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a b s t r a c t

A new whole IgG, freeze-dried, polyspecific antivenom was prepared from the plasma of horses
immunized with the venoms of the snakes Daboia russelii, Echis carinatus, Hypnale hypnale, and Naja naja
from Sri Lanka. The preclinical neutralizing ability of this antivenom against several toxic and enzymatic
activities of these four venoms was analyzed, and compared with that of a batch of VINS antivenom
(India) being currently used in Sri Lanka. The activities tested were: lethality, hemorrhagic, in vitro
coagulant, proteinase and phospholipase A2. Both antivenoms neutralized, to a different extent, these
activities of the venom of D. russelii, E. carinatus, and N. naja. In general, the polyspecific Sri Lankan
antivenom was more effective than the Indian antivenom in the neutralization of the venoms of D.
russelii and E. carinatus, whereas the Indian antivenom showed a higher efficacy against the venom of N.
naja. Regarding H. hypnale, the new Sri Lankan antivenom was effective in the neutralization of all ac-
tivities tested, whereas the Indian antivenom neutralized lethality but not hemorrhagic, coagulant,
proteinase and PLA2 activities, in agreement with the fact that this venom is not included in the im-
munization mixture for this antivenom. Results suggest that the new polyspecific Sri Lankan antivenom
has a satisfactory preclinical neutralizing profile and compares favorably with the Indian antivenom. This
is ready to be tested in a clinical trial to evaluate its efficacy and safety in human victims of snakebite
envenomings by D. russelii, E. carinatus and H. hypnale in Sri Lanka.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Snakebite envenoming constitutes a major public health prob-
lem in Sri Lanka, causing significant morbidity and mortality. An
estimate by Kasturiratne et al. (2008) revealed 33,000 hospitalized
snakebite cases per year. A recently performed community-based
national survey in Sri Lanka estimated in 80,514 the total number
of snakebites per year, with 30,543 cases of envenoming and 464
deaths (Ediriweera et al., 2016). A reduced number of species are
�errez).
responsible for the vast majority of snakebite cases. These include
the viperids Daboia russelii, Echis carinatus, and three species of
Hypnale (H. hypnale, H. nepa, and H. zara), and the elapids Naja naja,
Bungarus caeruleus and B. ceylonicus (Keyler et al., 2013). The
ecological contexts in which these species thrive differ, and so are
the circumstances and main human activities associated with
snakebites. Envenoming by D. russelii is common in the rice paddy
harvesting districts (Ariaratnam et al., 2009), whereas bites by
Hypnale sp occur throughout Sri Lanka, in particular in tea, rubber
and coconut plantations (Ariaratnam et al., 2008a). On the other
hand, the cobra N. naja usually cause accidents near human
dwellings and close to water reservoirs (Ariaratnam et al., 2009),
and the krait B. caeruleus often bites at night while people are
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sleeping on the floor (Ariaratnam et al., 2008b).
Clinical manifestations of snakebite envenoming in Sri Lanka

vary depending on the species, and a syndromic approach for
differentiating the different types of bites has been proposed
(Ariaratnam et al., 2009). D. russelii induces local swelling, coa-
gulopathy, systemic hemorrhage, including cerebrovascular acci-
dent, acute kidney injury and moderate neurotoxic manifestations.
Hypopituitarism has been also described in some patients (Philips
et al., 1988; Gawarammana et al., 2009; Ariaratnam et al., 2009;
Jeevagan et al., 2013; Isbister et al., 2015; Silva et al., 2016). E. car-
inatus envenomings are characterized by local tissue damage,
which may lead to necrosis, and systemic alterations associated
with coagulopathy and bleeding (Ariaratnam et al., 2009;
Gnanathasan et al., 2012). Humans bitten by Hypnale spp., partic-
ularly H. hypnale, develop local manifestations of envenoming and,
in a number of cases, systemic effects such as coagulopathies,
bleeding, acute kidney injury, and thrombotic microangiopathy
(Premawardena et al., 1998; Joseph et al., 2007; Ariaratnam et al.,
2008a, 2009; Herath et al., 2012; Maduwage et al., 2013). Among
elapid species, bites by B. caeruleus are characterized by neuro-
toxicity, i.e. neuromuscular paralysis that may progress to respira-
tory paralysis (Theakston et al., 1990; Kularatne, 2002; Ariaratnam
et al., 2009), whereas N. naja causes predominantly local necro-
tizing effects, with some patients also developing neurotoxicity
(Ariaratnam et al., 2009; Kularatne et al., 2009).

