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Abstract

Coral snakes of the genus Micrurus have a high diversity and wide distribution in the Ameri-
cas. Despite envenomings by these animals being uncommon, accidents are often severe
and may result in death. Producing an antivenom to treat these envenomings has been chal-
lenging since coral snakes are difficult to catch, produce small amounts of venom, and the
antivenoms produced have shown limited cross neutralization. Here we present data of
cross neutralization among monovalent antivenoms raised against M. dumerilii, M. isozo-
nus, M. mipartitus and M. surinamensis and the development of a new polyvalent coral
snake antivenom, resulting from the mix of monovalent antivenoms. Our results, show that
this coral snake antivenom has high neutralizing potency and wide taxonomic coverage,
constituting a possible alternative for a long sought Pan-American coral snake antivenom.

Author summary

Coral snakes are distributed in the Americas form Southern United States to Argentina.
These snakes cause envenomings that, despite not being common, often lead to death.
The antivenoms currently produced to treat accidents caused by these snakes have limita-
tions regarding the number of species venoms they could neutralize. Here, we present an
antivenom with a wide spectrum of neutralization, when compared to other Anticoral
antivenoms. Nevertheless, more studies are still necessary to evaluate its neutralization
capacity against the venoms of other species. This antivenom has great potential, as it neu-
tralizes the lethal effects of some of the most common Micrurus species in the Americas.

Introduction

Coral snakes of the genus Micrurus and Micruroides represent a highly diverse neotropical
monophyletic assembly of about 80 species distributed from the southern United States to
northern Argentina [1].
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Although uncommon (1-2% of the snake bites in the Americas) [2-4], Micrurus envenom-
ation can be lethal due to the presence of potent toxic factors, mainly neurotoxins, causing
peripheral paralysis resulting in respiratory failure [5]. The neurotoxic activity of coral snake
venoms is mainly due to the presence of non-enzymatic competitive inhibitors of acetylcholine
receptors at the neuromuscular junction known as a-neurotoxins of the three-finger (3FTx)
protein superfamily and phospholipase A2 (PLA2) enzymes with pre-synaptic activity [5].
These two components have been revealed as the most abundant components in Micrurus
venoms and vary in their proportion according to the species [5,6].

Snake antivenom production takes several stages and therefore considerable amounts of
venom, in order to guarantee the quality of the medicament [7-10]. First, the toxicity of the ven-
oms used for immunization must be determined (e.g. median lethal dose), then, animals (i.e.
horses, goats) are inoculated with non-lethal doses of venom to produce a hyperimmune serum
and subsequently, potency trials (e.g. median effective dose) must be carried out at different
times in order to test the efficacy and stability of the product [9,10]. Micrurus snakes have rela-
tively small sizes, which results in low venom vyields, are difficult to find in the field and to main-
tain in captivity for extended periods of time. These aspects constitute serious setbacks for
gathering sufficient amounts of venom for the production of coral snake antivenoms [11].

Antivenoms capable of neutralizing the toxic activities of a large range of heterologous
Micrurus venoms have been long sought. Initially, as a mean to use antivenoms derived from
snakes capable of yielding large amounts of venom against the toxic activities of snakes consid-
ered a public health threat but yielding very low amounts of venom per individual [12,13].
Later, as a way to produce antivenoms capable of neutralizing the lethal activities of a wide
range of coral snake venoms that could be used in the Americas [8]. However, although anti-
body cross-reactivity has been widely observed between monovalent antisera and heterologous
Micrurus venoms, in many cases resulting the ability of the antivenom to neutralize the lethal
activity of the heterologous venom [14-16], in a number of cases and despite cross-reactivity,
antivenoms are unable to neutralize the lethal effect of heterologous venoms [8,15,17,18]. In the
Americas, anti-coral snake antivenoms are produced by the Instituto Nacional de Produccion
de Biolo’gicos (ANLIS) “Dr Carlos Malbran” in Argentina, the Clodomiro Picado Institute
(ICP) in Costa Rica, the Butantan Institute in Brazil, Instituto Bioclon in Mexico [19] and
Laboratorios Probiol in Colombia [20]. However, while the antivenoms produced in Central
America can neutralize the lethal activities of M. nigrocinctus, M. mosquitensis, M. dumerilii, M.
fulvius, M. clarki, M. alleni and M. tener, they are unable to neutralize the lethal activities of M.
mipartitus, M. surinamensis, M. spixii and M. pyrrhocryptus [21-24]. Likewise, those produced
in South America, while able to neutralize the lethal activities of M. frontalis, M. corallinus, M.
pyrrhocryptus, M. fulvius, M. nigrocinctus and M. surinamensis, are unable to neutralize the
lethal activities of M. altirostris, M. ibiboboca, M. lemniscatus and M. spixii [25-27].

Based on the large extent of cross-reactivity between elapidic antivenoms and elapidic het-
erologous venoms and the cross neutralization of the lethal activity of a Notechis scutatus anti-
venom against the lethal activity of the M.fulvius venom [28], polyvalent anti-elapidic
antivenoms have thus been considered as an alternative for the long sought development of a
Pan-American anti-coral snake antivenom. In fact, a pentavalent anti-elapidic antivenom
developed by CSL Limited in Australia using as antigens Notechis scutatus, Pseudechis austra-
lis, Pseudonaja textilis, Acanthophis antarcticus and Oxyuranus scutelatus venoms has been
shown to neutralize the lethal activities of M. corallinus, M. frontalis, M. fulvius, M. nigrocinctus
and M. pyrrhocryptus [29].

Here we report the production of a horse polyvalent anti-coral (Micrurus) snake antivenom
derived from the mixing of monovalent antivenoms against M. dumerilii, M. mipartitus, M.
isozonus and M. surinamensis venoms. The polyvalent antivenom is capable of neutralizing the
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lethal activity of M. dumerilii, M. mipartitus, M. isozonus, M. surinamensis, M. medemi, M.
lemniscatus and M. spixii venoms thus constituting a promising Pan-American anti-coral
antivenom.

Materials and methods
Venom source and choice

The lyophilized venoms were obtained from the venom bank at the Instituto Nacional de
Salud (INS) de Colombia, Bogota. Venoms were kept frozen at -40°C. Species included in the
study were chosen based on venom availability and inclusion on different Micrurus phyletic
lineages [30,31]: M. mipartitus (Middle Magdalena Valley-MMYV) of the bicolored group; M.
dumerilii (MMV), M. medemi (Orinoco Basin—OB) from the monadal group and M. isozonus
(OB), M. lemniscatus (OB), M. surinamensis (OB) of the triadal group (Fig 1). All venoms used
were obtained from Colombian specimens.

