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Abstract: Snakebite envenoming is a neglected tropical disease (NTD) that results from the injection
of snake venom of a venomous snake into animals and humans. In Africa (mainly in sub-Saharan
Africa), over 100,000 envenomings and over 10,000 deaths per annum from snakebite have been
reported. Difficulties in snakebite prevention and antivenom treatment are believed to result from a
lack of epidemiological data and underestimated figures on snakebite envenoming-related morbidity
and mortality. There are species- and genus-specific variations associated with snake venoms in
Africa and across the globe. These variations contribute massively to diverse differences in venom
toxicity and pathogenicity that can undermine the efficacy of adopted antivenom therapies used
in the treatment of snakebite envenoming. There is a need to profile all snake venom proteins
of medically important venomous snakes endemic to Africa. This is anticipated to help in the
development of safer and more effective antivenoms for the treatment of snakebite envenoming
within the continent. In this review, the proteomes of 34 snake venoms from the most medically
important snakes in Africa, namely the Viperidae and Elipdae, were extracted from the literature. The
toxin families were grouped into dominant, secondary, minor, and others based on the abundance
of the protein families in the venom proteomes. The Viperidae venom proteome was dominated by
snake venom metalloproteinases (SVMPs–41%), snake venom serine proteases (SVSPs–16%), and
phospholipase A2 (PLA2–17%) protein families, while three-finger toxins (3FTxs–66%) and PLA2s
(16%) dominated those of the Elapidae. We further review the neutralisation of these snake venoms
by selected antivenoms widely used within the African continent. The profiling of African snake
venom proteomes will aid in the development of effective antivenom against snakebite envenoming
and, additionally, could possibly reveal therapeutic applications of snake venom proteins.

Keywords: antivenom; elapids; proteomics; snake venom; toxins; venomics; viperids

Key Contribution: This review profiles venom proteomes of Viperidae and Elapidae snakes endemic
in Africa. The classified toxin families revealed intra-specific similarities and differences amongst
these snakes; which is anticipated to be useful in the production of effective antivenom.

1. Introduction

Snakebite envenoming is a neglected tropical disease (NTD) that causes serious public
health issues. Snakebite envenoming mainly affects people from poorly developed and
politically marginalised rural tropical and subtropical communities in India, Southeast
Asia, sub-Saharan Africa, and Latin America [1,2]. According to the World Health Organi-
zation (WHO), snakes bite an estimated 1.2–5.5 million people annually, and as many as
1.8–2.7 million are envenomed, with mortality rates from the envenoming complications of
more than 81,000–138,000 deaths and up to 400,000 survivors permanently deformed [1,3–5].
One million snakebites have been estimated in Africa (mainly in sub-Saharan Africa) per
annum, leading to over 100,000 envenomings and over 10,000 deaths. A study showed
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that over 5000 to 14,000 amputations occur annually in sub-Saharan Africa [6]. A recent
meta-analysis study of the burden of snakebite envenomation-related deaths, amputations,
and post-traumatic stress disorder in 41 sub-Saharan African countries is estimated at
1.03 million DALYs (disability-adjusted life years) annually [7].

Lack of epidemiological data and underestimated figures on snakebite envenoming-
related morbidity and mortality impedes snakebite prevention and antivenom treatment [6].
The menace of snake envenoming in Africa can be alleviated by an accurate collection
of epidemiological data, educating the at-risk population on the need to use health cen-
tres, improvement to the accessibility of antivenoms, and adequate training of health
personnel [8].

The snake venom toxins cause diverse clinical manifestations ranging from local
tissue damage to life-threatening systemic effects, including neurotoxicity (neuromuscular
paralysis), haemotoxicity (haemorrhage and coagulopathy), and/or cytotoxicity (swelling,
blistering, and tissue necrosis) [1,9,10]. The intra- and interspecies differences in venom
protein compositions may be the cause of differences in venom toxicity and pathogenicity,
which can undermine the efficacy of antivenom therapies adopted in the treatment of
snakebite envenoming [11]. For instance, intra-specific variation was observed in the
venom profile and immunogenicity of the African puff adder, Bitis arietans, within sub-
Saharan Africa [12]. In Africa, elapids and viperids are medically important snakes that
cause most of the snakebite envenoming and are the main focus of this review. The families
of elapids include cobras (Naja spp.) and mambas (Dendroaspis spp.), while the viperids
include adders (Bitis spp.) and saw-scaled/carpet vipers (Echis spp.) [13]. Snakebite
envenoming by Viperidae mainly induces myotoxicity and haemotoxicity, whereas the
Elapidae leads to cytotoxicity, neurotoxicity, and cardiotoxicity [14]. Elapidae-associated
neurotoxicity is characterised by the block of nerve-muscular junction [15].

In 2017, following a recommendation by the WHO’s strategic and technical advisory
group for NTD, snakebite envenoming was listed as an NTD. In 2018, this recommendation
was adopted by the 71st World Health Assembly. Later, in 2019, the WHO provided its
2019–2030 global strategy for the prevention and control of snakebite envenoming aimed at
reducing deaths and disabilities by 50% before 2030 [5,16]. The key goals include (i) empow-
ering and engaging communities, (ii) ensuring safe, effective treatment, (iii) strengthening
health systems, and (iv) increasing partnerships, coordination, and resources with strong
collaboration. To achieve the above target, in 2021, the WHO launched new snakebite infor-
mation and a data platform encompassing an open-access online platform that allows access
to venomous snake geographical locations, ecology, epidemiology, antivenom treatments
and distribution stockpile (https://www.who.int/teams/control-of-neglected-tropical-
diseases/snakebite-envenoming/snakebite-information-and-data-platform/overview#tab=
tab_1 accessed on 29 August 2022). The platform also helps in data sharing, collaboration,
awareness and the education of people. Future directives to better understand and erad-
icate snakebite envenomation in Africa require multidisciplinary approaches alongside
preclinical evaluation and production of multi-antivenoms across Africa [17]. Proteome
characterisation of snake venoms and large-scale antivenom production, amongst other
stated WHO goals, are anticipated to alleviate the menace of snakebite envenomation
in Africa. Thus, the analyses of proteomes of venoms of medically important snakes in
Africa are reviewed. Additionally, we report the neutralisation and abilities of selected
antivenoms in the African market against the venoms.

2. Characteristics of Snake Venom Proteins

Snake venom contains several compounds dominated by protein mixtures that in-
clude phospholipase A2 (PLA2s), metalloproteases, serine proteases, L-amino acid oxidases
(LAAO), disintegrins (DIS) and C-type lectins (CTL) [18,19]. Three-finger toxins (3FTxs),
PLA2s, snake venom metalloproteinases (SVMPs), and snake venom serine proteases
(SVSPs) encoded by multilocus gene families are the most abundant protein families com-
ponent of snake venom, which exhibit multifunctionality [9]. These components of snake
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venom play a key role in snakebite envenomations and have also been adopted in various
therapies, including anticancer, antihaemorrhagic and antihypertensive agents [14,20–22].
Most of the abundant protein families in Viperidae and Elapidae are elaborated in Table 1.