Treatment of snakebite envenoming is based on the parenteral
administration of antivenoms (Warrell, 2010). For many years,
antivenoms used in Sri Lanka have been manufactured by several
laboratories in India. These antivenoms are prepared from the
blood plasma of horses immunized with a mixture of venoms from
the ‘big four’ species of snakes, i.e. Daboia ruselii, Echis carinatus,
Naja naja and Bungarus caeruleus, of Indian origin (Warrel et al.,
2013). Despite the widespread use of these antivenoms in Sri
Lanka, concerns remain in at least three aspects: (a) The venoms
used for the manufacture of these antivenoms are from Indian
specimens, and it is known that geographical differences exist in
venom composition in these species (Jayanthi and Gowda, 1988;
Woodhams et al., 1990; Prasad et al., 1999; Suzuki et al., 2010;
Sintiprungrat et al., 2016); (b) the venom of Hypnale hypnale,
which is responsible for high numbers of snake bites in Sri Lanka,
and in some cases leads to severe envenoming (Ariaratnam et al.,
2008a), is not included in the immunization mixture, with the
consequent limitation in the neutralization of this venom; and (c) a
high incidence of adverse reactions has been reported in Sri Lanka
when using some Indian antivenoms (Ariaratnam et al., 2001; De
Silva et al., 2011; Stone et al., 2013). Therefore, the possibility of
producing antivenoms of improved safety profile and higher
specificity against Sri Lankan snake venoms, including Hypnale sp.,
has been raised (Keyler et al., 2013), and various attempts have
been made to achieve this goal (Ariaratnam et al., 1999).

A novel international partnership has developed in recent years
with the long term goal of producing a safe and effective antivenom
specific against Sri Lankan snake venoms on a sustainable basis.
This project involves Animal Venom Research International (AVRI),
a nonprofit charity from the USA, Instituto Clodomiro Picado, a
public research and antivenom manufacturing center of the Uni-
versity of Costa Rica, and the University of Peradeniya and other
public institutions in Sri Lanka (Keyler et al., 2013). A network of
collaborators has been established in Sri Lanka, under the coordi-
nation of AVRI and the University of Peradeniya. After obtaining the
corresponding permissions from the authorities in Sri Lanka, a
serpentarium has been built in this country, and high quality
samples of venoms from the medically most import snakes have
been collected. Samples of venoms of D. russelii, E. carinatus, H.
hypnale, and N. naja were sent to Costa Rica, where Instituto
Clodomiro Picado developed the first pilot batch of a new poly-
specific antivenom for Sri Lanka. This antivenom has passed the
corresponding quality control tests and is now ready to be shipped
to Sri Lanka for being assessed in an approved controlled clinical
trial.

The present work reports on the preclinical efficacy of the pol-
yspecific Sri Lankan antivenom against the venoms of the four
species used in immunization. In parallel, the preclinical efficacy of
an Indian antivenom which is being used in Sri Lanka was also
studied. Results demonstrate that the new Sri Lankan antivenom is
effective, at the preclinical level, in the neutralization of toxic and
enzymatic activities of the venoms of four medically important Sri
Lankan snakes.

2. Materials and methods

2.1. Venoms

Snakes (Daboia russelii russelii, Echis carinatus, Hypnale hynale,
and Naja naja) were wild caught following the granting of a col-
lecting permit from the Department of Wildlife, Sri Lanka
numberedWL/3/2/1/7. A few specimens of Bungarus caeruleuswere
also collected and kept in captivity. Snakes were housed in a tem-
perature controlled serpentarium, individually, with the ambient
temperature maintained between 25 and 30 �C. Water was pro-
vided ad libitum, and the snakes were fed rodents on aweekly to bi-
weekly schedule depending on individual need. Veterinary care
and monitoring was provided on a regular basis to ensure the
health of all animals. The number of snakes maintained for venom
collection for each species was: Daboia russelii russelii 30, Echis
carinatus 47, Hypnale hypnale 103, and Naja naja 69. Venom was
extracted manually at 3e6 week intervals. Pools of venoms from
each of these four species were prepared, freeze-dried, and stored
at �20 �C until use.

2.2. Antivenoms

Two antivenoms were compared in this study: (a) VINS Bio-
products Ltd. Antivenom (batch 01AS13100, expiry date November
2017). It is a freeze-dried F (ab’)2 product prepared from the plasma
of horses immunized with a mixture of the venoms of D. russelii, E.
carinatus, N. naja and B. caeruleus; once re-dissolved in 10 mL
distilled water per vial, the protein concentration of this antivenom
was 41.9 ± 0.04 g/L; (b) the new whole IgG polyspecific Sri Lankan
antivenom (batch 5701115DESL) produced at Instituto Clodomiro
Picado from the plasma of horses immunized with a mixture of the
venoms of D. russelii, E. carinatus, H. hypnale, and N. naja from Sri
Lankan specimens. IgGs were purified by plasma fractionationwith
caprylic (octanoic) acid, as previously described (Rojas et al., 1994).
After diafiltration, the antivenom was loaded onto a ceramic ion
exchange sorbent (Hyper D-Q; Pall) contained in a BPG 200/500
chromatographic column (GE Healthcare). The antivenomwas then
formulated, sterilized by filtration and dispensed in borosilicate
glass vials. Vials were loaded on a freeze-dryer Benchmark 1100
(Virtis, USA) and lyophilized according to Herrera et al. (2014).
Immediately before use, the antivenom was dissolved with 10 mL
water for injection. Once reconstituted, the protein concentration
of the new polyspecific antivenom was 57.9 ± 0.06 g/L.