Animals

Eight mixed breed horses were used with weights between 325-370 kg and between four to six
years old. Horses were kept in the open, in pasture enclosures in a farm of the INS in Bojaca,
Cundinamarca, Colombia, under veterinary care. Horses were vaccinated against tetanus and
equine influenza, dewormed for gut helminths and washed to remove potential external para-
sites. Hematological, hepatic and kidney health was tested every six months and only horses
with healthy organs until the last inspection were used for immunization. Mice CD-1 ICR
strain, of 16-20 g, were obtained from the animal facility at the INS, Bogota.

Ethics statement

Experiments followed ethical procedures established in the protocols for animal experimenta-
tion at the INS (INT-R04.0000.01) and by the World Health Organization [9,10]. Animal
experimentation was approved by the Institutional Committee for Animal Use and Care at the
National Health Institute (Comité Institucional para el Cuidado y Uso de los Animales en el
Instituto Nacional de Salud -CICUAL-INS), resolution 0052 of 2018.

Antivenom production

Hyperimmune horse sera was obtained following the World Health Organization (WHO)
guidelines [9,10] and the internal immunization protocol defined by the INS. In order to eval-
uate the immunogenicity of individual venoms and the capacity of individual antisera to cross
neutralize heterologous venoms, experimental monospecific antivenoms were produced with
the venom of four Micrurus species: M. dumerilii, M. isozonus, M. mipartitus and M. surina-
mensis. For each species venom, two horses were used. The immunization scheme for each
horse lasted for up to three months, with injections administered every 5 to 15 days. For the
first immunization, the venom was dissolved in Freund’s adjuvant (Becton Dickinson),
whereas the remaining ones were dissolved in saline solution 0.85% (SS). Each injection had a
volume between 0.5-5 mL, with 15-20 mg of venom, depending on the venom s toxicity.
Once the immunization scheme was completed, animals were bled to test whether there were
quantifiable titers following neutralization procedures (see below). When appropriate anti-
venom neutralization titers were attained (>3 LDs), horses were bled through puncture in the
jugular vein. Up to eight liters of blood were collected in sterile plastic bags with anticoagulant,
and plasma separation from cells was made by gravity. Cells were subsequently reinjected back
into the horses for a better and faster recovery. Plasma was subsequently purified by means of
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Fig 1. Photographs of Micrurus species studied herein. A. M. dumerilii; B. M. mipartitus; C. M. surinamensis; D. M. isozonus; E. M. lemniscatus; F. M. medemi; G. M.
spixii. Photographs: A-C, E-G, JPHG; D, Jairo Maldonado-Garcia.

https:/doi.org/10.1371/journal.pntd.0007250.9001

precipitation with ammonium sulfate and sterilizing filtration, in order to obtain the concen-
trated antivenom immunoglobulin solution and stored at 2-8°C [32].
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Polyvalent antivenom was produced by mixing of monovalent antivenoms and diluted to
reach neutralization titers of 0.3 mg/mL of M. dumerilii and M. surinamensis, 0.8 mg/mL of M.
mipartitus and 2 mg/mL of M. isozonus. This antivenom corresponds to the "Antiveneno
Anticoral Polivalente", produced by the Instituto Nacional de Salud (INS), batch number
15AMPO1, with expiration date of March of 2018.

Determination of protein content

Protein concentration was determined by the Kjeldahl method [10,33], following standardized
protocol INS (MEN-R04.6020-010). Values correspond to grams per 100 mL and are
expressed as percentage.

Biological activities

Lethality. Venom lethality was estimated using the median lethal dose (LDsy), following
WHO guidelines [9] and INS standard internal protocols. Serial dilutions of venom dissolved
in 500uL of SS were injected intraperitoneally in mice (n = 5 per dose). Seven to eight dilutions
were tested for each venom, with dilution factors ranging from 1.5 to 1.7 with concentrations
ranging from 1.85 to 85.43pg/mice. A negative control consisting of 500 uL of SS was used in
each trial. Death ratio was read after 48 hours and the experiments were considered valid only
when reaching values of both, zero and 100%. The LDs, and respective 95% confidence inter-
vals were established using the Spearman-Kirber method [34,35] and was expressed in micro-
grams of venom (ug) per mice. For comparison purposes, LDs, values from literature were
transformed to pg/mice, using the mean of the weight range of the mice used.

Neutralization. Neutralization capability of monovalent and polyvalent antivenoms was
determined using the median effective dose (EDs), following WHO guidelines [9,10,36] and
INS standard internal protocols. Solutions containing different concentrations of each mono-
valent or polyvalent antivenoms were mixed with 3LDse/mice of venom from each species (as
obtained in the lethality assays), preincubated at 37°C for 30 minutes and then injected intra-
peritoneally in mice (n = 5 per dose, 500 pL/mice). Five to six different dilutions of the antiven-
oms were tested, with dilution factors ranging between 2.6 to 3.3 and attaining concentrations
of 0.08 to 32.93 mg/mL. Three control groups were used, two negative (one with antivenom
and one with saline solution, 500 pL/mice) and one positive (3 LDsq of venom/mice). Death
ratio was read after 48 hours and experiments were only considered valid when attaining
death ratios of both, zero and 100%. The EDs, was established using the Spearman-Karber
method [34,35] and expressed in milligrams (mg) of venom per milliliter (mL) of monovalent
or polyvalent antivenom. Neutralization, was also expressed as the number of LDs, per 1 mL
of monovalent or 10 mL of polyvalent antivenom (the volume of a commercial vial of anti-
venom). For comparison purposes, EDs, values from the literature were transformed to the
number of LDs, per 10mL of antivenom, using the LD, values here obtained or cited in the
corresponding study.

We classified the neutralization capability of the monovalent fractions and the polyvalent
antivenom according the number of LD, values neutralized, as follows:

o Low: Less than three LDs, (#LDs < 3) (the value equivalent to the number of LD5, used as
challenge in the neutralization assay, which is the minimum neutralization titer expected for
an antivenom).

o Moderate: Between three and less than 60 LDs, (3 < #LDs, < 60) (the number correspond-
ing to the minimum number of LD5, used for challenge and the minimum number of LDs,
neutralized by a monovalent antivenom against its homologous venom).
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o High: 60 or more LDs, (#LD50 > 60) (the neutralization capability above the minimum
number of LDs, neutralized by a monovalent antivenom against its homologous venom).

Because monovalent fractions are more concentrated than the antivenom, values for mono-
valent fractions were considered for 1 mL, whereas those for the polyvalent antivenom were
considered for 10 mL.

Results
Protein content

Protein content for antivenoms were 10.8% for anti-dumerilii, 8.2% for anti-mipartitus, 9.3%
for anti-isozonus, 9.4% for anti-surinamensis and 8.1% for the polyvalent.

Lethality

Venoms derived from the seven species studied showed a wide variation in lethality. Venom
from M. mipartitus showed the lowest lethality (1.87 pg/g), whereas M. isozonus (0.35 ug/g)
venom displayed the highest one (Table 1).