Table 1. Summary of the biological activities of the major snake venom protein components found in
Viperidae and Elapidae.

Protein
Family

MW
(kDa) Description Mode of Action Elapidae Viperidae Ref.

PLA2s 13–15

Lipolytic enzymes hydrolyse ester
bonds at the sn-2 position of the
glycerophospholipids to release

lysophospholipids and fatty acids.

Cause neurotoxicity, cytotoxicity,
myotoxicity, cardiotoxicity,

oedema and anticoagulant effects
V V [18,23]

SVMPs 20–100 Zinc-dependent proteinases

Hydrolyse vital constituents of the
capillary vessel of the basement

membrane leading to the
weakening of the microvessels

and local tissue damage

V V [14,24–26]

SVSPs 25–67 Monomeric or multimeric
glycoproteins

Haemotoxic enzymes that affect
coagulation factors, fibrinolysis,

plasminogen or platelets
• V [14,27]

CRISP 20–30
Secreted proteins containing

conserved cysteine mainly at the
C-terminal

Has both smooth muscle
contraction and cyclic
nucleotide-gated ion

channel-blocking activities

V V [28]

3FTxs 6–9 Non-enzymatic secreted protein
superfamily of small toxins

Inhibit neuromuscular
transmission by targeting nicotinic
acid and muscarinic acetylcholine

receptors, ion channels and
membranes

V • [29–31]

CTL 13–15 Non-enzymatic protein with
carbohydrate recognition domain

Prevents clotting and affects
platelet activity • V [19,32]

DIS 5–10 Inhibitors of integrin Alters activity of platelet and
promotes haemorrhage • V [33,34]

KUN 6–7 Members of serine protease
inhibitors

Causes neurotoxicity and disrupts
haemostasis V V [35]

LAAO 50–70
Converts L-amino acid into

alpha-keto acid, release hydrogen
peroxide and ammonia

Causes cell damage V V [36]

CYS 12–13 Protease inhibitor family alters
prey homeostasis

Affects blood coagulation and
blood pressure V V [37,38]

Abbreviations: PLA2 = phospholipase A2; SVMPs = snake venom metalloproteinases; SVSPs = snake venom
serine proteases; CRISP = cysteine-rich secretary protein; 3FTxs = three-finger toxins; CTL = C-type lectin;
DIS = disintegrin; KUN = Kunitz-type peptides; LAAO = L-amino acid oxidase; CYS = cystatin (V = present and
• = absent).

2.1. Snake Venom Phospholipase A2s

Snake venom PLA2s are enzymes that play major toxic roles in envenomation. These
enzymes have been identified in the venoms of all kinds of snake families, including
Viperidae and Elapidae [13] (Table 1). These are small proteins with a molecular mass of
~13–15 kDa, which require Ca2+ for activities [39]. Most PLA2s catalyse the hydrolysis of
glycerophospholipids at the sn-2 position of the glycerol backbone, releasing lysophospho-
lipids and fatty acids [23]. These hydrolysis products have many downstream physiological
roles. Snake venom PLA2s induce several pharmacological effects in victims, such as neuro-
toxicity, cytotoxicity, cardiotoxicity, myotoxicity, oedema, and anticoagulation. These effects
are linked to their multiple functional sites and diverse receptors [18]. Most viperids and
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some elapids venoms cause local tissue damage, such as myonecrosis, primarily through
the activities of PLA2s that disrupt the integrity of the plasma membrane of muscle fi-
bres [1]. The Viperidae venom PLA2 has both monomeric and dimeric enzymatic forms.
The monomeric PLA2 has cytotoxicity activities, while the dimeric form possesses both cyto-
toxicity and neurotoxicity activities [39]. Comparatively, in the case of Elapidae, monomeric,
dimeric and trimeric PLA2 with neurotoxicity activities have been identified [39–41]. Sev-
eral subtypes of PLA2 exist, but they are classified into group I and group II based on the
disulphide bond. Group II is further classified into Asp49 PLA2 and Lys49 PLA2 myotoxins
involved in cytotoxicity activities in Viperidae venom [42]. PLA2 is a potential target for a
wide spectrum of antivenom drug development [18]. Inhibitors of these enzymes may be
used as a first aid therapeutic against envenomation caused by several snake venoms. For
example, Varespladib inhibited the PLA2 activity and, as such, reduced the lethal effects of
Protobothrops mucrosquamatus snake venom in a mouse model [43].

2.2. Snake Venom Metalloproteinases

SVMPs are zinc-dependent proteinases with sizes ranging from 20–100 kDa and are
classified into P-I, P-II, and P-III by their structural domains, with further divisions into
subdomains [14,24,25]. The P-I SVMP has a metalloproteinase (M) domain, P-II SVMP
has the M and disintegrin-like (D) domains, while the P-III SVMP has the M, D and
cysteine-rich (C) domains [24]. These enzymes affect the coagulation cascades leading
to the alteration of haemostatic balance, causing haemorrhage and induction of both
local and systemic bleeding [24,44]. SVMPs hydrolyse vital constituents of the capillary
vessel of the basement membrane components such as the type IV collagen, laminin and
nidogen, leading to the weakening of the microvessels and other tissue components, thereby
contributing to venom-induced local tissue damage [1,26]. The microvascular damage
induced by SVMPs can be associated with the disruption of endothelial cell-cell adhesions
and extracellular matrix proteins [44,45]. Peptidomimetic hydroxamate (Batimastat and
Marimastat) metalloproteinase inhibitors were effective in abrogating local and systemic
toxicity caused by E. ocellatus venoms [46].

2.3. Snake Venom Serine Proteases

SVSPs are monomeric glycoproteins with a molecular mass of 25–67 kDa and
~228–239 residues [14]. These toxins are primarily haemotoxic, which affects several
physiological functions, including blood coagulation, platelet aggregation, fibrinolysis
and blood pressure of envenomed victims [14,27]. SVSPs are found mainly in the venom
of snakes from Viperidae and, to a lesser extent, in other families such as the Elapidae
and Colubridae [47]. These enzymes possess a characteristic triad whereby a very reac-
tive serine residue within the active site plays a key role in the formation of a transient
acyl-enzyme complex stabilised by histidine and aspartate residues [48]. SVSPs can hy-
drolyse peptide bonds or esters and are specific to their substrates [49]. Those that display
fibrinogenolytic activity are referred to as the snake venom thrombin-like enzymes [50].
They are functionally similar to thrombin as they can cleave the fibrinogen, causing coagu-
lopathy and hypofibrinogenemia [47,50]. Inhibitors of snake venom serine proteases have
been identified, including metabolites hesperetin (plant flavonoid) [51], synthetic peptides
pepB (Pro-Phe-D-Arg-Gln-Ala-Ser) and pepC (Pro-Phe-Tyr-Gln-Ser-Ser) [52] that inhibited
SVSP from Bothrops jararaca. These SVSP inhibitors can be used to improve envenomation
treatment. For instance, the combination of serine protease inhibitors pepC and pepB with
bothropic antivenom improved the latter’s overall performance through the reduction of
haemorrhage and coagulopathy caused by B. jararaca venom [53].