2.3. Physicochemical characterization of the new polyspecific
antivenom

The routine set of quality control tests used at Instituto Clodo-
miro Picado was used to characterize the new antivenom. Total
protein concentration was quantified by using a modified Biuret
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method (Parvin et al., 1965). Turbidity was assessed with a turbi-
dimeter (La Motte, model 2020, Chestertown, MD, USA), and
expressed as nephelometric turbidity units (NTU). Phenol, used as
preservative, and chloride, were quantified according to Lacoste
et al. (1959) and United States Pharmacopeia (2012), respectively.
Sucrose was quantified by HPLC with a Refractive Index Detector
(HPLC-RID) using a Zorbax Carbohydrate 5 mm,150 mm � 4.6 mm
column (Agilent Technologies) and a Shimadzu high pressure
gradient system equipped with an autosampler SIL-20A HT, a Sol-
vent Delivery Unit LC-20AT, and a Refractive Index Detector RID-
10A. The flow rate was set to 1.2 mL/min at 30 �C and the column
was developed with an isocratic gradient of 75% acetonitrile and
25% distilled water. A sucrose analytical standard (47289 Sulpeco)
was used. The pH was determined with a pH meter (Orion 4 Star,
Thermo Scientific, IL, USA). Residual caprylic acid was quantified by
HPLC (Herrera et al., 2009). Osmolality was measured by freezing-
point depression using an osmometer (3320 Advanced In-
struments). Reconstitution time of the antivenom was assessed by
adding 10 mL of water for injection, and the dissolution of the
product was observed visually as the vials were gently stirred by
hand; the time required for complete dissolution was recorded.

2.4. Neutralization of toxic and enzymatic activities of venoms

The protocols previously used at Instituto Clodomiro Picado in
the study of the preclinical efficacy of antivenoms were followed
(Segura et al., 2010). The toxic and enzymatic effects investigated
were: lethal, hemorrhagic, in vitro coagulant, proteinase, and
phospholipase A2 (PLA2) activities. The protocols involving the use
of mice were approved by the Institutional Committee for the Care
and Use of Laboratory Animals (CICUA 27-13) of the University of
Costa Rica.

2.4.1. Lethal activity
The Median Lethal Dose (LD50) of each venom, using the intra-

venous (i.v.) route, was initially determined (Segura et al., 2010).
Groups of five CD-1 mice (18e20 g body weight) were injected in
the caudal vein with various doses of venom, dissolved in 0.12 M
NaCl, 0.04 M phosphate, pH 7.2 (PBS), in a volume of 0.2 mL. Deaths
occurring during 24 h were recorded, and the value of LD50 was
estimated by probit analysis.

For the neutralization of lethal activity, mixtures containing a
fixed dose of venom and various dilutions of the antivenoms were
incubated at 37 �C for 30 min. Aliquots of 0.2 mL of each mixture,
containing a dose of venom corresponding to 3 LD50s, were then
injected i.v. into groups of five mice. Mixtures corresponded to
various ratios of mg venom/mL antivenom (or mg venom/g anti-
venom protein). A control group received the same dose of venom
incubated with PBS instead of antivenom. Deaths were recorded
during 24 h and the neutralizing ability of antivenom was
expressed as the Median Effective Dose (ED50), i.e. the venom/an-
tivenom ratio at which half of the population of injected mice is
protected. The value of ED50 was estimated by probit analysis.

2.4.2. Hemorrhagic activity
The Minimum Hemorrhagic Dose (MHD) of each venom was

determined as described by Guti�errez et al. (1985). Groups of four
CD-1 mice (18e20 g) were injected intradermally, in the abdominal
region, with various doses of venom, dissolved in a volume of
0.1 mL PBS. Mice were sacrificed 2 h after injection by CO2 inha-
lation, their skin was removed, and the area of the hemorrhagic
lesion in the inner side of the skin was measured. The MHD cor-
responds to the dose of venom that induces a hemorrhagic spot of
10 mm diameter (Guti�errez et al., 1985).