Neutralization by monovalent antivenoms

Monovalent antivenoms showed appropriate neutralization titers against homologous ven-
oms. M. dumerilii and M. isozonus showed the lowest and highest titers, respectively (Table 2).
The anti-dumerilii antivenom neutralized the lethality of M. isozonus and M. mipartitus ven-
oms, with higher titers than those against the homologous venom, but with low titers against
M. surinamensis venom. Anti-mipartitus antivenom showed low neutralization activity against
M. dumerilii and moderate against M. isozonus and M. surinamensis venoms. The anti-isozo-
nus antivenom displayed low neutralization titers against M. dumerilii, moderated against M.
surinamensis and high against M. mipartitus venoms. Finally, the anti-surinamensis antivenom
showed low neutralization capability against all heterologous venoms.

The antivenom showed a high capacity of neutralizing the effect of both homologous and
heterologous venoms (Table 2). Neutralization capacity against homologous venoms, was low-
est against M. surinamensis, and highest against M. isozonus. The antivenom was able to neu-
tralize the lethal effects of heterologous venoms derived from M. spixii (1.58 mg/mL), M.
lemniscatus (0.58 mg/mL) and M. medemi (0.68 mg/mL). Surprisingly, its neutralization titers
against the heterologous venoms tested were higher than the titers against the homologous
venoms derived from M. dumerilii and M. surinamensis. Noteworthy, the neutralization titer
against the M. spixii venom was the second highest (Table 2).

Discussion
Protein content

Protein content of some of the monovalent antivenoms surpass the upper limit of 10% recom-
mended by WHO [10](e.g. anti-dumerilii 10.8%). Nevertheless, the polyvalent antivenom
used as therapy, has a protein content below this limit (8.1%). This value is higher than the
5.5% reported for the antivenom produced by the Instituto Nacional de Produccion de Biolo-
gicos, Argentina and 4% reported for the Coralmyn, Bioclon, Mexico[26]. Such differences in
protein content might be associated to the polyvalence of the antivenom and to the relatively
high neutralization titers. It is believed that high protein concentration might increase the
probability of adverse reactions [10]. Additionally, the relatively high neutralization titers
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Table 1. LDs, values from Micrurus venoms studied herein, compared with literature data.

Micrurus species
Source dumerilii mipartitus isozonus surinamensis medemi lemniscatus spixii
This study 23.72 33.62 6.29 29.17 8.79 22.87 13.89
(18.09-31.12) (26.15-43.22) (5.14-7.69) (24.42-34.84) (7.16-10.80) (17.79-29.4) (N.D.)
Bolafios et al. [37] 17.00 - - 5-10 - 5* 10-15*
(N.S.) (N.S.) (N.S.) (N.S.)

Silva[38] - - 9.43 - 10.12 50.6

Cohen[13] 11.9 - - - - - -
(N.S.)

Otero et al. [39] - 9 - - - - -

de Roodt et al. [26] - - - 7.6 - _ _
(5-19)
Salazar et al. [42] - - 11.4 - - - -
(N.S.)

Max/Min ratio 1.99 3.74 1.81 11.60 - 4.57 7.55

Values are given in pug/mice (see Materials and Methods for details). 95% confidence intervals are indicated in parenthesis. N.D., not determined because, on the trial
doses, only death ratios corresponding to 0% and 100% were recorded; N.S., not specified on the study. Data without asterisk marks correspond to venoms from
Colombia;,

*unknown origin;

** Brazil;

*** Peru.

https://doi.org/10.1371/journal.pntd.0007250.t001

compensate for this, since less medicament is required, therefore diminishing the total amount
of protein administered to the patient.

Lethality

Our results show a wide variation within the seven venoms tested and important differences as
compared with the LD5, values found for the same species in other studies (Table 1). Estima-
tions of the LDs for the venom of a given species varied within studies, to the extent that the
maximum value was almost 12 times the value of the minimum measurement (i.e. M. surina-
mensis; Table 1). It is difficult to explain the amount of variability within a species, given the
number of variables that may influence the final results. Methods to estimate LDs, values vary
according to several factors: mice weight and strain, volume of administration, venom
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Table 2. Neutralization efficacy of monovalent and polyvalent antivenoms.

Neutralization measurement Micrurus species venom
dumerilii mipartitus isozonus surinamensis medemi lemniscatus spixii
Anti- EDs, 1.86 2.14 3.17 <0.11 - - -
dumerilii (0.9-3.84) | (0.96-4.75) | (1.12-5.24)
#LD50/mL 78.42 63.65 503.97 <3.60 - - -
Anti- EDs, <0.09 >2.36 0.3 0.17 - - -
mipartitus (0.13-0.7) (N.D.)
#LD50/mL <3.58 >70.20 47.69 5.83 - - -
Anti- EDs, <0.09 >2.36 >7.89 0.17 = = =
isozonus (N.D.)
#LD50/mL <3.58 >70.20 >1254.37 5.83 - - -
Anti- EDs, <0.09 <0.12 <0.06 1.87 - - -
surinamensis (0.92-3.8)
#LD50/mL <3.58 <3,57 <8.74 64.11 - - -
Polyvalent Antivenom EDs 0.36 0.94 2.24 0.31 0.68 0.58 1.58
(N.D.) (0.68-1.28) (1.47-3.4) (0.2-0.48) (0.44-1.06) (0.4-0.84) (N.D.)
#LD50/mL 15.18 27.96 356.12 10.63 77.36 25.36 113.75
mg AV protein/1 mg venom 225.00 86.17 36.16 261.29 119.12 139.66 51.27

Results are expressed both as mg/mL (EDsp) and number of LDs, neutralized per mL of antivenom (#LDso/mL) and for the polyvalent antivenom the mg of antivenom

protein necessary to neutralize 1 mg of venom. 95% confidence intervals are indicated in parenthesis. N.D., not determined because, on the trial doses, only death ratios

corresponding to 0% and 100% were recorded.

Neutralization by the polyvalent antivenom

https://doi.org/10.1371/journal.pntd.0007250.1002

treatment (e.g. dried vs lyophilized), inoculation route (e.g. intravenous vs intraperitoneal),
etc. All these variables have proven to influence the final results [43]. On the other hand, differ-
ences in venom lethality may be the result of geographical variation [5]. For example, the ven-
oms of M. dumerilii in this and other studies come from the middle Magdalena River Valley
region of Colombia and LD, are relatively similar among studies (Table 1). In the case of M.
surinamensis, where LDs, varied widely, venoms originated from specimens captured over a
large geographical distribution in the Orinoco and Amazonas basins [26,37,38]. Different
regions may differ in many aspects (e.g. climate, geography) that may influence venom quality.
Moreover, results by the same authors [26,41] for M. surinamensis from the same region,
apparently using the same methodology, reached different results (Table 1). Therefore, at this
point, conclusions regarding what is influencing differences in venom lethality may be hasty.
Future efforts should be made to standardize procedures among laboratories in order to get
comparable results.