2.4. Cysteine-Rich Secretory Proteins

CRISPs are secreted proteins mainly found in the mammalian epididymis, and gran-
ules appear to play roles in sperm epididymal maturation and immunity [54–56]. CRISPs
have molecular weights of ~20–30 kDa and are strictly conserved cysteines [28]. Most of the
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conserved cysteine residues are clustered towards the C-terminal end of the proteins. The
CRISPs have a hinge region that connects the cysteine-rich secretory proteins, antigen 5,
and pathogenesis-related 1 proteins (CAP/PR-1) domain at the N-terminal with cysteine-
rich (CRD)/ion channel regulatory (ICR) domain at the C-terminus [57]. Snake venom
CRISPs toxicity includes blocking of potassium-stimulated smooth muscle contraction and
cyclic nucleotide-gated ion channels [28]. These toxins have been identified in Viperidae
and Elapidae from different continents, which shows a wide distribution of CRISP family
proteins [54,58].

2.5. Three-Finger Toxins

Three-finger toxins (3FTxs) are non-enzymatic protein components of snake venom
found mainly in the Elipdae with 60–74 amino acid residues containing three β strand loops
linked to 4–5 disulphide bridges [29]. These toxins can be short-chain, long-chain or non-
convectional [31]. A toxicovenomics study of snake venom from Naja melanoleuca revealed
3FTxs as the dominant protein component [59]. These toxin families have been reported
to recognise several molecular targets such as nicotinic acid, muscarinic acetylcholine
receptors and L-type channels and trigger various biological properties. Both type I
and II α-neurotoxin target the nicotinic acetylcholine receptor (nAChR) at the end-plate
of muscle fibre leading to flaccid paralysis, respiratory failure and death in the snake
victim [60,61]. Cytotoxins of the 3FTxs family from the venom of Naja nigricollis induced a
drastic dermonecrosis associated with early oedema of the dermis, blistering, loss of skin
appendages and reduction in cellularity in a mouse model [30].

2.6. Other Toxins

The activities of other selected snake venom protein components, such as LAAO,
CTL, DIS, KUN, and CYS, are shown in Table 1. LAAO is a flavin adenine dinucleotide-
containing enzyme that catalyses the breakdown of L-amino acid into α-keto acid and
releases ammonia and hydrogen peroxide as by-products [36]. LAAO has been linked
to biological effects such as cytotoxic, platelet aggregation, haemorrhage, myonecrosis
and oedema [36,62]. Additionally, the ability of snake venom LAAO to release hydrogen
peroxide has made it a potential cytotoxic agent for anticancer therapeutic [36]. CTL
are non-enzymatic proteins that bind to mono- and oligosaccharides in a Ca2+-dependent
manner which plays a role in adhesion, endocytosis and pathogen neutralisation [32]. These
proteins regulate haemostasis by altering blood coagulation and platelet aggregation [32,63].
DIS are cysteine-rich polypeptides with about 40–100 amino acids from snake venoms of
the Viperidae family, which act as platelet aggregation inhibitors [34]. These non-enzymatic
proteins released through proteolytic processing of multi-domain PII-SVMP precursors
selectively block the β1 and β3 integrin receptors [34,64]. DIS inhibits integrin-mediated
cell adhesion and cell migration. It is, therefore, a potential candidate for therapeutic tools
as an anti-inflammatory and inhibitor of metastatic invasion [65].

KUN belongs to the functionally diverse bovine pancreatic trypsin inhibitor (BPTI)
family characterised by a conserved fold of 50–60 amino acid residues cross-linked by three
disulphide bridges [35,66]. They have been implicated in protease inhibition, anticoagu-
lation, neurotoxicity, and blocking of neuronal voltage-dependent K+ and Ca2+ channel
activities [35,38,67,68]. Snake venom CYS are cysteine protease inhibitor which affects
blood coagulation and blood pressure [38]. CYS-like proteins that have been identified
from snake venoms are closely related to type 2 cystatins with approximately 120 amino
acid residues with two disulphide bonds [38,69,70]. It is envisaged that the snake venom
cystatin could be protecting venom proteins from the proteolytic activities of the proteases
from the snakebite victim or prey [37]. In this review, the abundance of cystatin was very
low (minor class in Viperidae and amongst the “other” classes in the Elapidae). In vivo
and in vitro studies showed that recombinant snake venom cystatin inhibited the growth,
invasion and metastasis of tumour cells, highlighting its potential therapeutic application
in cancer treatment [71].
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3. Bottom-Up Snake Venom Proteomics

Advancements in the ‘omics’ technologies, especially proteomics, accompanied by
databases and bioinformatics tools, have been excellent in the identification of protein tox-
ins and analysis of their relative abundance [72,73]. Snake venom proteomics (bottom-up
and/or top-down) has improved the high-throughput study of venom protein composi-
tion and other downstream venom studies, including envenomation, venom evolution,
antivenom production and toxin-based drug discovery [10,72,74]. A combination of several
techniques is being used in the study of snake venomics, with several analyses performed
through the protein decomplexation strategy reported to increase protein identification [75].
Figure 1 shows the bottom-up snake venom proteomics with a decomplexation strategy
and application of the obtained data information. Snake venom is collected through the
milking process (e.g., manual milking) and stored at −20 ◦C or snap-frozen at −80 ◦C. In
most cases, the venom is lyophilised to enhance its shelf life and easy distribution. Venom
collection and lyophilisation is a critical step that requires care as it can affect downstream
sample analysis and data interpretation. A moderate to a large amount (typical milligrams
of proteins) is required to perform decomplexation venom proteomics.

The lyophilised snake venom can be separated into various fractions using chro-
matography techniques, including reverse-phase (RP), ion-exchange or size-exclusion
high-performance liquid chromatography (HPLC). Most snake venom proteomics has
adopted sample fractionation with the use of the C18 RP column coupled to the HPLC
(RP-HPLC) [72,76,77]. The collected fractions are analysed through one-dimensional (1-D)
or two-dimensional (2-D) sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) [78]. In most decomplexation strategies, the reducing and/or non-reducing
1-D gel electrophoresis is used to analyse the fractions to identify fractions with protein
bands that can be subjected to further LC-MS/MS analysis and protein identification. The
pooled fractions and/or protein bands are reduced, alkylated and digested by the enzyme
(e.g., trypsin, chymotrypsin) and analysed by LC-MS/MS. Two major ionisation techniques
employed are matrix-assisted laser desorption ionisation (MALDI) and electrospray ionisa-
tion (ESI) [79]. The peptide fragments are searched against a reference database for protein
identification. Using the fractionation chromatography peaks (e.g., RP-HPLC), the abun-
dance of the protein families (estimated using the area under the curve) is calculated. The
proteome information obtained can be used in the development of vaccines and antivenoms
used in the treatment of snakebite envenoming and in other potential therapeutics for the
treatment of other diseases such as cancer and coagulopathy [14,74].
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Figure 1. Snake venom bottom-up proteomics workflow through decomplexation strategy. Venom is
collected through milking, lyophilised and the protein fractions are separated by chromatography and
SDS-PAGE. The fractions are digested and analysed by LC-MS/MS, followed by protein identification.
The venom proteome information is useful in the production of vaccines and other therapeutics. The
decomplexation strategy was adapted from Tan et al. [72,80].