For the neutralization, mixtures containing a fixed dose of
venom and various dilutions of antivenom were prepared, and
incubated at 37 �C for 30 min (Guti�errez et al., 1985). Aliquots of
0.1 mL of each mixture, containing a dose of venom corresponding
to 5 MHDs, were then injected intradermally to groups of five mice,
as described. Mixtures corresponded to various ratios of mg
venom/mL antivenom (or mg venom/g antivenom protein). A
control group was injected with the same dose of venom incubated
with PBS instead of antivenom. After 2 h, mice were sacrificed by
CO2 inhalation, and the area of the hemorrhagic lesion was
measured. Neutralization was expressed as the Median Effective
Dose (ED50), corresponding to the ratio venom/antivenom at which
the diameter of the hemorrhagic spot was reduced by 50% when
compared to the lesion of mice injectedwith venom incubatedwith
no antivenom.

2.4.3. Coagulant activity
For estimating the Minimum Coagulant Dose (MCD), various

doses of venom, dissolved in 0.1 mL PBS, were added to 0.2 mL of
citrated plasma prepared from blood collected from healthy human
donors. The clotting time was measured and the MCD was esti-
mated, corresponding to the dose of venom that induces clotting of
plasma in 60 s (Gen�e et al., 1989). In the case of D. russelli venom,
15 mL of 0.5 M CaCl2 were added to the plasma immediately before
the addition of venom, since these were found to be the optimal
conditions to test this activity with this venom.

For the neutralization studies, mixtures containing a fixed dose
of venom and various dilutions of antivenom were prepared, and
incubated at 37 �C for 30 min (Gen�e et al., 1989). Aliquots of 0.1 mL
of each mixture, containing a dose of venom corresponding to
2 MCDs, were then added to 0.2 mL of human citrated plasma, as
described. Mixtures corresponded to various ratios of mg venom/
mL antivenom (ormg venom/g antivenom protein). A control group
included plasma incubated with venom that was previously incu-
bated with PBS instead of antivenom. Clotting times were recorded
and neutralization was expressed as Effective Dose (ED), i.e. the
ratio of venom/antivenom in which the clotting time was pro-
longed three times as compared to the clotting time of plasma
incubated with venom alone.

2.4.4. Proteinase activity
Azocasein was used as substrate, according to the method of

Wang et al. (2004), as modified by Guti�errez et al. (2008). Briefly,
various venom amounts, dissolved in 20 mL, were added to 100 mL
substrate (10 mg/mL azocasein dissolved in 25 mM Tris, 150 mM
NaCl, 5 mM CaCl2, pH 7.4). After an incubation of 90 min at 37 �C,
the reaction was stopped by the addition of 200 mL of 5% tri-
chloroacetic acid, followed by centrifugation. Then, 100 mL of su-
pernatant was mixed with 100 mL 0.5 M NaOH, and absorbance was
recorded at 450 nm. Activity was expressed in units, one unit cor-
responding to a change in absorbance of 0.2 per min.

For neutralization, a fixed dose of venom was incubated with
various dilutions of antivenom for 30 min at 37 �C. Then, the pro-
teinase activity of aliquots of the mixtures was assessed as
described above. Controls included samples of venom incubated
with PBS instead of antivenom before the addition to the substrate
solution. Neutralization was expressed as Mean Effective Dose
(ED50), i.e. the venom/antivenom ratio at which proteinase activity
was reduced by 50% as compared to activity induced by venom
alone.

2.4.5. Phospholipase A2 (PLA2) activity
PLA2 activity was quantified by a titrimetric procedure

(Guti�errez et al., 1986). Various doses of venom were added to a
substrate solution of egg yolk diluted 1:5 with 0.1 M Tris, 10 mM
CaCl2, pH 8.5, buffer containing 1% Triton X-100. After an incubation
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of 20 min at 37 �C, free fatty acids released were extracted and
titrated according to Dole (1956). PLA2 activity was expressed as
mEq/mg protein/min.

For assessing neutralization, a fixed dose of venom was incu-
bated, for 30 min at 37 �C, with various dilutions of antivenom.
Then, aliquots of the mixtures were added to the substrate solution
described above and the reaction was left during 20 min at 37 �C.
Control samples included venom solutions incubated without an-
tivenom and added to the egg yolk substrate. Neutralization was
expressed as Mean Effective Dose (ED50) corresponding to the
venom/antivenom ratio at which PLA2 activity of the venom was
reduced by 50%.

2.5. Statistical analyses

The significance of the differences between the mean values of
pairs of samples was assessed by the Mann-Whitney U test. A value
of p < 0.05 was considered significant. In lethality, values are
considered significantly different if there is no overlap of the 95%
confidence limits.