Neutralization by monovalent antivenoms

As shown here, previous works found that monovalent antivenoms neutralize the lethal effects
of homologous venoms [8,13,14,44] (Table 2). All monovalent antivenoms described in this
study showed some degree of cross neutralization. Likewise, Cohen and collaborators [13,14],
produced experimental monovalent antivenoms in rabbits by immunization with the venom
of M. dumerilii, reaching high titers when neutralizing the homologous venom and moderate
titers against two (M.fulvius and M. spixii) out of the seven venoms studied. In our trials, all
monovalent antivenoms showed low neutralization titers against the lethal effect of M. dumeri-
lii venom, contrary to other reports showing that this venom was neutralized by three (M.
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frontalis, M. fulvius, M. nigrocinctus) out of the four heterologous monovalent antivenoms
tested [13,14]. On the other hand, the anti-surinamensis serum, as reported by several studies,
showed low cross-neutralization [44]. Herein, we tested for the first time the neutralization
capability of M. mipartitus and M. isozonus monovalent antivenoms: the first only showed
high cross neutralization titers against M. isozonus and the second only against M. mipartitus
(Table 2). It should be noted that Cohen and collaborators [14] tested the anti-dumerilii anti-
venom against the venom of a subspecies called M. mipartitus hertwigii, but this taxon is cur-
rently recognized as M. multifasciatus [45].

Our results show that cross neutralization does not operate in both directions. As stated
before, anti-dumerilii antivenom showed high titers against M. mipartitus and M. isozonus, but
low titers were recovered from anti-isozonus antivenom against M. dumerilii venom (Table 2).
This observation is not new, other works using monovalent antivenom have found similar
results [8,13,14,44]. This is an important fact that must be accounted for when designing anti-
venoms or eventually, when choosing antivenoms for envenomation treatments. For example,
the antivenom produced in Costa Rica, which is produced using M. nigrocinctus venom as an
antigen, neutralizes the lethality of M. dumerilii [23], one of the coral snakes involved in a
large proportion of coral snake bite accidents in Colombia but the anti-dumerilii monovalent
antivenom does not neutralize the activities of the M. nigrocintus venom [14].

Neutralization by the polyvalent antivenom

Our data shows that the INS coral antivenom has good direct and cross neutralization titers
(Tables 2 and 3). Particularly, the neutralization titers against all the heterologous venoms
were higher than those against the homologous M. dumerilii and M. surinamensis venoms, as
measured by either the amount of venom or the number of neutralized LDsys. Currently avail-
able Latin American coral snake antivenoms have shown different neutralization capabilities.
The Brazilian, Instituto Butantan (raised against M. corallinus and M. frontalis), has proven to
properly neutralize the venom of five species, but was ineffective against five [16,29,44,46].
Costa Rican monovalent antivenom (antiM. nigrocinctus), produced by Instituto Clodomiro
Picado, has shown to be efficient against five species but unable to neutralize the venom of
other two [21-24,47,48]. Mexican Coralmyn monovalent antivenom (against M. nigrocinctus),
manufactured by Bioclon Laboratory, neutralizes the venom of three species, but is ineffective
against four [25-27]. Finally, the monovalent Argentinian antivenom (raised against M. pyr-
rhocryptus) produced by Instituto Nacional de Productos Biologicos, has been shown to neu-
tralize the venom of four species, but unable to neutralize the venom of other two [26]. The
INS antivenom presented herein has wide neutralization capability against seven species. Fur-
ther neutralization experiments against a wide range of Micrurus venoms are highly desirable.

The different neutralization range between the INS antivenom and other Latin American
antivenoms is likely associated to the fact that most Micrurus antivenoms are mono or biva-
lent, whereas the INS is a mixture of antibodies raised against four phylogenetically different
species. An early experimental polyvalent antivenom produced by Bolafios et al. [37] showed
somehow similar results. This antivenom was raised against venoms derived from M. pyrrho-
cryptus (referred as M. frontalis pyrrhocryptus), M. multifasciatus (referred as M. mipartitus
hertwigi) and M. nigrocinctus; and was able to neutralize the lethal effect of homologous and
heterologous venoms (M. fulvius, M. dumerilii, M. frontalis, M. corallinus, M. spixii, M. mipar-
titus, M. alleni and M. lemniscatus. However, it was unable to neutralize the venom from M.
surinamensis. Contrarily, an experimental polyvalent antivenom produced by Tanaka et al.
[44], as a mixture of monovalent antivenoms raised against M. spixii, M. frontalis, M. coralli-
nus, M. altirostris and M. lemniscatus, showed limited neutralizing efficacy.
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Antivenoms from Brazil, Costa Rica and Mexico have not included the venom of M. surina-
mensis in their immunization schemes, and have very low or no neutralization capacity against
this venom. The antivenom we developed includes the venom of this species in the immuniza-
tion scheme, and displays high neutralization titers against the lethal effects of the M. surina-
mensis venom (Table 3). Given the particularities of this venom and the inability of
heterologous antivenoms to neutralize M. surinamensis venom, the inclusion of venom
derived from this species as an immunogen is important in the production of antivenoms in
countries where this species occur, such as Brazil, Ecuador, Peru and Venezuela, in order to
provide proper therapeutic alternatives [49]. Surprisingly, the commercial monovalent anti-
venom produced in Argentina, raised against M. pyrrhocryptus, proved to be effective against
this species, which is another therapeutic alternative for this difficult to neutralize species
venom (Table 3) [26]. Another antivenom that apparently neutralizes the venom of M. surina-
mensis is the one produced by Probiol [20]. This antivenom, derived from the immunization
with M. lemniscatus, M. spixii and M. surinamensis venoms, claims to neutralize the venoms
from M. mipartitus, M. surinamensis, M. dumerilii, M. medemi and M. spixii [20]. Neverthe-
less, the titers of neutralization are not known and no information is provided for the neutrali-
zation capacity against the homologous venom from M. lemniscatus.

When comparing the INS antivenom neutralization capacity against the species tested with
other antivenoms, INS antivenom showed higher titers with respect to both the amount of
venom and the number of median lethal doses neutralized, except for M. surinamensis which
is more efficiently neutralized by the antivenom from the Instituto Nacional de Produccion de
Bioldgicos, Argentina. (Table 3). All studies here compared appraised the neutralization ability
of antivenoms against three LDs5, except for Tanaka et al. [16,44], that challenged against two,

Table 3. Comparative EDs,” values of the coral snake antivenoms distributed in South America, against venoms of the species studied herein.