4. Proteome Components of Venoms of African Viperidae and Elapidae

Snake venom comprises a mixture of proteins and peptides of different toxins. There
are inter- and intraspecific variations of venom components due to the influence of genetic
mutations, genetic drift, diet, season and natural selection that moulds the venom of each
species for optimal adaptation [9,19]. Translational, transcriptional and post-translational
modification control mechanisms play a key role in regulating the variability of venom
toxins synthesis observed amongst related snake species [11]. Proteomic and immunologi-
cal information on snake venoms provides clues on the mixture, clinical and evolutionary
implication of venoms for the design of broad-spectrum antivenoms capable of neutralising
the toxins [75].

Here, an online search was conducted using search engines such as Google (https:
//www.google.com/ accessed on 8 August 2022), Google Scholar (https://scholar.google.
com/ accessed on 8 August 2022), PubMed (https://pubmed.ncbi.nlm.nih.gov accessed on
8 August 2022) and ScienceDirect (https://www.sciencedirect.com/ accessed on
8 August 2022) databases using the keywords “African snake venom proteome”, “African
snake venomics”, “snake protein components”, and “African antivenoms”. Also, different
African snake genera and species names were included in the search. The results were
screened manually for the venom proteome data of Viperidae and Elapidae. Proteomic
studies without quantified protein family abundance were excluded from the analyses. For
comparison purposes, snake species with more than one proteomic data set were included
in the analysis. For simplicity, the families that represent major protein abundance of total
venom proteome are represented here.

The protein components (expressed as percentage abundance of the protein family in
a venom) from snake venoms of Viperidae (Figure 2A; Table 2) and Elapidae (Figure 2B;
Table 3) were analysed and classified into four groups (dominant, secondary, minor and
others). Protein families in these three classes made up over 80% of the entire proteins in
each venom. The percentage abundance of protein families in the “others” were mostly
less than 2% in each snake venom, as summarised in Figure 2. The actual percentage
abundant values for each of these “other” proteins are shown in Table S1 (Viperidae) and
Table S2 (Elapidae). For Viperidae, 24 protein families were identified from 10 snake
species (15 studies), while for Elapidae, 34 protein families were identified from 17 species
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(19 studies). The proteins in the former were grouped into ten major families, while the
latter were grouped into eight major families. Overall, the most abundant protein families
in Viperidae are SVMPs, followed by the PLA2 and SVSP, whereas 3FTxs and PLA2 were
dominant in the Elapidae (Figure 2).
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protein components. Protein abundance values were averaged from the number of snake species
studied. Abbreviations: PLA2 = phospholipase A2; SVMP = snake venom metalloproteinase;
SVSP = snake venom serine protease; CTL = C-type lectin; DIS = disintegrin; LAAO = L-amino
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endothelial growth factor; CYS = cystatin; 3FTxs = three-finger toxins; CVF = cobra venom factor;
PDE = endonucleases/phosphodiesterases.

4.1. Dominant Viperidae Toxins

SVMPs, PLA2 and SVSPs are the most dominant proteins in the African Viperidae
snake venom and thus are classified as dominant toxins (Figure 2A; Table 2). Amongst the
dominant Viperidae toxins, SVMPs were the most abundant proteins, followed by the PLA2
and the SVSPs. These toxins make up an average of 73% of the Viperidae venom proteome.
The proteome pattern is in agreement with several proteome studies of Viperidae from
other continents and is believed to be the major player that causes snakebite fatalities
observed in the victims [13,75]. The highest abundance of SVMPs, PLA2 and SVSPs was
observed in E. ocellatus [81], B. caudalis [82] and B. gabonica gabonica [83]. Proteome profiles
of two Nigerian Vipers, B. arietans and E. ocellatus showed that serine proteases (22.3%) and
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metalloproteinases (21.1%) dominated the venom of the former while metalloproteinases
(34.8%), phospholipase A2s (21.2%) and serine proteases (15.5%) dominated the later [84].
Interestingly, 3FTxs that are dominant in the Viperidae were detected in the Elapidae as
other toxins due to their lower abundance. Notably, 3FTxs families were not detected in
the previous proteome studies of African Viperidae venom until recently [84].

Table 2. Percentage abundance of total protein for the major families in African Viperidae snake venom.

Dominant Secondary Minor Others

Species Country/Region SVMP PLA2 SVSP CTL DIS LAAO KUN CRISP VEGF CYS Others Ref.

B. arietans Ghana 38.5 4.3 19.5 13.2 17.8 – 4.1 – – 1.7 0.9 [85]
B. arietans Nigeria 21.1 10.1 22.3 10.7 3.4 8.7 1.1 2.1 8.1 – 8.6 [84]
B. nasicornis West Africa 40.9 20.1 21.9 4.2 3.5 3.2 – 1.3 – 4.2 0.8 [82]
B. caudalis West Africa 11.5 59.8 15.1 4.9 2.3 1.7 3.2 1.2 – – 0.3 [82]
B. g. gabonica East Africa 22.9 11.4 26.4 14.3 3.4 1.3 3 2 1 9.8 4.5 [83]
B. g. rhinoceros West Africa 30.8 4.8 23.9 14.1 8.5 2.2 7.5 1.2 – 5.3 1.7 [82]
E. ocellatus Nigeria 66.5 12.6 2 7 6.8 1.4 – 1.5 – – 2.2 [81]
E. ocellatus Nigeria 34.8 21.2 15.5 3.9 1.9 2.2 1.5 2.9 2.7 12.8 [84]
C. cerastes Egypt 28.18 16.01 24.87 9.1 9.69 – – – – – 12.15 [86]
C. cerastes Tunisia 37 20 9 24 8 12 – – – – – [87]
C. cerastes Tunisia 55.9 16.6 13.2 3.2 4.9 6.2 – – – – – [88]
C. cerastes Morocco 63.1 19.1 6.9 1.7 8.5 – – 0.7 – – – [88]
C. vipera Tunisia 48 21 20 1 <1 9 – – – – – [87]
M. mauritanica Morocco 45.4 5.5 8.3 8.1 13.8 – 2.5 – 4.9 – 5.6 [88]
M. lebetina Tunisia 63.1 5 5.5 3.2 15.1 – 3.1 – 3.3 – 1.7 [88]

Abbreviations: PLA2 = phospholipase A2; SVMP = snake venom metalloproteinase; SVSP = snake venom serine
protease; CTL = C-type lectin; DIS = disintegrin; LAAO = L-amino acid oxidase; KUN = Kunitz-type peptides;
CRISP = cysteine-rich secretary protein; VEGF = vascular endothelial growth factor; CYS = cystatin; B = Bitis;
E = Echis; C = Cerastes; M = Macroviperae and – = not identified.