3. Results

3.1. Physicochemical characteristics of the new polyspecific Sri
Lankan antivenom

Once reconstituted the protein concentration of the new poly-
specific Sri Lankan antivenom was 57.9 ± 0.06 g/L. The concentra-
tions of the excipients in this product were: phenol (preservative):
0.97 ± 0.01 g/L, sodium chloride: 5.52 ± 0.39 g/L, sucrose:
27.2 ± 1.4 g/L, and the pH was adjusted to 6.99 ± 0.01. The residual
caprylic acid was lower than 250 mg/mL. It had a turbidity of
23.7 ± 0.6 nephelometric turbidity units (NTU), and an osmolarity
of 309 mOsm/kg H2O. After the addition of the solvent (water for
injection), the reconstitution time of this freeze-dried product was
125 ± 59 s. All of these parameters fit within the accepted ranges at
the Quality Control Laboratory of Instituto Clodomiro Picado.

3.2. Toxic and enzymatic activities of venoms

The venoms of the four Sri Lankan snake species studied showed
different toxicological and enzymatic profiles (Table 1). All venoms
induced lethality in mice, when injected by the i.v. route, with the
highest toxicity observed in the venoms of D. russelii and E. car-
inatus, whereas the least toxic venom in terms of lethality was N.
naja. Only the venoms of the three viperid species induced skin
hemorrhage in mice, the highest corresponding to the venom of E.
carinatus, which was 15 times more active than the venoms of D.
Table 1
Toxic and enzymatic activities of venoms of Sri Lankan snakes.

Venom Lethality (LD50, mg per
mouse)a

Hemorrhagic (Minimum Hemor
Dose, mg)b

D. russelii 7.8 (7.0e8.6) 4.3 ± 1.2
E. carinatus 8.8 (6.5e11.4) 0.3 ± 0.1
H. hypnale 17.3 (15.6e19.4) 4.6 ± 0.3
N. naja 22.6 (15.9e29.7) NAe

a The Median Lethal Dose (LD50) by the intravenous (i.v.) route is expressed in mg ven
b The Minimum Hemorrhagic Dose (MHD) corresponds to the dose of venom that indu

Results are presented as mean ± S.D. (n ¼ 4).
c The Minimum Coagulant Dose (MCD) corresponds to the dose of venom that induces

(n ¼ 3).
d One unit corresponds to a change in absorbance of 0.2 per min.
e NA: No or very low activity was detected under the experimental conditions used.
russelli and H. hypnale. The venoms of D. russelii, E. carinatus, and H.
hypnale showed in vitro coagulant effect, the former two venoms
having higher activity that the latter. In contrast, the venom of N.
naja was devoid of this effect. Highest proteinase activity on azo-
casein was observed for the venom of H. hypnale, followed by E.
carinatus, whereas venoms of D. russelii and N. naja showed very
little activity. The four venoms displayed PLA2 activity, with the
following descending order of activity: D. russelii > N. naja > H.
hypnale > E. carinatus (Table 1). In addition to the four venoms used
to generate the antivenom, lethality was also estimated for the
venom of B. caeruleus from Sri Lanka. LD50 of this venom was 0.75
mg/mouse (95% confidence limits: 0.24e1.24 mg per mouse).

3.3. Neutralization of venoms by antivenoms

3.3.1. Neutralization of lethality
Both antivenoms were able to neutralize the lethal activity of

the four venoms tested, albeit with different potencies (Tables 2
and 3). The new polyspecific Sri Lankan antivenom had a higher
neutralizing ability against the venoms of E. carinatus and H. hyp-
nale. Antivenoms showed a similar neutralizing activity against the
venom of D. russelii venom, since the 95% confidence limits of the
ED50s of the two antivenoms overlapped. In contrast, VINS anti-
venom had a higher neutralizing capacity against the venom of N.
naja than the new polyspecific Sri Lankan antivenom. The ability of
antivenoms to neutralize lethality induced by the venom of B.
caeruleus was also assessed. VINS antivenom was effective in
neutralizing this effect, with an ED50 of 1.03 mg venom/mL anti-
venom (95% CL: 0.5e2.4) and 25 mg venom per g antivenom pro-
tein (95% CL: 13e58). In contrast, the new polyspecific Sri Lankan
antivenom did not neutralize this venom at the highest antivenom
dose tested (0.05mg venom/mL antivenom), in agreement with the
fact that this venomwas not included in the immunizationmixture.

3.3.2. Neutralization of hemorrhagic activity
The two antivenoms neutralized the hemorrhagic activity of D.

russelii and E. carinatus venoms, with the new polyspecific Sri
Lankan antivenom being more effective (Tables 2 and 3). On the
other hand, the new antivenom was able to neutralize H. hypnale
venom, whereas VINS antivenom was not.