Micrurus species venom

Producer |Source™© dumerilii mipartitus isozonus surinamensis medemi lemniscatus spixii
INS This study 3.6 9.4 22.4 3.1 6.8 5.8 15.8
(151.77) (279.6) (3561.21) (106.27) (773.61) (253.61) (1137.51)
ICP Rey Suarez et al. [23,47] 2 none - - - - -
(89.21)
Bioclon de Roodt et al. [26] - - - <0.3 - - -
(<39.47)
1B Ramos et al. [29] - - - - - none? none?
Tanaka et al. [16] - - - - - 0.7 5
(53.85)° (625)°
Tanaka et al. [44] - - - - - 0.7 3.7
(53.85) ¢ (462.50) ©
INPBA de Roodt et al. [26] - - - 4.22 - - -
(555.26)

* EDs; is given as mg/10 mL vial (#LD50 [ug/mice]/ 10 mL vial).

® All studies challenged antivenoms against 3 LDs, except Tanaka et al. [16,44] who used 2 LDsj.

©In all studies mixtures of venom and antivenom were injected intraperitoneally.

4 No EDs, was estimated, only ratio of survival from one trial.

¢ Values are estimates from figures since authors do not provide exact values.

INS, Instituto Nacional de Salud, Colombia; ICP, Instituto Clodomiro Picado, Costa Rica; IB, Instituto Butantan, Brazil; Bioclon, Laboratorios Biolclon, Mexico; INPBA,
Instituto Nacional de Produccion de Bioldgicos, Argentina. Values in bold indicate heterologous venoms for the given antivenom. See Material and Methods for
additional details.

https://doi.org/10.1371/journal.pntd.0007250.t003
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which might imply that Butantan’s antivenom might have lower neutralization capability.
Additionally, our results proved that the INS antivenom neutralizes with high efficacy the
lethality of a broad range of Micrurus species venoms (Table 3). These properties are desirable
in the clinical practice. First, because with such titers, less amounts (volume and protein) of
medicament are needed and the probability of adverse reactions reduces. Second, because a
wide taxonomic coverage is always desired, since most of the time there is no appropriate iden-
tification of the species causing the accidents.

Comparisons among the neutralization capabilities of antivenoms, as for LDs toxicity mea-
surements, is difficult. Trials among studies vary widely in methodological aspects like the
strain of mice, weight, challenging doses (i.e. from 2-5 LDs,), value determination method
(e.g. Spearman-Kirber, Probits) or route of injection (e.g. intraperitoneal vs. intravenous).
Nevertheless, even if neutralization values vary, the fact that the tested antivenoms are or are
not able to neutralize the studied venoms is hardly obscured.

The outcomes of this study show that INS antivenom is the best therapeutic alternative to treat
coral snake envenomation in Colombia. Furthermore, this antivenom is the closest version of a
long sought Pan-American anti-coral snake antivenom. Because most of the coral snake species
whose venoms are neutralized by this antivenom are present in other south American countries,
where no coral snake antivenom is produced, like Ecuador, Peru and Venezuela [50,51], or even
Brazil, where the antivenom produced has a restricted efficacy for some species [16,44], this anti-
venom represent a treatment alternative for coral snake envenomation. Additionally, this anti-
venom might work in North America, given that cross neutralization of anti-M. dumerilii
antivenom against M. fulvius venom has been reported [13,14]. On the other hand, the ability to
neutralize the venom of Central American species remains to be proven, since only anti-dumerilii
antivenom have been tested against M. nigrocinctus venom with negative results [14].

As aforementioned, the design of coral snake antivenoms has been hampered by low
venom yields and unpredictable cross neutralization. Production of monovalent experimental
antivenoms, evaluation of cross neutralization capacity and finally mixing of appropriate
monovalent antivenoms to the desired neutralization titers is an effective approach for the pro-
duction of polyvalent antivenoms. This way, producers might maximize limited resources
(venom) while gaining knowledge on venom immunogenicity and sera cross reactivity.

Despite our promising results, various aspects must be accounted for. Around eighty spe-
cies of Micrurus occur in the Americas, of which close to 30 occur in Colombia. We have tested
the neutralization capacity against the venoms of only seven species. Even if those are the ones
more often involved in accidents, there is a substantial number of questions that require our
understanding. Examples of this are the spectrum of neutralization of this antivenom, the neu-
tralization capacity against independent activities, such as neurotoxicity and myotoxicity and
the best formulation of venom combinations required to produce an antivenom with high and
broad neutralization capacities. An understanding of these aspects might also come from clini-
cal results. Finally, this warrant large collaborative efforts to standardize neutralizations tests
for comparative purposes and test anti-coral snake antivenoms produced in the Americas
against a large number of Micrurus venoms.

Acknowledgments

We are grateful to Dr. Edgar Arias for support in the earliest stages of the project as well as to
people in the Animal Facilities and Quality Control areas for all the technical support during
the biological activity assays; to the people in the Hiperimmune Sera Plant and to people in the
Farm and Serpentarium area, especially Carlos Castro Sandoval, for all his support in the
manipulation processes involving horses and snakes.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007250 March 11,2019 11/14


https://doi.org/10.1371/journal.pntd.0007250

@'PLOS NEGLECTED
2 TROPICAL DISEASES Coral snake antivenom with broad spectrum

Author Contributions

Conceptualization: Maria Carlina Castillo-Beltran, Francisco Javier Ruiz-Gomez.
Data curation: Maria Carlina Castillo-Beltran, Juan Pablo Hurtado-Gomez.
Formal analysis: Maria Carlina Castillo-Beltran, Francisco Javier Ruiz-Gomez.
Investigation: Maria Carlina Castillo-Beltran, Francisco Javier Ruiz-Gomez.
Methodology: Maria Carlina Castillo-Beltran.

Validation: Maria Carlina Castillo-Beltran.

Writing - original draft: Juan Pablo Hurtado-Gomez, Vladimir Corredor-Espinel, Francisco
Javier Ruiz-Gomez.

Writing - review & editing: Maria Carlina Castillo-Beltran, Juan Pablo Hurtado-Gémez, Vla-
dimir Corredor-Espinel, Francisco Javier Ruiz-Gomez.

References

1. Feitosa DT, Da Silva NJ Jr., Pires MG, Zaher H, Prudente ALDC. A new species of monadal coral
snake of the genus Micrurus (Serpentes, Elapidae) from western Amazon. Zootaxa. 2015; 3974: 538.
https://doi.org/10.11646/zootaxa.3974.4.5 PMID: 26249923

2. Otero Patifio R. Coralsnake bites in Colombia. In: da Silva NJ Jr, editor. Annals of the International Sym-
posium on Coralsnakes. Goiania: PUC Goids; 2016. p. 38.