Table 3. Percentage abundance of total protein for the major families in African Elapidae snake venom.

Dominant Secondary Minor Others

Species Country/Region 3FTx PLA2 SVMP CRISP KUN LAAO CVF PDE Others Ref.

D. polylepis Kenya 31 <0.1 3.2 – 61.1 – – 0.1 4.5 [77]
D. angusticeps Tanzania 69.2 – 6.7 2 16.3 – – – 6 [89]
N. nigricollis Nigeria 73.3 21.9 2.4 0.2 – – – – 2.2 [90]
N. nigricollis Nigeria 41.25 36.5 7.91 3.4 – 4.02 1 – 3.24 [91]
N. katiensis Burkina Faso 67.1 29 3.3 0.2 – – – – 0.5 [90]
N. pallida Kenya 67.7 30.1 1.6 – – – – – 0.7 [90]
N. nubiae North Africa 70.9 26.4 2.6 – – – – – 0.1 [90]
N. mossambica Tanzania 69.3 27.1 2.6 – – – – – 0.4 [90]
N. melanoleuca Uganda 57.1 12.9 9.7 7.6 – – – – 7.7 [59]
N. annulifera Mozambique 78 – 11.18 0.61 – 5.01 1.08 – 2.53 [76]
N. annulifera Mozambique 79.2 2.7 12.3 3.2 0.5 0.5 – 0.45 1.7 [92]
N. ashei Kenya 69 27 2.1 0.7 – – 0.12 – 1.014 [93]
N. senegalensis West Africa 75.9 – 6.78 9.23 3.15 – 0.79 3.61 0.53 [94]
N. haje Nigeria 52.14 24.02 7.2 4.85 – 3.63 3.93 – 3.85 [91]
N. katiensis Nigeria 52.2 26 4.72 7 – 4.36 2.83 – 2.2 [91]
H. haemachatus South Africa 63.3 22.8 7.1 4.1 1.5 – – – 0.6 [95]
A. s. intermedius Southern Africa 82.7 6.1 2.9 4.9 1 – – 0.4 1.88 [96]
A. l. cowlesi Southern Africa 76.1 4.9 5.1 3.5 8.6 1 – 0.5 0.1 [96]
A. l. lubricus Southern Africa 77.8 5.7 4 5.2 5.5 1 – 1.1 0.17 [96]

Abbreviations: 3FTxs = three-finger toxins; PLA2 = phospholipase A2; SVMP = snake venom metallopro-
teinase; CRISP = cysteine-rich secretary protein; KUN = Kunitz-type peptides; LAAO = L-amino acid oxidase;
CVF = cobra venom factor; PDE = endonucleases/phosphodiesterases; D = Dendroaspis; N = Naja; H = Haemachatus;
A = Aspidelaps; l = lubricus, s = scutatus and – = not identified.

4.2. Secondary Viperidae Toxins

The secondary toxins of the African Viperidae are CTL, DIS, LAAO and KUN, which
averaged 20% of the venom proteome. Here, these toxin families were the second most dom-
inant proteins. CTL is the second most abundant toxin (24%) in the Tunisian Cerastes cerastes
snake venom but was, however, lower (1%) in the C. vipera species [87]. DIS is the third most
abundant toxin in the proteome of Nigerian E. ocellatus and Ghanaian B. arietans [81,85],
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thus suggesting that DIS may play a key role in snakebite envenomation caused by this
viper. Most LAAO enzymes were observed in the Tunisian C. cerastes, C. vipera and Nige-
rian B. arietans (Figure 2A; Table 2). KUN was identified in both Bitis and Echis genera
of West Africa as well as in the North African Macrovipera snake venoms but was not
identified in any of the Cerastes genera from North Africa. This variation can be attributed
to geographical location differences.

4.3. Minor Viperidae Toxins

Minor toxin families are CRISP, VEGF and CYS, with a 4% average protein abundance
in Viperidae (Figure 2A; Table 2). CRISP was detected (1–2.9%) in all the West and East
African Viperidae snake venoms but was not identified in most of the North African
Macrovipera and Cerastes genera, albeit (<1%) in the Moroccan C. cerestas. VEGF was fairly
present in venoms of Bitis, Echis and Macroviperan genera but not in the Cerestas. CYS was
identified in the Bitis genera only, which may be an indicator of intra- and inter-species
variation in the Viperidae snake venoms.

4.4. Other Viperidae Toxins

These toxin families were present in low abundance and were grouped as ‘others’.
They include snake venom natriuretic peptides (NPs), 5′-nucleotidase (5′N), three-finger
toxins (3FTxs), nerve growth factor (NGF), bradykinin-potentiating peptides (BPP), perox-
iredoxin, snake venom glutaminyl cyclases, secretory phospholipase A2 receptors, phos-
pholipase B (PLB), phospholipase A2 inhibitor, globins, DC-fragment, SVMP inhibitors,
peptides, and unknown (Table S1). All other Viperidae toxins had an average of 3% protein
abundance. Most of these toxins were identified in the Bitis and Echis genera and most
likely play various roles in snakebite envenomation.

4.5. Dominant Elapidae Toxins

These include 3FTxs, PLA2 and SVMPs, and make up an average of 87% of Elapidae
venom (Figure 2B; Table 3). Overall, 3FTxs was the most abundant toxin, followed by the
PLA2 and SVMPs. These three toxins were also reported as the most dominant proteins
from Elapidae from other continents [19,75]. Surprisingly, PLA2 was not detected in the
venom proteome of the Senegalese Cobra (Naja senegalensis) [94] and Naja annulifera (African
cobra) [76], consistent with the unusual absence of PLA2 in the venoms of cobras in the
Uraeus subgenus.

Similarly, PLA2 was not identified in the venom of Dendroaspis angusticeps [89] and
with a very low abundance (<0.1) in D. polylepis [77], indicating a negligible role of this
toxin in the toxicity of the mambas. Further analysis revealed the α-neurotoxin was
largely present in the D. polylepis venom but was lacking in D. angusticeps [89]. It is in-
teresting to note that the SVSP that was in the dominant toxins of the Vipridae were not
identified in the Elapidae venoms. The proteomics analysis of the Ugandan forest cobra snake
(Naja melanoleuca), amongst others, was dominated by 3FTx, which includes post-synaptically
acting α-neurotoxin [59]. The dominant presence of 3FTx and PLA2 in the African spitting
cobras may be the major contributor to the toxic effects of these venoms, such as local tissue
necrosis [90]. Proteome analysis of the venoms of South African shielded-nosed or coral snakes
(genus Aspidelaps) such as intermediate shield-nose snake (Aspiderlaps scutatus intermedius),
Cowle’s shield snake (Aspiderlaps lubricus cowlesi) and Cape coral snake (Aspiderlaps lubricus)
shows cross-genus dominance of 3FTxs and PLA2s with various isoforms of the former
linked to interspecies variation. The proteome analysis of the venoms of three African
spitting cobras (H. haemachatus, N. mossambica and N. nigricollis) and one non-spitting
snouted cobra (N. annulifera) reported that while 3FTxs and PLA2s were the most abundant
proteins in the spitting cobras, 3FTxs and SVMP were dominant in the non-spitting cobra,
amongst others [92].
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4.6. Secondary Elapidae Toxins