3.3.3. Neutralization of in vitro coagulant activity
Both antivenoms neutralized in vitro coagulant activity of D.

russelii and E. carinatus venom. No differences between antivenoms
were observed concerning neutralization of D. ruselii venom,
whereas the new polyspecific Sri Lankan antivenom showed a
higher neutralizing activity against E. carinatus venom (Tables 2
and 3). VINS antivenom did not neutralize the activity of H.
rhagic Coagulant (Minimum Coagulant
Dose, mg)c

PLA2 (mEq/
mg$min)

Proteinase (U/mg
venom)d

4.0 ± 0.1 78 ± 6 NAe

3.3 ± 0.2 4 ± 0.1 2.5
11.5 ± 0.2 21 ± 0.1 7.0
NAe 32 ± 1 NAe

om/mouse (18e20 g); 95% confidence limits are included in parentheses (n ¼ 5).
ces a hemorrhagic halo of 10 mm diameter in mice 2 h after intradermal injection.

the clotting of citrated human plasma in 60 s. Results are presented as mean ± S.D.



Table 2
Neutralization of toxic and enzymatic activities of Sri Lankan snake venoms by the two antivenomsa. Neutralization (ED50 or ED, mg venom per mL antivenom).

Venom Antivenom Lethality Hemorrhage Coagulant PLA2 Proteinase

D. russelii ICP 2.6 (2.0e3.3) 16.1 ± 1.4* 5.3 ± 0.3 0.5 ± 0.02* NAb

VINS 1.9 (1.5e2.8) 8.7 ± 0.6 4.2 ± 0.3 0.2 ± 0.01 NAb

E. carinatus ICP 5.3 (3.2e16.8)* 4.6 ± 0.2* 0.9 ± 0.04* 5.4 ± 0.01 3.8 ± 0.5*
VINS 0.8 (0.5e1.3) 1.1 ± 0.04 0.2 ± 0.01 10.6 ± 0.06* 0.5 ± 0.07

H. hypnale ICP 4.0 (3.0e5.9)* 5.1 ± 0.8* 1.5 ± 0.09* 1.5 ± 0.1* 0.5 ± 0.04*
VINS 0.6 (0.3e0.9) <0.5 <0.1 <0.2 <0.2

N. naja ICP 0.4 (0.3e0.5) NAb NAb 1.4 ± 0.1 NAb

VINS 0.7 (0.6e0.9)* NAb NAb 3.0 ± 0.3* NAb

*p < 0.05 when comparing the two antivenoms for this particular effect.
a Neutralization is expressed as mg venom neutralized per mL of antivenom. In the cases of neutralization of lethal, hemorrhagic, PLA2 and proteinase activities,

neutralization is expressed as ED50, whereas in the case of coagulant activity it is expressed as ED (seeMaterials andmethodss for details). Results are presented asmean ± S.D.
(n ¼ 4 for hemorrhagic activity and n ¼ 3 for coagulant, PLA2, and proteinase activities) except for lethality where 95% confidence limits are presented in parentheses.

b NA: The venom lacks or has very low activity, and therefore neutralization could not be assessed.

Table 3
Neutralization of toxic and enzymatic activities of Sri Lankan snake venoms by the two antivenomsa. Neutralization (ED50 or ED, mg venom per g antivenom).

Venom Antivenom Lethality Hemorrhage Coagulant PLA2 Proteinase

D. russelii ICP 45 (35e57) 278 ± 24* 92 ± 5 8.6 ± 0.3 NAb

VINS 45 (36e67) 208 ± 14 100 ± 7 4.8 ± 0.2 NAb

E. carinatus ICP 92 (55e290)* 79 ± 3* 15 ± 0.7* 93 ± 0.2 66 ± 8.6*
VINS 19 (12e31) 26 ± 1 5 ± 0.2 253 ± 1.4* 12 ± 1.7

H. hypnale ICP 69 (52e102) 88 ± 14* 26 ± 2* 26 ± 2* 9 ± 1*
VINS 14 (7e21) <12 <2 <5 <5

N. naja ICP 7 (5e9) NAb NAb 24 ± 2 NAb

VINS 17 (14e21)* NAb NAb 72 ± 7* NAb

*p < 0.05 when comparing the two antivenoms for this particular effect.
a Neutralization is expressed as mg venom neutralized per g of antivenom protein. In the cases of neutralization of lethal, hemorrhagic, PLA2 and proteinase activities,

neutralization is expressed as ED50, whereas in the case of coagulant activity it is expressed as ED (see Materials and methods for details). Results are presented as mean ± S.D.
(n ¼ 4 for hemorrhagic activity and n ¼ 3 for coagulant, PLA2, and proteinase activities), except for lethality where 95% confidence limits are presented in parentheses.

b NA: The venom lacks or has very low activity, and therefore neutralization could not be assessed.
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hypnale, whereas the new Sri Lankan antivenom was effective in
neutralizing this effect.