3. Chippaux JP. Incidence and mortality due to snakebite in the Americas. PLoS Negl Trop Dis. 2017; 11:
e€0005662. https://doi.org/10.1371/journal.pntd.0005662 PMID: 28636631

4. Araujo FAA, Santalucia M, Cabral RF. Epidemiologia dos Acidentes por Animais Pegonhentos. In: Car-
doso JLC, Frangca FOS, Wen FH, Malaque CMS, Haddad V Jr, editors. Animais Pegconhentos No Brasil
Biologia, Clinica e Terapéutica dos Acidentes. 2nd ed. Sao Paulo: Sarver; FAPESP; 2003. pp. 6-12.

5. Lomonte B, Rey-Suarez P, Fernandez J, Sasa MM, Pla D, Vargas N, et al. Venoms of Micrurus coral
snakes: Evolutionary trends in compositional patterns emerging from proteomic analyses. Toxicon.
2016; 122: 7-25. hitps://doi.org/10.1016/j.toxicon.2016.09.008 PMID: 27641749

6. Alape-Giron A, Persson B, Cederlund E, Flores-Diaz M, Gutiérrez JM, Thelestam M, et al. Elapid
venom toxins: Multiple recruitments of ancient scaffolds. Eur J Biochem. 1999; 259: 225-234. https://
doi.org/10.1046/j.1432-1327.1999.00021.x PMID: 9914497

7. Kocholaty WF, Bowles-Ledford E, Daly JG, Billings TA. Preparation of a Coral Snake Anti Venin From
Goat Serum. Toxicon. 1971; 9: 297—298. PMID: 4104017

8. Bolafios R, Cerdas L, Taylor R. The production and characteristics of a coral snake (Micrurus mipartitus
hertwigi) antivenin. Toxicon. 1975; 13: 139-142. https://doi.org/10.1016/0041-0101(75)90123-3 PMID:
1129821

9. WHO. Guidelines for the production control and regulation of snake antivenom immunoglobulins.
Geneva: WHO Press; 2010. p. 134.

10. WHO. Annex 5. Guidelines for the production, control and regulation of snake antivenom immunoglobu-
lins Replacement of Annex 2 of WHO Technical Report Series, No. 964. WHO Tech Rep Ser. 2017;
197-388.

11.  Gutiérrez JM, Solano G, Pla D, Herrera M, Segura A, Vargas M, et al. Preclinical Evaluation of the Effi-
cacy of Antivenoms for Snakebite Envenoming: State-of-the-Art and Challenges Ahead. Toxins
(Basel). 2017; 9: 163. https://doi.org/10.3390/toxins9050163 PMID: 28505100

12. Flowers HH. A Comparison of the Neutralization Ability of a Heterologous vs. Homologous Coral Snake
(Micrurus fulvius) Venom. Am J Trop Med Hyg. 1966; 15: 1003—1006. https://doi.org/10.4269/ajtmh.
1966.15.1003 PMID: 4959903

13. Cohen P, Dawson JH, Seligmann EB. Cross-Neutralization of Micrurus fulvius fulvius (Coral Snake)
Venom by Anti-Micrurus carinicauda dumerilii Serum. Am J Trop Med Hyg. 1968; 17: 308-310. https:/
doi.org/10.4269/ajtmh.1968.17.308 PMID: 4967162

14. Cohen P, Berkeley WH, Seligmann EB. Coral Snake Venoms.: In Vitro Relation of Neutralizing and Pre-
cipitating Antibodies. Am J Trop Med Hyg. 1971; 20: 646—649. https://doi.org/10.4269/ajtmh.1971.20.
646 PMID: 5568130

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007250 March 11,2019 12/14


https://doi.org/10.11646/zootaxa.3974.4.5
http://www.ncbi.nlm.nih.gov/pubmed/26249923
https://doi.org/10.1371/journal.pntd.0005662
http://www.ncbi.nlm.nih.gov/pubmed/28636631
https://doi.org/10.1016/j.toxicon.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27641749
https://doi.org/10.1046/j.1432-1327.1999.00021.x
https://doi.org/10.1046/j.1432-1327.1999.00021.x
http://www.ncbi.nlm.nih.gov/pubmed/9914497
http://www.ncbi.nlm.nih.gov/pubmed/4104017
https://doi.org/10.1016/0041-0101(75)90123-3
http://www.ncbi.nlm.nih.gov/pubmed/1129821
https://doi.org/10.3390/toxins9050163
http://www.ncbi.nlm.nih.gov/pubmed/28505100
https://doi.org/10.4269/ajtmh.1966.15.1003
https://doi.org/10.4269/ajtmh.1966.15.1003
http://www.ncbi.nlm.nih.gov/pubmed/4959903
https://doi.org/10.4269/ajtmh.1968.17.308
https://doi.org/10.4269/ajtmh.1968.17.308
http://www.ncbi.nlm.nih.gov/pubmed/4967162
https://doi.org/10.4269/ajtmh.1971.20.646
https://doi.org/10.4269/ajtmh.1971.20.646
http://www.ncbi.nlm.nih.gov/pubmed/5568130
https://doi.org/10.1371/journal.pntd.0007250

@ PLOS | RSHCAE Biseases

Coral snake antivenom with broad spectrum

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Higashi HG, Guidolin R, Caricati CP, Fernandes |, Marcelino JR, Morais JF, et al. Antigenic cross-reac-
tivity among components of Brazilian Elapidae snake venoms. Brazilian J Med Biol Res. 1995; 28: 767—
771.

Tanaka GD, Furtado M de FD, Portaro FC V, Sant’Anna OA, Tambourgi D V. Diversity of Micrurus
snake species related to their venom toxic effects and the prospective of antivenom neutralization.
PLoS Negl Trop Dis. 2010; 4: 1-12. https://doi.org/10.1371/journal.pntd.0000622 PMID: 20231886

da Silva NJ Jr., Aird SD. Prey specificity, comparative lethality and compositional differences of coral
snake venoms. Comp Biochem Physiol Part C Toxicol Pharmacol. 2001; 128: 425-456. https://doi.org/
10.1016/S1532-0456(00)00215-5

Alape-Girdn A, Stiles BG, Gutiérrez JM. Antibody-mediated neutralization and binding-reversal studies
on a-neurotoxins from Micrurus nigrocinctus nigrocinctus (coral snake) venom. Toxicon. 1996; 34: 369—
380. https://doi.org/10.1016/0041-0101(95)00126-3 PMID: 8730930

Gutiérrez JM. Preclinical assessment of the neutralizing efficacy of snake antivenoms in Latin America
and the Caribbean: A review. Toxicon. 2018; https://doi.org/10.1016/j.toxicon.2018.02.053 PMID:
29510161

Gomez JP, Gomez-Cabal C, Gémez-Cabal ML. Sueros antiofidicos en Colombia: andlisis de la produc-
cién, abastecimiento y recomendaciones para el mejoramiento de la red de produccion. Rev Biosalud.
2017; 16: 96—116. https://doi.org/10.17151/biosa.2017.16.2.9