Secondary toxins comprise the CRISP and KUN family proteins which are made up
of an average of 8% in Elapidae venom proteomes (Figure 2B; Table 3). In the Elapidae
venom analysed, KUN had the highest abundance in the D. polylepis (61.1%) and the second
most abundant in D. angusticeps (16.3%). This suggests that the KUN toxin contributes
massively to the envenomation caused by the Dendroaspis genera. While D. polylepis venom
was dominated by KUN, D. angusticeps was dominated by the 3FTxs. The toxin variations
observed can be a result of dietary variations due to the divergent terrestrial ecology of
black mamba (D. polylepsis) compared to the arboreal niche of green mambas (D. viridis,
D. angusticeps, D. jamesoni jamesoni and D. jamesoni kaimosae) [97].

4.7. Minor Elapidae Toxins

The Elapidae minor toxins are LAAO, CVF and PDE, with an average of 2% for the
venom protein families. These toxins were not identified in the Haemachatus haemachatus
and Dendroaspis species, albeit 0.1% of PDE was observed in D. polylepis (Figure 2B;
Table 3).

4.8. Other Elapidae Toxins

There are 27 toxin families in the ‘others’ group. These toxins include VEGF, 5′N,
HYA, CTL, DIS, CYS, NGF, endonucleases, nawaprin, etc. All the toxin families in the
‘others’ group average 2% of the Elapidae venom proteome and are shown in Table S2.
Interestingly, CTL, DIS, VEGF and CYS, which are a major part of Viperidae venom classes,
were identified in the Elapidae as part of the ‘others’ group, suggesting that these toxins
are more potent in the Viperidae compared to the Elapidae.

The major difference in the proteome of the Viperidae and Elapidae includes that
3FTxs and PLA2 dominated the proteome of the elapid’s venom, whereas SVMP, PLA2 and
SVSPs dominated the viperid’s venom.

5. Antivenom for African Snakebite Envenomation

Antivenom remains the most effective and safe treatment for snakebite envenoming.
Currently, there is a shortage of antivenom supply to Africa, which worsens the increase in
snakebite morbidity and mortality within the continent. This shortage is caused by the high
cost of production, cessation of production by the manufacturers, inefficient distribution
and poor epidemiological information [98,99].

Antivenom, which is the main treatment of snakebite envenomation, works by boost-
ing the immune system of a victim after a snakebite. The body of the victim produces
robust antibodies which target and neutralise the venom components and, as such, allow
the body to eliminate the toxins. Figure 3 shows the process of antivenom production from
animals immunised with snake venoms. To ensure the effectiveness and high-quality of
antivenom, the WHO has adopted guidelines that include ensuring that the right venoms
are used for immunisation and the animals used are healthy [100]. During the production of
antivenom, several ethical considerations are observed, including the use of the venomous
snake for the production of snake venoms, the use of large animals in the production of
hyperimmune plasma, and the use of animals (usually mice in large quantities which also
speaks to ethical concerns) in preclinical testing of antivenoms [100]. Nevertheless, there is
an emphasis on the adoption of 3Rs concepts and principles as alternative assays to replace,
refine and reduce the use of experimental animals in antivenom production and quality
control processes [101].
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cobra (N. nivea), suggesting a wider than anticipated clinical utility of the antivenom [96]. 
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Figure 3. Production of antivenom. Animals are hyper-immunised with snake venoms, and the
plasma is fractionated and purified to generate antivenoms in the form of intact immunoglobulin
(IgG) or immunoglobulin fragments (Fab or F(ab)2). There are quality control steps in the an-
tivenom production pipeline to ensure that it is of high quality and safe before usage (adapted from
WHO, [100]).

Antivenoms are prepared through extraction and preparation of whole IgG, monova-
lent fragment antibody (Fab) or divalent fragment antibody F(ab’)2 from venom-immunised
horses or other animals. The snake venom used as an immunogen in antivenom production
is mixed with adjuvants to enhance the immune system response [102]. While creating
an adequate venom immunisation mixture, it is important to take into account different
geographical origins, age, sex, diet, season and intra-specific venom variations of the med-
ically important snakes within the country, region or continent targeted for antivenom
production [100]. The antivenom is a monospecific antivenom when it is generated from a
single venomous snake species or polyspecific antivenoms when from several species. The
polyspecific antivenom has more advantages as it is capable of neutralising the effect of
several snake venoms from different species and geographical locations [103].

The animals (e.g., horses or sheep) are quarantined and vaccinated against specific
diseases and treated against diseases [102]. The animals are then introduced to an immuni-
sation programme with venom doses. Plasma is separated from the whole blood through
centrifugation or sedimentation and is quality-checked before fractionation. The red blood
cells can be reinfused into the animal after separation. The resultant active substance is
produced as intact immunoglobulins (IgG) or enzymatically digested into immunoglobulin
Fab or F(ab’)2 fragments [102,104,105]. These antivenoms are purified through ammonium
sulphate or caprylic acid precipitation to remove non-immunoglobulin proteins [104,106].
Further purification can be achieved using chromatographic techniques to enhance pu-
rity [104]. The antivenoms are then subjected to quality control and preclinical and clinical
testing for safety and efficacy before usage/supply [102].

Table 4 outlines selected antivenoms commonly used in the treatment of snakebite
envenoming in Africa with emphasis on their cross-reactivity and/or cross-neutralisation
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capacity on snake venoms. Since 1971, South African Vaccine Producers (SAVP) (formerly
South African Institute of Medical Research (SAIMR)) produced polyvalent snake an-
tivenom prepared from the serum of hyper-immunised horses with the venom of ten south-
ern African snake species and has been the main antivenom used in Southern Africa [107].
An in vitro study showed that SAIMR polyvalent antivenom (0.11–0.53 µg/µL of total
protein) was effective in neutralising the toxic effects of B. arietans venom in the L6 rat
skeletal muscle cells [108]. However, the venom of South African shielded-nosed or coral
snakes (genus Aspidelaps) was not included in the venoms used to immunise horses for the
manufacturing of regional SAIMR polyvalent antivenom due to the snake’s uncommon
bites. Nevertheless, the antivenom was effective in neutralising the venoms from the
A. s. intermidius, A. l. cowlesi and A. l. lubricus, comparable to those observed in the cape
cobra (N. nivea), suggesting a wider than anticipated clinical utility of the antivenom [96].

