HCWs). Studies have shown
low levels of education among HCWs in developing countries (Michael
et al., 2018; Bala et al., 2020a, Bala et al., 2020b), and it has been
established in northern Ghana that the outcome of care, including
deaths from SBE, depends partly on the knowledge of HCWs and their
compliance to standardized protocols, and on the availability of effec-
tive antivenom. There, the impact of training of HCWs was shown to
reduce mortality from SBE (Visser et al., 2004). Harmful traditional
beliefs and practices play important roles in delaying hospital presen-
tation following SBE, and delayed presentation is a predictor of poor
prognosis (Habib and Abubakar, 2011). Empowering HCWs with
adequate knowledge on snakebite management, identification of com-
mon harmful snakes, and educating communities in pre-hospital care of
snakebites is necessary to improve pre-hospital and hospital manage-
ment of snakebite envenoming.

There is growing concern that the HCW training curriculum is defi-
cient in clinical toxinology in general and in covering snakebite care and
management in particular (White, 2013). This deficiency emphasizes
the need to improve training and inclusion of practice-oriented courses
in the curricula of HCWs for effective snakebite care and management.
In relation to this, the World Health Organization (WHO) and other
stakeholders could play greater roles in ensuring improved training and
knowledge of HCWs and communities to achieve the target of reducing
snakebite morbidity and mortality. To achieve this, there is a need to
develop region-specific, evidence-based guidelines and other Informa-
tion, Education, and Communication (IEC) materials for snakebite care
and management. Regrettably, some countries conduct numerous
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preclinical and clinical studies on snakebite management, but the results
and conclusions have not been included into their national snakebite
management guidelines. Encouraging advances and demonstrations of
efficacy in HCW education and application of teachings have recently
been reported in clinical education programs piloted in many countries,
suggesting renewed recognition of the importance of this topic (Visser
et al., 2004; Michael et al., 2018; Qiu et al., 2019; Samuel et al., 2020;
Sulaiman et al., 2020). Because countries with a high snakebite burden
often lack country-specific medical textbooks on snakebite, it should be
a priority for these countries to develop textbooks that can help guide
clinical management of snakebite in their settings. It is also important
that countries with preclinical and clinical studies on snakebite incor-
porate the findings of such studies to update national snakebite man-
agement guidelines.

10. Snakebite in the prehospital setting

A detailed description of snakebite management guidelines is beyond
the scope of this review, but comments on education, the critical nature
of initiating treatment in timely fashion, and basic principles are war-
ranted. As described in the previous section, inadequate knowledge
about SBE symptoms and the application of harmful first aid methods in
the prehospital setting hamper care and endanger patients. Detrimental
first aid methods include the use of suction devices, tourniquets, and
“medicinal” stones resulting in tissue damage, delayed release of toxins,
or fatal delays in definitive care (Alberts et al., 2004; Ameade et al.,
2021; Mahmood et al., 2019; Singaravelu et al., 2021). Manipulation of
the bite wound, such as by incision or fasciotomy, may introduce in-
fections, including tetanus (Habib, 2003), and increase local bleeding.
Ignorance, overconfidence, and outdated training are not exclusive to
the lay community or practitioners of traditional medicine using herbal
remedies, but also exist in professionalized settings, such as the military,
expeditionary, and even clinical organizations (Chen et al., 2016;
Bhargava et al., 2020). Evidence suggests that even in large organiza-
tions with diverse skill sets, these deficiencies can be overcome with
educational programs focused on the basics of treatment in the field and
hospital, though clinical experience remains the major determinant of
appropriate confidence and skill (Michael et al., 2018; Qiu et al., 2019;
Samuel et al., 2020; Sulaiman et al., 2020).

Many considerations must be integrated in the provision of emer-
gency care to a patient suffering from snakebite envenoming. From
airway control to reassurance of the patient that help is near or that the
situation can be managed competently on site until transport with
incipient hospital evaluation and treatment can be provided. Many
productive procedures can be undertaken simultaneously and calmly if
HCWs are appropriately educated and mentally prepared. Along with
calm initiation of movement toward definitive care at a dispensary or
hospital, the most fundamental actions are supportive and include
attention to the airway, breathing, hemodynamic stability of the patient,
and safest possible slowing of toxin spread, e.g. pressure-immobilization
techniques (Parker-Cote and Meggs, 2018).