Fernandez J, Vargas-Vargas N, Pla D, Sasa MM, Rey-Suarez P, Sanz L, et al. Snake venomics of
Micrurus alleni and Micrurus mosquitensis from the Caribbean region of Costa Rica reveals two diver-
gent compositional patterns in New World elapids. Toxicon. 2015; 107: 217-233. https://doi.org/10.
1016/j.toxicon.2015.08.016 PMID: 26325292

Lomonte B, Sasa MM, Rey-Suarez P, Bryan W, Gutiérrez JM. Venom of the coral snake Micrurus clarki:
Proteomic profile, toxicity, immunological cross-neutralization, and characterization of a three-finger
Toxin. Toxins (Basel). 2016; 8. https://doi.org/10.3390/toxins8050138 PMID: 27164141

Rey-Suarez P, Nufiez V, Fernandez J, Lomonte B. Integrative characterization of the venom of the
coral snake Micrurus dumerilii (Elapidae) from Colombia: Proteome, toxicity, and cross-neutralization
by antivenom. J Proteomics. Elsevier B.V.; 2016; 136: 262—273. https://doi.org/10.1016/j.jprot.2016.02.
006 PMID: 26883873

Gutiérrez JM, Rojas G, Perez A, Arguello |, Lomonte B, Jc S, et al. Neutralization of Coral Snake
Micrurus nigrocinctus Venom by a Monovalent Antivenom. Brazilian J Med Biol Res. 1991; 24: 701—
710.

Yang DC, Dobson J, Cochran C, Dashevsky D, Arbuckle K, Benard M, et al. The Bold and the Beautiful:
a Neurotoxicity Comparison of New World Coral Snakes in the Micruroides and Micrurus Genera and
Relative Neutralization by Antivenom. Neurotox Res. Neurotoxicity Research; 2017; 32: 487—495.
https://doi.org/10.1007/s12640-017-9771-4 PMID: 28674788

de Roodt AR, Paniagua-Solis JF, Dolab JA, Estévez-Ramiréz J, Ramos-Cerrillo B, Litwin S, et al. Effec-
tiveness of two common antivenoms for North, Central, and South American Micrurus envenomations.
J Toxicol—Clin Toxicol. 2004; 42: 171-178. https://doi.org/10.1081/CLT-120030943 PMID: 15214622

Sanchez EE, Lopez-Johnston JC, Rodriguez-Acosta A, Pérez JC. Neutralization of two North American
coral snake venoms with United States and Mexican antivenoms. Toxicon. 2008; 51: 297—-303. https://
doi.org/10.1016/j.toxicon.2007.10.004 PMID: 18054059

Wisniewski MS, Hill RE, Havey JM, Bogdan GM, Dart RC. Australian tiger snake (Notechis scutatus)
and Mexican coral snake (Micruris species) antivenoms prevent death from United States coral snake
(Micrurus fulvius fulvius) venom in a mouse model. J Toxicol—Clin Toxicol. 2003; 41: 7—10. https://doi.
org/10.1081/CLT-120018264 PMID: 12645961

Ramos HR, Vassao RC, de Roodt AR, Santos e Silva EC, Mirtschin P, Ho PL, et al. Cross neutralization
of coral snake venoms by commercial Australian snake antivenoms. Clin Toxicol. 2017; 55: 33—39.
https://doi.org/10.1080/15563650.2016.1222615 PMID: 27595162

Renjifo C, Smith EN, Hodgson WC, Renijifo JM, Sanchez A, Acosta R, et al. Neuromuscular activity of
the venoms of the Colombian coral snakes Micrurus dissoleucus and Micrurus mipartitus: An evolution-
ary perspective. Toxicon. Elsevier Ltd; 2012; 59: 132—142. https://doi.org/10.1016/j.toxicon.2011.10.
017 PMID: 22108621

Zaher H, Grazziotin FG, Prudente ALDC, Silva NJ Jr. Origem e evolugdo dos elapideos e das cobras-
corais do novo mundo. In: Silva NJ da Jr., editor. As Cobras Corais do Brasil: Biologia, Taxonomia,
Venenos e Envenenamentos. Goiania: PUC Goias; 2016. pp. 24—45.

Page M, Thorpe R. Purification of IgG by Precipitation with Sodium Sulfate or Ammonium Sulfate. In:
Walker JM, editor. The Protein Protocols Handbook. Totowa: Humana Press; 2009. pp. 1749-1751.
https://doi.org/10.1007/978-1-59745-198-7_179

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007250 March 11,2019 13/14


https://doi.org/10.1371/journal.pntd.0000622
http://www.ncbi.nlm.nih.gov/pubmed/20231886
https://doi.org/10.1016/S1532-0456(00)00215-5
https://doi.org/10.1016/S1532-0456(00)00215-5
https://doi.org/10.1016/0041-0101(95)00126-3
http://www.ncbi.nlm.nih.gov/pubmed/8730930
https://doi.org/10.1016/j.toxicon.2018.02.053
http://www.ncbi.nlm.nih.gov/pubmed/29510161
https://doi.org/10.17151/biosa.2017.16.2.9
https://doi.org/10.1016/j.toxicon.2015.08.016
https://doi.org/10.1016/j.toxicon.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26325292
https://doi.org/10.3390/toxins8050138
http://www.ncbi.nlm.nih.gov/pubmed/27164141
https://doi.org/10.1016/j.jprot.2016.02.006
https://doi.org/10.1016/j.jprot.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26883873
https://doi.org/10.1007/s12640-017-9771-4
http://www.ncbi.nlm.nih.gov/pubmed/28674788
https://doi.org/10.1081/CLT-120030943
http://www.ncbi.nlm.nih.gov/pubmed/15214622
https://doi.org/10.1016/j.toxicon.2007.10.004
https://doi.org/10.1016/j.toxicon.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18054059
https://doi.org/10.1081/CLT-120018264
https://doi.org/10.1081/CLT-120018264
http://www.ncbi.nlm.nih.gov/pubmed/12645961
https://doi.org/10.1080/15563650.2016.1222615
http://www.ncbi.nlm.nih.gov/pubmed/27595162
https://doi.org/10.1016/j.toxicon.2011.10.017
https://doi.org/10.1016/j.toxicon.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22108621
https://doi.org/10.1007/978-1-59745-198-7_179
https://doi.org/10.1371/journal.pntd.0007250

@ PLOS | RSHCAE Biseases

Coral snake antivenom with broad spectrum

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kjeldahl J. Neue Methode zur Bestimmung des Stickstoffs in organischen Kérpern. Zeitschrift fir Anal
Chemie. 1883; 22: 366—382. https://doi.org/10.1007/BF01338151