A whole IgG polyspecific EchiTAb-Plus-ICP antivenom designed for the treatment
of snakebite envenomings in sub-Saharan Africa was effective in neutralising Viperid
venoms for both Echis sp. (E. ocellatus, E. leucogaster, Echis pyramidum leakeyi) and Bitis spp.
(B. arietans, B. gabonica, B. rhinoceros and B. nasicornis) from Nigeria and other sub-Saharan
African locations [109]. The EchiTAb-Plus-ICP antivenom was developed for the treat-
ment of snake bite envenoming by immunising horses with venoms of sub-Saharan Africa
medically important snake species (E. ocellatus, B. arietans and N. nigricollis) [110]. This
antivenom immunodepleted the majority of venom proteins, including SVMPs, SVSPs, CTL
proteins, some PLA2 and LAAO in snake venoms of Echis and Bitis genera [111]. In another
study, the Pan-Africa EchiTAb-Plus-ICP antivenom neutralised the lethal, dermonecrotic
and PLA2 activities of N. nigricollis and N. mossambica, lethal and PLA2 activities of
N. palliada and finally, the PLA2 activities of N. katiensis and N. nubiae [90]. The expan-
sion of neutralising effect of West African-used EchiTAb-Plus-ICP was achieved through
the addition of some of the most medically important elapids (B. arietans, N. mossambica,
N. annulifera, H. haemachatus) from the southern region (Swaziland) to obtain expanded-
scope antivenom called EchiTAb-P + ICP antivenom [112].

The hetero-specific VINS African Polyvalent Antivenom (VAPAV) was immunoreactive
and cross-neutralised the venom of N. senegalensis (predominated with cardiotoxin/cytotoxin)
and α-neurotoxin, with no PLA2) [94]. It showed strong neutralising capacity against four
African Viperid (E. leucogaster, E. ocellatus, B. arietans, B. gabonica) and six African Elapids
(D. jamesoni, D. polylepis, D. viridis, N. haje, N. melanoleuca, N. nigricollis) snake species [113].
Both the premium serum pan Africa polyvalent antivenom (PANAF) and VAPAV were
immunoreactive and cross-neutralised the lethal effect of N. annulifera venom, with PANAF
being marginally more potent [76]. D. polylepis and D. angusticeps venoms were neutralised
by three polyvalent antivenoms: (a) SAIMR antivenom from South African vaccine produc-
ers, (b) Snake venom antivenom (Central Africa) and (c) Snake venom antivenom (Africa)
from VINS Bioproducts Ltd. [77,89]. In this regard, SAIMR, VINS African and VINS Central
Africa neutralised the lethality of D. polylepis venom, albeit in different potencies [77,97].
SAIMR and VINS African antivenoms neutralised the lethal effect of D. angusticeps venom,
while the VINS central African antivenom failed to neutralise the lethality of the venom
with the lowest antivenom ratio tested (1.0 mg venom/mL) [89]. Notably, D. angusticeps
was not included in the immunisation mixture used in the production of the VINS central
African antivenom.

The monospecific anti-Hemachatus-ICP antivenom produced by Costa Rican Instituto
Clodomiro Picado was able to neutralise the toxicity and lethality of three spitting co-
bras (N. mossambica, N. nigricollis and H. haemachatus). Nevertheless, it was not effective
against the toxicity and lethality of the non-spitting cobra, N. annulifera. This suggests
a closer relationship between Haemachatus and Naja spitting cobra than the Naja non-
spitting cobra [92]. Monospecific anti-Moroccan C. cerastes (CcMo_AV) and the Gamma-
VIP divalent antivenom had similar immunocapturing capability toward snake venom
proteins of C. cerastes from Morocco, Tunisia and Egypt [88]. In addition, the anti-Moroccan
M. mauritanica (MmMo_AV) and commercially available Gamma-VIP divalent antivenom
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show great immunoreactivity towards Moroccan M. mauritanica and Tunisian M. labetina
venoms [114].

E. ocellatus venoms from Mali, Cameroon and Nigeria were neutralised by antivenoms
distributed in sub-Saharan Africa, such as EchiTAb-Plus-ICP, EchiTAb-G, FAV Afrique and
Inoserp Panafricain antivenoms [115]. Potet et al. [116] reported EchiTAb-Plus, EchiTAb-G
and SAIMR monovalent as vaccines that have been well-clinically tested and shown to be ef-
fective against envenomation caused by E. ocellatus. A preclinical efficacy study comparing
four tests (PANAF, VINS African, Inoserp Panafricain, FAV Afrique) and two gold standard
antivenoms (SAIMR polyvalent and SAIMR Echis carinatus) against medically important
snake venoms in East Africa revealed PANAF as the most effective and affordable of the
tested antivenoms [117]. The overall variation and low venom-neutralising efficacies of the
antivenoms suggested the possibility that these antivenoms were produced with venoms
from different geographical locations since none of the producers stated the geographical
origin of the snakes.

There is a need to intensify clinical testing for all antivenoms in the African market
space and also advance research to develop African-specific antivenoms with the most
medically important snake venoms from all regions, which will alleviate snakebite enveno-
mation within the continent.

Table 4. Selected antivenoms used in Africa.

Antivenom Active
Substance

Antivenom
Producing
Company

Venom Used for Immunisation Venom Cross-Neutralisation
Ref.

Viperidae Elapidae Viperidae Elapidae

EchiTAb-Plus-
ICP IgG

Instituto
Clodomiro Picado,
Costa Rica

E. ocellatus, B.
arietans N. nigricollis

E. ocellatus, E.
leucogaster, E.
pyramidium
leakeyi, B.
arietans, B.
gabonica, B.
rhinoceros, B.
nasicornis

D. poylepis, N.
nigricollis, N.
mosaambica, N.
annulifera, N.
nubiae, N.
katiensis, N.
pallida, H.
haemachatus

[90,92,109–
112,118]

EchiTAb-Plus +
ICP
(expanded)

IgG
Instituto
Clodomiro Picado,
Costa Rica

E. ocellatus, B.
arietans

D. poylepis, N.
nigricollis, N.
mosaambica, N.
annulifera, H.
haemachatus

E. ocellatus, B.
arietans

D. polylepis, N.
mossambica, N.
annulifera, N.
nigricollis, H.
haemachatus

[112]

FAV Afrique F (ab’)2
Sanofi-Pasteur,
France

E. ocellatus, E.
leucogaster, B.
arietans, B.
gabonica

D. polylepis, D.
jamesoni, D.
viridis, N.
nigricollis, N.
haje

B. arietans, E.
ocellatus

D. polylepis, N.
mossambica, N.
annulifera, H.
haemachatus

[112,115]

ASNA
antivenom C
(ASNA-C)

F (ab’)2
Bherat Serum and
Vaccines, India

E. carinatus, B.
arietans, B.
gabonica, B.
nasiconrnis

D. polylepis, D.
jamesoni, D.
angusticeps, N.
gigricollis, N.
annulifera, N.
nivea

B. arietans

D. polylepis, N.
mossambica, N.
annulifera, H.
haemachatus

[112]

South African
Institute for
Medical
research
(SAIMR)
Polyvalent

F (ab’)2 SAVP, South Africa B. arietans, B.
gabonica

D. polylepis, D.
jamesoni, D.
angusticeps, N.
melanoleuca, N.
nivea, N.
annulifera, N.
mossambica, H.
haemachatus

B. arietans

D. angusticeps,
D. polylepis, N.
mossambica, N.
annulifera, H.
haemachatus, A.
s. intermedius,
A. l. cowlesi, A.
l. lubricus

[59,89,96,97,
108,112]
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Table 4. Cont.