BOX 2 describes key, initial steps upon encountering the victim of a
snakebite. Practical, effective, and safe measures are recommended, and
there are superb, publicly available resources, such as those provided by
the WHO, to guide even the most advanced caregivers (WHO, 2016):

Even the most experienced physicians might only rarely encounter
snakebite victims during their practice of clinical medicine. Outcomes
can be improved by awareness of the basic elements of first aid, re-
sources for obtaining help (e.g. poison control centers and/or expert
identification of snakes), and knowledge of what practices are either
harmful or without utility. Maintenance of awareness and fundamental
do’s and don’ts is required and should be an obligation of experts and
advocates in the field.
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BOX 2

o Immediately move away from the area where the bite occurred.

e Paracetamol may be given for local pain (which can be severe).

Initial aid of the snakebite victim (adapted from WHO recommendations)
After a bite by a snake suspected of being venomous, follow these steps:

e Remove anything tight from around the bitten part of the body to avoid harm if swelling occurs.

e Reassure the victim, as most venomous snake bites do not cause immediate death.

e Immobilize the person completely and transport the person to a health facility as soon as possible.

o Applying pressure at the bite site with a pressure immobilization pad may be suitable in some cases.
e Avoid traditional first aid methods, herbal medicines, suction devices, and tourniquets.

e Vomiting may occur, so place the person on their left side in the recovery position.

e Closely monitor airway and breathing and be ready to resuscitate if necessary.

Bringing the patient to the facility most capable of administering antivenom and other standards of supportive care is essential and can be aided
by local knowledge, emergency services, or with the help of internet or poison control centers where available.

11. Repositioning conventional antivenom therapy

As new antivenoms are introduced into clinical care, establishing
their safety and efficacy through conventional phase II studies poses
major ethical challenges given the known risks of heterologous plasma-
derived antibodies in humans. Innovative approaches have been
explored to find alternative strategies, such as the ‘3 + 3’ dose escalation
continual reassessment method (CRM), wherein an initial dose, derived
from preclinical testing, is progressively doubled until pre-defined
desirable safety and efficacy levels are achieved among cohort of few
mildly envenomed patients (Abubakar et al., 2010). The approach was
originally developed for oncologic drugs (Rosenberger and Haines,
2002), but has been used successfully to usher in new antivenoms
(Abubakar et al., 2010). The method has, however, been criticized
(Chippaux and Boyer, 2010), and modifications entailing commence-
ment with a higher dose followed by subsequent de-escalation have been
suggested, especially following presynaptic neurotoxic envenomings,
where clinical manifestations may be irreversible and should be timely
prevented. Recently, a Bayesian model-based adaptive design has been
suggested to be more efficient and has the capacity to enroll larger pa-
tient sample sizes determined by simulations (Watson et al., 2020). This
is also more flexible and has better operating characteristics than the
CRM. For the adaptive design, data from sequentially enrolled patients is
used to continually update the parameters of the dose-response model
eventually leading to better dose-optimization. Both approaches are
suitable for safety and efficacy assessments with binary outcomes. The
adaptive design was developed to be used to determine the optimal safe
and effective dose of a new antivenom used to treat Russell’s viper
envenoming in Myanmar and will probably be increasingly used to
introduce antivenoms into clinical management (Watson et al., 2020).

Despite their limitations, antivenoms remain the mainstay of therapy
of SBE. Although only a couple of randomized controlled trials (RCTs)
with placebo controls have been conducted (Rojnuckarin et al., 2006;
Gerardo et al., 2017), antivenoms were found to be effective in reducing
mortality by about 75 % in observational studies following carpet viper
hemotoxic envenoming in West Africa (Habib and Warrell, 2013). The
main indications for antivenom administration include severe cytotox-
icity, hemotoxicity, neurotoxicity, cardiotoxicity and rhabdomyolysis,
usually manifesting clinically as one or more of the following: extensive
local swelling, tissue necrosis, shock, spontaneous systemic hemorrhage,
incoagulable blood, paralysis (e.g., respiratory paralysis, ptosis, and
ophthalmoplegia), hemoglobinuria, myoglobinuria, cardiac failure, and
acute kidney injury (Gutierrez et al., 2017a).