3.3.4. Neutralization of proteinase activity
Of the two venoms whose proteinase activity on casein could be

studied, both antivenoms neutralized this effect for E. carinatus
venom, with a higher neutralizing activity present in the new
polyspecific Sri Lankan antivenom. In addition, this antivenomwas
able to neutralize the activity of H. hypnale venom, whereas VINS
antivenom was not (Tables 2 and 3).

3.3.5. Neutralization of PLA2 activity
The two antivenoms neutralized PLA2 activity of the venoms of

D. russelii, E. carinatus and N. naja. The new polyspecific Sri Lankan
antivenom had a higher neutralizing ability for the venoms of D.
russelii, whereas VINS antivenom was more effective against this
activity in the venoms of E. carinatus and N. naja. In the case of H.
hypnale venom, PLA2 activity was neutralized by the new anti-
venom but not by VINS antivenom (Tables 2 and 3).

4. Discussion

Parenteral administration of antivenoms, when these products
have satisfactory efficacy and safety profiles, and when provided
timely, constitutes a highly effective therapy in snakebite enve-
nomings. Nevertheless, availability and accessibility of antivenoms
is limited in various regions of the world (Guti�errez, 2012;
Guti�errez et al., 2014). In the case of Sri Lanka, a country where
an estimated number of 30,000 snakebite envenoming cases occur
per year (Ediriweera et al., 2016), there is a great need to have a
sufficient supply of antivenoms, ideally against the venoms of local
snakes. Until now, the country has been using antivenoms
manufactured in India. However, a number of problems remain,
such as insufficient and at times irregular supply, high incidence of
early adverse reactions to antivenom administration (Ariaratnam
et al., 2001; Gawarammana and Keyler, 2011; Stone et al., 2013),
lack of coverage against venoms of Hypnale sp., and the fact that
these antivenoms are produced by using Indian snake venoms in
the immunization. This has created the need to generate anti-
venoms specific against Sri Lankan snakes, including H. hypnale.

A new polyspecific, freeze-dried, whole IgG antivenom was
generated through an international partnership. This antivenom
was designed to be used in the treatment of envenomings of syn-
dromic categories 1, 2, 3, and 4 described by Ariaratnam et al.
(2009) in Sri Lanka, which are characterized by local tissue dam-
age and by diverse systemic manifestations which vary depending
on the offending species. The venom of Bungarus caeruleus, one of
the ‘big four’ venomous snakes in India (Warrel et al., 2013), was
not included in the immunizing mixture owing to the difficulties in
obtaining a sufficient number of Sri Lankan specimens of this elapid
species, and also due to the relatively low percentage of bites
caused by B. caeruleus in the country (Ariaratnam et al., 2008b). The
possible inclusion of this venom in the future development of this
antivenom has to be carefully considered, in order to justify the
widening of its spectrum of efficacy.

The three viperid venoms studied (D. russelii, E. carinatus and H.
hypnale) had toxic and enzymatic profiles similar to those previ-
ously described in the literature (Maduwage et al., 2011; Silva et al.,
2012). The venom of D. russelii showed high toxicity, i.e. lethality,
and mice presented typical neurotoxic manifestations, such as
difficulty of locomotion and breathing. In agreement, this venom
has low proteinase and high PLA2 activities, in keeping with the
proteomic characterization of venom from Sri Lankan specimens
which demonstrated that a high percentage of this venom
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corresponds to PLA2, and there is a relatively low content of SVMPs
(Tan et al., 2015a). Experimental and clinical evidence has
demonstrated the neurotoxic activity of the venom of D. russelii
(Ariaratnam et al., 2009; Silva et al., 2016). D. russelli and E. car-
inatus showed in vitro coagulant activity on human plasma, in
agreement with earlier experimental findings (Maduwage et al.,
2016) and with clinical manifestations in humans, where con-
sumption coagulopathy is frequently observed (Ariaratnam et al.,
2009; Isbister et al., 2015). The highest hemorrhagic and in vitro
coagulant activities were in the venom of E. carinatus. Thus, the
combination of high hemorrhagic and in vitro coagulant activity in
the venom of E. carinatus is compatible with the clinical manifes-
tations described in patients, associated with local and systemic
hemorrhage and consumption coagulopathy (Ariaratnam et al.,
2009).

The venom of H. hypnale exerts lethal, hemorrhagic and in vitro
coagulant effects, in addition to PLA2 and proteinase activities.
Experimentally and clinically this venom is known to induce acute
kidney injury and other systemic alterations. Proteomic analyses
have revealed a high content of PLA2s in this venom, followed by
zinc-dependent metalloproteinases (SVMPs) (Ali et al., 2013; Tan
et al., 2015b). This composition is compatible with the toxic and
enzymatic profile hereby described. Until relatively recently, H.
hypnale was not considered a medically-relevant snake. This
perception, however, has changed over the last years on the basis of
reports that show a high incidence of bites by this viperid in the
Indian subcontinent and in Sri Lanka, a proportion of which are
associated with severe systemic manifestations (Premawardena
et al., 1998; Joseph et al., 2007; Ariaratnam et al., 2008a, 2009;
Herath et al., 2012; Maduwage et al., 2013). These findings stress
the need to include this venom in the immunizing mixtures for
antivenom production in India and Sri Lanka (Joseph et al., 2007;
Keyler et al., 2013).