Antivenom Active
Substance

Antivenom
Producing
Company

Venom Used for Immunisation Venom Cross-Neutralisation
Ref.

Viperidae Elapidae Viperidae Elapidae

Snake venom
antiserum
(Central
African)
antivenom

F (ab’)2
VINS Bioproducts,
India

B. g. rhinoceros,
Vipera russelli,
E. carinatus

D. polylepis D. angusticeps,
D. polylepis [77,89,97]

Premium
serum Pan
African
polyvalent
antivenom
(PANAF)

F (ab’)2
Premium Serum
and Vaccines, India

B. arietans, B.
gabonica, B.
nasicornis, B.
rhinoceros, E.
leucogaster, E.
ocellatus, E.
carinatus

D. jamesoni, D.
polylepis D.
viridis, D.
angusticeps, N.
haje, N.
melanoleuca, N.
nigrocollis

N. annulifera [76]

VINS African
polyvalent
antivenom
(VAPAV)

F (ab’)2
VINS Bioproducts,
India

B. arietans, B.
gabonica, E.
leucogaster, E.
ocellatus

D. jamesoni, D.
polylepis D.
viridis, N. haje,
N. melanoleuca,
N. nigrocollis

B. arietans, B.
gabonica, E.
leucogaster, E.
ocellatus

D. polylepis, D.
angusticeps, D.
jamesoni, D.
viridis, N.
annulifera, N.
senegalensis, N.
haje, N.
mossambica, N.
nigricollis, N.
melanoleuca, H.
haemachatus

[76,77,89,94,97,
112,113]

EchiTAb G IgG MicroPharm, UK E. ocellatus E. ocellatus [115]

Inoserp-
Panafricain
(Inoserp-P)

F (ab’)2
INOSAN
Biopharma, Spain

E. ocellatus, E.
leucogaster, E.
pyramidium, B.
arietans, B.
gabonica

D. polylepis, D.
jamesoni, N.
nigricollis, N.
melanoleuca, N.
haje, N. pallida

E. ocellatus [115]

anti-
Hemachatus-
ICP

Instituto
Clodomiro Picado,
Costa Rica

H. haemachatus

H. haemachatus,
N. mossambica,
N. nigricollis, N.
annulifera

[92]

Anti-Moroccan
C. cerastes
antivenom
(CcMo_AV)

F (ab’)2
Instituto Butantan,
Brazil C. cerastes C. cerastes [88]

Gamma-VIP F (ab’)2
Institut Pasteur de
Tunis, Tunisia

C. cerastes, M.
lebetina

C. cerastes, M.
mauritanica, M.
lebetina

[88,114]

Anti-Moroccan
M. mauritanica
antivenom
(MmMo_AV)

F (ab’)2
Instituto Butantan,
Brazil M. mauritanica M. mauritanica,

M. lebetina [114]

6. Alternative Antivenom Therapy

The immunoglobulin-based antivenom produced from livestock has lots of drawbacks,
including allergic reactions and hypersensitive reactions in patients, batch variability, lack
of specificity and complex manufacturing process [119]. Alternative approaches have
been explored to improve the current limitations of antivenom therapy. These include the
development of toxin-specific antibodies via immunisation with DNA, synthetic epitope
string immunogen and recombinant toxins [120,121]. Recombinant IgGs, Fabs, and single-
chain variable fragments (scFVs) antibodies have been expressed in mammalian and E. coli
host systems within antivenom research [122]. Optimisation of these expression systems
and engineered expression vectors has led to improved yields and to achieve a higher
degree of correct folding [122].
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Sequences encoding the epitopes of venom toxin (SVMP) cDNA library obtained
from an expressed sequence tag database and engineered into a single synthetic multiepi-
tope DNA immunogen (a string of SVMP epitopes) neutralised haemorrhage induced by
E. ocellatus and C. cerastes venoms [121]. Lethal toxin neutralisation factor (LTNF) peptide
isolated from opossum (Didelphis virginiana) serum inhibited the lethality of snake ven-
oms [123]. The E. coli expression of this short peptide yielded a recombinant LTNF that
neutralised rattlesnake (Crotalus atrox) venom [124]. A combination of SVMP inhibitor
marimastat and PLA2 inhibitor Varespladib was effective in counteracting the lethal effects
of vipers from South Asia, sub-Saharan Africa and Central America [125]. Next-generation
antivenoms may be achieved through hybrid products containing mixtures of antibodies
(e.g., anti-3FTx, anti-PLA2, anti-SVSP, anti-SVMP), antibody fragments and small molecule
inhibitors (e.g., marimastat and varespladib) [9,125]. Two peptidomimetic hydroxamate
metalloproteinase inhibitors, such as Maristastat and Batimastat, reduced the lethality of
E. ocellatus venoms from Cameroon and Ghana in the mouse model [46]. PLA2, 3FTx, SVSP
and SVMP are the major snake venom toxin targeted for next-generation therapeutics due
to their dominant abundance and major pathological implication in snakebite victims [25].
This mixture, not based on only one antitoxin format, is proposed to enhance broad toxin
neutralisation across distinct snake venoms. More studies are required to evaluate the
efficacy, dosages, and route of administration of these alternative therapies. Nevertheless,
alternative therapies are promising future drug leads for broad-spectrum therapeutics for
the treatment of snakebite envenomation [125].

7. Concluding Remarks

Snakebite envenomation is an NTD that massively affects poorer communities and
causes morbidity and mortality. There are species- and genus-specific variations in the
toxins of snake venom, which leads to distinct toxicity and pathological effects thereof.
Proteomic profiling of the medically important African snake venoms will contribute to
the production of safer and more effective antivenom to treat snakebite envenomation
in Africa. There is a low supply of antivenom in Africa, which needs to be upscaled to
alleviate the effect of snakebite envenomation. The data obtained from proteome analyses
of the African Viperidae and Elapidae snake venoms showed that SVMP, PLA2 and SVSP
were the most abundant proteins in the former, while 3FTxs and PLA2 were the dominant
protein families in the latter. Protein components were classified as dominant, secondary,
minor and other toxins based on the toxin abundance in the venoms. We also reviewed
the activities of selected antivenom used in the treatment of snakebite envenomation in
Africa. In conclusion, the African Viperidae and Elapidae snake venoms have diverse
protein components that can be used to develop more robust antivenom in the treatment of
snakebite envenomation and as prospective therapeutic treatment of other diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14110723/s1, Table S1: Percentage abundance of other
venomic protein components of African Viperidae snakes; Table S2: Percentage abundance of other
venomic protein components of African Elapidae snakes.
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