Current antivenoms are either liquid or freeze-dried formulations,
which have longer shelf-lives than their liquid counterparts, but which
also require reconstitution before use. Polyvalent antivenom is most
useful where diverse snakes cause envenoming, while monovalent
products are useful where one or an easily discernible snake causes

envenoming. The same dose is used for adults and children as dosing is
to match the amount of venom injected regardless of patient size (Le
Geyt et al., 2021), though there is a lack of properly conducted clinical
trials of dose finding for antivenoms in children. Although studies have
been conducted on adults, there is a trend towards generally using lower
antivenom doses, with an observational and three randomized studies
showing that relatively lower volumes (lower protein content) may be
associated with fewer EARs without compromising effectiveness
following either hemotoxic or neurotoxic envenoming (Jorge et al.,
1995; Paul et al., 2004; Allen et al., 2012; Alirol et al., 2017). It is
possible that children with smaller extracellular fluid volume and high
venom-to-body-mass ratio may exhibit more devastating consequences
of envenoming but also higher rates of EAR than adults following
administration of the same dose of antivenom. Therefore, similar studies
are needed to determine the timing of antivenom administration, vol-
ume, issues of fluid overload, and specific signs of EAR in children.
While antivenoms reverse hemostatic abnormalities and protect
against mortality (Habib and Warrell, 2013), they are thought to be
relatively inefficacious in preventing against local pathologies and ne-
crosis. For instance, it has been shown that presence of blisters or bullous
wounds is associated with more marked envenoming and poorer
outcome, even though higher doses of antivenom are required for
restoration of clotting following carpet viper envenoming (Iliyasu et al.,
2014). Thus, it is being hypothesized that in addition to inflammatory
markers found in blister fluids, venom toxins detected in wound aspi-
rates may exist as a depot and lead to gradual release of venom toxins
with ensuing worsening pathology (Iliyasu et al., 2014; Lin et al., 2019).
Indeed, a study in Thailand showed recurrence of venom antigenemia in
about a quarter of patients, suggesting possible continuous absorption of
venom from the wound blisters into systemic circulation (Ho et al.,
1986). Recently, it has been shown that antivenom (IgG antibody or
fragments) also diffuses into the blister fluid, though its functional
ability to neutralize the venom is unclear (Gimenes et al., 2020).
Therefore, studies are needed to determine the utility of antivenom and
complementary local interventions (e.g., blister aspiration) against local
pathologies as some indicators suggest aspiration might be more effec-
tive than deroofing treatment even in non-envenoming inflammatory
blistering disease not containing venom toxins (Ro et al., 2018).
Antivenoms made of papain digested fragments (Fabs) have been
shown to lead to recurrence of envenoming without durable resolution
of symptoms (Williams et al., 2018), and some manufacturers have
stopped their production, though Fab-based antivenoms remain in use in
other areas. The development of new, enhanced antivenoms effective
against a broader range of the most important snake species in multiple
countries in a region, such as the planned pan-African polyvalent anti-
venom, will hopefully help improve future patient outcomes and ulti-
mately promote utilization through education. This could lead to
increased demand and stimulate mass production, ushering in better
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pricing and affordability through economies of scale, and provision of
quality products (Habib et al., 2020).

At the global level, efforts towards enhancing safety, efficacy, po-
tency, and affordability of antivenoms should be undertaken by
strengthening the manufacturing laboratories, implementing Good
Manufacturing Practices (GMP), improving the design of immunizing
mixtures, optimizing the purification of plasma-derived antibodies, and
implementing better quality control procedures. Additionally, the
WHO’s antivenom prequalification program should be introduced and
strengthened. In this regard, the WHO Roadmap for control of SBE states
that target product profiles (TPPs) and minimum specifications will be
implemented by 2021 as essential prerequisites for the introduction of a
formal WHO antivenom prequalification scheme (WHO Roadmap,
2019). However, the recent Covid-19 pandemic will likely cause delays
in these activities.

12. New approaches to delivery and deployment of snakebite
therapeutics

Antivenoms are administered parenterally via the intravenous route,
which requires properly trained personnel usually within hospital set-
tings. As snakebites mostly occur in remote rural areas with no skilled
personnel (see BOX 3), delay in treatment is a recognized predictor of
poor outcomes (Habib and Abubakar, 2011; Silva et al., 2020). Several
studies have confirmed reversal of envenoming, in particular coagul-
opathy or neurotoxicity, following oral use of therapeutic agents and
inhibitors (e.g., marimastat, varespladib) in small and large animal
studies, although they have not been replicated in humans (Bhatta-
charya et al., 2014; Lewin et al., 2018a; Lewin et al., 2018b; Albulescu
et al., 2020a,b). However, it is probable that these agents will be studied
in humans in the near future and repositioned as oral therapies for
prehospital interventions. For now, intravenous antivenom administra-
tion remains the mainstay of envenoming therapy and may be per-
formed slowly or as slow push, as there is no observed difference
between these administration methods with regards to development of
EAR rates (Isbister et al., 2012).