Our results clearly show that, despite the fact that VINS anti-
venomwas able to neutralize lethality of this venom in mice, it was
ineffective in the neutralization of hemorrhagic, in vitro coagulant,
proteinase and PLA2 activities. This highlights that there is little
cross-reactivity, in terms of neutralization, between the venoms of
the ‘big four’ species and the venom of H. hypnale, and stresses the
relevance of including this venom in antivenoms to be used in Sri
Lanka. Previous work has shown that the Hemato-Polyvalent an-
tivenom produced in Thailand against the venoms of D. russelii,
Calloselasma rhodostoma, and Trimeresurus albolabris is effective in
the neutralization of lethal and nephrotoxic activities of H. hypnale
venom (Tan et al., 2011, 2012), thus evidencing cross-reactivity of
these venoms and the venom of H. hypnale. Our results, however,
demonstrate the benefits and convenience of introducing this
venom in the immunizing mixture to generate antibodies specific
against H. hypnale toxins. We suggest that this has to be considered
not only for antivenoms to be used in Sri Lanka, but also in India and
other countries where this snake is an important cause of
snakebites.

On the other hand, N. naja venom had relatively low overall
toxicity (lethality) in mice, as compared with other predominantly
neurotoxic elapid venoms (Ratanabanangkoon et al., 2016). It is not
hemorrhagic and has low proteinase activity, but high PLA2 activity.
Themost common clinical manifestation of envenomings byN. naja
in Sri Lanka is local necrosis, with subsequent complications. In
addition, this venom induces neurotoxic manifestations in a per-
centage of people bitten (Ariaratnam et al., 2009; Kularatne et al.,
2009). The balance between local necrotizing and neurotoxic ac-
tivities in cobra venoms derives from the relative proportions of the
two different types of low molecular mass three-finger toxins, i.e.
cytotoxins and a-neurotoxins (Petras et al., 2011). Our findings are
compatible with proteomic data which demonstrated variations in
the proportions of these two types of three-finger toxins in venoms
of N. naja from India and Sri Lanka (Sintiprungrat et al., 2016). As
expected, no cross-protection was observed in the new antivenom
against the venom of B. caeruleus, which was not included in the
immunizing mixture, whereas VINS antivenom effectively
neutralized the lethal effect of this venom.

Results reported here agree with those of a recent study in that
VINS antivenom is effective in the neutralization of lethal and
in vitro coagulant activities of the venoms of D. russelii and E. car-
inatus from Sri Lanka (Maduwage et al., 2016).When comparing the
neutralizing ability of the two antivenoms, in the cases of venoms
of these two species, the new polyspecific Sri Lankan antivenom
showed a higher neutralizing ability against all effects, in the
venom of E. carinatus, with the exception of PLA2 activity. Regarding
D. russelli venom, the new antivenom was more effective in the
neutralization of hemorrhagic activity, whereas no differences in
ED50 and EDwere observed regarding the neutralization of lethality
and in vitro coagulant effects.

The new polyspecific Sri Lankan antivenom was able to
neutralize lethality and PLA2 activities of the venom of N. naja,
although neutralizing efficacy was lower than that of VINS anti-
venom. In general, it is difficult to raise an adequate antibody
response in horses immunized with elapid venoms, owing to the
fact that the main pathophysiological manifestations, i.e. neuro-
toxicity and local necrosis, are caused by lowmolecular mass toxins
of the three-finger family, which are in general poorly immuno-
genic. We are currently exploring various ways to improve the
immune response of horses towards the venom of N. naja.

In conclusion, a new polyspecific, freeze-dried whole IgG anti-
venom, manufactured by caprylic acid precipitation, has been
generated using Sri Lankan snake venoms in the immunizing
mixture. The new polyspecific Sri Lankan antivenom showed a
satisfactory preclinical neutralization profile against the venoms of
the three viperid species used for immunization, D. russelii, E. car-
inatus, and H. hypnale, and compared favorably with a batch of an
Indian antivenom currently in use in Sri Lanka. The inclusion of H.
hypnale for the first time in the immunizing mixture resulted in a
high ability to neutralize toxic activities of this venom. In contrast,
the neutralizing ability of the newantivenom againstN. naja venom
was lower than that of the Indian antivenom. The generation of this
new polyspecific Sri Lankan antivenom illustrates the value of in-
ternational partnerships for confronting the current problem of
poor antivenom availability and accessibility in some regions of the
world.
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