Spearman C. The method of ‘right and wrong cases’ (‘constant stimuli’) without Gauss’s formulae. Br J
Psychol 1904-1920. 1908; 2: 227—-242. https://doi.org/10.1111/].2044-8295.1908.tb00176.x

Karber G. Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Naunyn Schmiede-
bergs Arch Exp Pathol Pharmakol. 1931; 162: 480—-483. https://doi.org/10.1007/BF01863914

WHO. Progress in the characterization of venoms and standardization of antivenoms. WHO offset pub-
lication. 1981. pp. 1-44. https://doi.org/10.1016/0041-0101(81)90095-7

Bolafnos R, Cerdas L, Abalos JW. Venoms of Coral Snakes (Micrurus spp.): Report on a Multivalent
Antivenim for the Americas. Bull Pan Am Health Organ. 1978; 12: 23-27. PMID: 667406

Silva JJ. Los Micrurus de la Amazonia Colombiana. Biologia y toxicologia experimental de sus vene-
nos. Colomb Amaz. 1994; 7: 1-77.

Otero Patifio R, Osorio RG, Valderrama R, Giraldo CA. Efectos farmacologicos y enzimaticos de los
venenos de serpientes de Antioquia y Choco (Colombia). Toxicon. 1992; 30: 611-620. https://doi.org/
10.1016/0041-0101(92)90855-Y

Oliveira F da R, Noronha M das DN, Lozano JLL. Biological and molecular properties of yellow venom
of the Amazonian coral snake Micrurus surinamensis. Rev Soc Bras Med Trop. 2017; 50: 365-373.
https://doi.org/10.1590/0037-8682-0408-2016 PMID: 28700055

de Roodt AR, Lago NR, Stock RP. Myotoxicity and nephrotoxicity by Micrurus venoms in experimental
envenomation. Toxicon. Elsevier Ltd; 2012; 59: 356—364. https://doi.org/10.1016/j.toxicon.2011.11.009
PMID: 22133570

Salazar AM, Vivas J, Sanchez EE, Rodriguez-Acosta A, Ibarra C, Gil A, et al. Hemostatic and toxinolo-
gical diversities in venom of Micrurus tener tener, Micrurus fulvius fulvius and Micrurus isozonus coral
snakes. Toxicon. Elsevier Ltd; 2011; 58: 35-45. https://doi.org/10.1016/j.toxicon.2011.04.020 PMID:
21596052

Krifi MN, Marrakchi N, El Ayeb M, Dellagi K. Effect of Some Variables on the In Vivo Determination of
Scorpion and Viper Venom Toxicities. Biologicals. 1998; 26: 277-288. https://doi.org/10.1006/biol.
1998.0160 PMID: 10403031

Tanaka GD, Sant’Anna OA, Marcelino JR, Lustoza da Luz AC, Teixeira da Rocha MM, Tambourgi D V.
Micrurus snake species: Venom immunogenicity, antiserum cross-reactivity and neutralization poten-
tial. Toxicon. 2016; 117: 59-68. hitps://doi.org/10.1016/j.toxicon.2016.03.020 PMID: 27045363

Roze JA. Coral snakes of the Americas: biology, identification, and venoms. Malabar, Florida: Krieger
Publishing; 1996.

Moraes F V., Sousa-e-Silva MCC, Barbaro KC, Leitdo MA, Furtado MFD. Biological and immunochemi-
cal characterization of Micrurus altirostris venom and serum neutralization of its toxic activities. Toxicon.
2003; 41: 71-79. https://doi.org/10.1016/S0041-0101(02)00211-8 PMID: 12467664

Rey-Suarez P, Nufiez V, Gutiérrez JM, Lomonte B. Proteomic and biological characterization of the
venom of the redtail coral snake, Micrurus mipartitus (Elapidae), from Colombia and Costa Rica. J Pro-
teomics. 2011; 75: 655—-667. https://doi.org/10.1016/j.jprot.2011.09.003 PMID: 21963438

Lipa E, Torok F, Gdmez A, Corrales G, Chacén D, Sasa M, et al. First look into the venom of Roatan
Island ‘ s critically endangered coral snake Micrurus ruatanus: Proteomic characterization, toxicity,
immunorecognition and neutralization by an antivenom. J Proteomics. 2019;In press. https://doi.org/10.
1016/j.jprot.2019.01.007 PMID: 30659935

Bucaretchi F, De Capitani EM, Vieira RJ, Rodrigues CK, Zannin M, da Silva NJ Jr., et al. Coral snake
bites (Micrurus spp.) in Brazil: a review of literature reports. Clin Toxicol. 2016; 3650: 1—13. https://doi.
org/10.3109/15563650.2015.1135337 PMID: 26808120

Kalil J, Fan HW. Production and Utilization of Snake Antivenoms in South America. 2017. pp. 81-101.
https://doi.org/10.1007/978-94-007-6452-1_26

Navarrete Zamora M, Silva Suarez WH, Vargas A E. Las serpientes venenosas de importancia en la
salud publica del Perti —The poisonous snakes of public health importance of Peru. Rev electronica Vet.
2010; 11: 1-17.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007250 March 11,2019 14/14


https://doi.org/10.1007/BF01338151
https://doi.org/10.1111/j.2044-8295.1908.tb00176.x
https://doi.org/10.1007/BF01863914
https://doi.org/10.1016/0041-0101(81)90095-7
http://www.ncbi.nlm.nih.gov/pubmed/667406
https://doi.org/10.1016/0041-0101(92)90855-Y
https://doi.org/10.1016/0041-0101(92)90855-Y
https://doi.org/10.1590/0037-8682-0408-2016
http://www.ncbi.nlm.nih.gov/pubmed/28700055
https://doi.org/10.1016/j.toxicon.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22133570
https://doi.org/10.1016/j.toxicon.2011.04.020
http://www.ncbi.nlm.nih.gov/pubmed/21596052
https://doi.org/10.1006/biol.1998.0160
https://doi.org/10.1006/biol.1998.0160
http://www.ncbi.nlm.nih.gov/pubmed/10403031
https://doi.org/10.1016/j.toxicon.2016.03.020
http://www.ncbi.nlm.nih.gov/pubmed/27045363
https://doi.org/10.1016/S0041-0101(02)00211-8
http://www.ncbi.nlm.nih.gov/pubmed/12467664
https://doi.org/10.1016/j.jprot.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21963438
https://doi.org/10.1016/j.jprot.2019.01.007
https://doi.org/10.1016/j.jprot.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30659935
https://doi.org/10.3109/15563650.2015.1135337
https://doi.org/10.3109/15563650.2015.1135337
http://www.ncbi.nlm.nih.gov/pubmed/26808120
https://doi.org/10.1007/978-94-007-6452-1_26
https://doi.org/10.1371/journal.pntd.0007250