Current antivenom deployment strategies mostly rely on providing
small stocks of antivenoms to hospitals in endemic areas in resource-
constrained settings. Hospital staff can then periodically request
replenishment from headquarters in urban centers. This is often asso-
ciated with frequent stock-outs and consequent increased mortality
(Habib and Abubakar, 2011). To improve accessibility, a ‘hub-and--
spoke’ distribution and utilization network has been suggested, wherein
rural facilities serve as satellites or spokes and are linked to major
hospitals in urban hubs for referrals of complicated cases, linkages,
support, and more readily available antivenom supplies (Habib, 2013;
Habib et al., 2020). This way, products, services, and training are
cascaded down from the centralized facility to the remote, peripheral
areas. A strategy of boosting antivenom supply with constant deploy-
ment and distribution of enough antivenom to facilities for use when
needed should be adopted, as opposed to that of trying to source for and
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supply small stocks of antivenom when the demand arises (WHO, 2019).
Whenever feasible, development and procurement of products with
longer shelf-life (e.g., freeze-dried antivenoms) should be encouraged,
especially in resource constrained settings (Habib et al., 2020).

Given the need to reduce delays in antivenom administration, new
approaches of antivenom delivery are increasingly being considered for
remote and inaccessible locations. Helicopters have been used to deliver
life-saving antivenom and interventions for envenomed patients in
industrialized countries. Similarly, it has been suggested that drones can
be used to deliver antidotes for snake and dog bites and blood for
transfusion in developing countries (Laksham, 2019; Shah et al., 2021).
However, the high rates of EARs accompanied by a general lack of
skilled personnel, medications, and knowledge of management of EARs
pose major threats to antivenom administration in rural settings.
Training and skills acquisition of lower cadre HCWs and nurse-led
clinics have, however, been shown to be equally effective compared to
medical doctors in treating snakebite (Yates et al., 2010). These mea-
sures should be promoted to improve access to antivenoms in remote
areas. Furthermore, the use of web-based snake identification services
and snakebite apps on smartphones for immediate recognition of snakes
causing bites, advice on finding the nearest hospital stocking antivenom,
antivenom selection, and antivenom mode of delivery are being
explored (https://slma.lk/sbc/sbe_guidelines/).

13. Future perspectives

Most of the major clinical manifestations of SBE have been charac-
terized across different regions of the globe. However, atypical pre-
sentations, chronic complications (e.g., chronic kidney failure), and
long-term sequelae (e.g., neurologic and psychologic deficits) remain
to be defined for different snakes and different settings; thus, it is
important to reiterate that clinical management guidelines recommend
post-discharge follow-up and periodic reevaluation as previously rec-
ommended (WHO SEARO, 2016). Clinical studies will be needed to
establish the reliability of new diagnostics, as well as safety and efficacy
for monoclonal antibody-based therapies and SMT-based therapies.
Appropriate preclinical and clinical studies should be developed and
validated for investigating new therapeutic agents. Particularly, appro-
priate endpoints, models, and surrogate markers for assessing necrosis
and neurotoxicity have to be established and validated in a reproducible
manner before such clinical studies can commence. In addition to
pre-hospital interventions, the efficacy of administering SMTs, repur-
posed agents, and monoclonal antibodies alone and in combination with
antivenom should be further investigated. Clinical trials of novel ther-
apeutics could potentially be supported by new diagnostic tools, as the
results from diagnostic tools can be used as inclusion criteria in clinical
trials; ensuring that novel therapeutics are only administered to patients
for whom they are indicated. When new therapeutics and diagnostics
are developed, affordability should be a major priority given the econ-
omies of the countries most affected by SBE. Global best-practice
frameworks for benchmarking, manufacturing, and standardizing both

BOX 3
Challenges to Clinical Management of Snakebite Envenoming

Access to prompt and timely care
responsible snakes
Lack of safe and effective antivenom and accessory medicines

Lack of adequate knowledge and skills among healthcare workers

Lack of guidance for managing snakebite envenoming in children

Lack of reliable, standardized, widely available point-of-care diagnostic tests that discriminate between varied types of envenoming and

Lack of post-discharge follow-up to detect/manage long-term sequelae

Weak health systems and infrastructure lacking vital items for snakebite care in endemic areas e.g., airway support
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conventional and new therapies should be established, strengthened,
and implemented. HCWs should be trained to avoid harmful practices,
identify clinical presentations of envenoming, and implement standard
treatment protocols and algorithms. Global and national efforts towards
improving access to antivenom in endemic areas should be promoted —
consistent with the WHO Roadmap (WHO, 2019). Further research to
determine the most appropriate, affordable, simple, practical, and
scalable approaches for delivery and deployment of snakebite care
should also be conducted. By combining efforts from the laboratory,
clinical settings, and logistics, an opportunity exists for improving the
clinical management of SBE worldwide.
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