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Abstract

Antivenom for the treatment of bothropic snakelsta priority for public health institutions
from Latin America. An alternative to the convemtab antivenom production is based on the use of
egg yolk antibodies — IgY-technology — by immungilaying hens. In this study, we produced,
characterized and assessed the efficacy of IgYebas¢éivenoms againdB. alternatus venom.
Immunochemical studies (reactivity, avidity andig@ém recognition pattern) as well as antivenom
efficacy assays were performed. After thH8 iBxmunization, levels of specific IgY reached a
maximum that was maintained throughout the obsenvgberiod, while avidity indexes of the
extracts increased after the successive immunimtiéurthermore, IgY again®. alternatus
recognized protein complexes of the venom with lfgdO kDa), medium (20-40 kDa) and low (<
20 kDa) molecular weights. IgY antivenoms obtaiaédr 8 immunizations neutralized 35.65 pg of
B. alternatus venom per mg of antivenom, while specific actiatimlues ranged from 0.28 to 0.42.
In conclusion, we produced and characterized Igifvanoms capable of neutralizing the lethal
activity of B. alternatus venom at a preclinical level. Thus, IgY-technologyay allow the
production of effective and affordable antivenomfilfing the urgent needs of many countries

where conventional manufacture is unable to proem@ugh availability of antivenoms.
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1. IIntroduction

Snakebite envenoming is a neglected tropical desdest has a significant impact on Public
Health. Five million snakebites leading to 400.0fi€abilities and 138.000 deaths per year are
estimated to occur worldwide (Gutiérrezal., 2014; World Health Organization, 2017), although
its true incidence is unknown (Gutiérreizal., 2017a; Kasturiratnet al., 2008). In Latin America,
snhakebite envenoming runs from 80,329 to 129,08¢<@er year with a high estimate of 2,298
deaths (Kasturiratnet al., 2008). In South Americd@othrops alternatus (Viperidae family) is a
species involved in snakebite envenomings duestwidespread distribution in Argentina, Brazil,
Paraguay and Uruguay (Gutiérrez, 2011; World He@ltanization, 2017). This disease has a high
incidence in places where provision of health servg not efficient enough such as occurring in
rural areas (Gutiérreet al., 2017b; World Health Organization, 2017). Acciti&renvenoming by
Bothrops spp. usually causes severe tissue damage arowndbitd site, inducing edema,
inflammation, hemorrhage and myonecrosis. Systdaiigres such as blood incoagulability and
thrombocytopenia may also occur (Legiral., 2011; Sousat al., 2013), though renal failure is the
principal cause of death in human patients (de Retoa., 1997; Queirozt al., 2008). Bothropic
venom is composed by around 100 different peptatasd its pathogenesis is mainly due to the
presence of metallo- and serine proteinases (sviBssvSPs) (Ohlest al., 2010; Queirozt al.,

2008).

Antivenoms are considered essential medicines featihg snakebite envenomings.
Conventional production is based on the immuniratid large animals, mainly horses, with
mixtures of representative venoms of a determinsagaphical area. The hyperimmune plasma
obtained after immunization is followed by fract&dion methods (Gutiérreat al., 2017a; Segureat
al., 2010). In order to guarantee a good qualityhef @antivenom, purification steps and control of
infectious risks are mandatory assessments (Dow$&enal., 2011; World Health Organization,

2017). Nevertheless, equine-derived antivenoms llysuaduce dose-related early and delayed
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anaphylactic reactions in patients, such as seruokness which produce vasculitis,
glomerulonephritis and arthritis (Laustseinal., 2018a; Otero-Patifiet al., 2012). On the other
hand, antivenom production still remains a hightqgoecess leading to a global ongoing reduction
in the manufacturers (Aliroét al., 2015; Fryet al., 2003; Navarrcet al., 2016; World Health
Organization, 2017). Since snakebite envenomingamsna global health issue and has been
recently included into Category A of Neglected Toap Diseases by the World Health
Organization, great efforts are needed to providalability of these complex biological medicines

in the primary health-care system (Chippaux andffény1991; Chippaux, 2017).

The use of egg yolk antibodies — IgY-technology epresents an alternative to the
conventional antivenom production due to its ecoicam ethical and productive advantages
(Chacanat al., 2004; Theakstost al., 2003). In Costa Rica, Navarebal. (2016) compared the
animal maintenance costs, procedures and supm@ested to keep horses and hens showing that the
production prime cost can be reduced around a 40ABo, horses required for obtaining
antivenoms should be between 3 and 10 years oldidWtealth Organization, 2017) while hens
start laying eggs at ~20 weeks of age (Yusinal., 2015). This fact, together with the
industrialization of poultry production worldwidmay reduce maintenance costs of the animals and

facilitate the provision and replacement of henghlitain the immunoglobulins.

Furthermore, sampling is non-invasive since thediley of the animal is replaced by egg
collection, and therefore pain and distress of atsnare sensibly reduced (Gruber and Hartung,
2004). In addition, the present lines of laying $iane able to produce between 17 and 35 g of IgY
per year of which 1-10 % is antigen-specific (Paailgl., 2011; Schadet al., 2005). Diversity of
methods used to determine the neutralization efficas well as the intrinsic complexity of the
venoms make very difficult to undergo a comparativelysis to assess the feasibility of IgY-
technology as an alternative to the productionarsés (Lanaret al., 2014; Segurat al., 2013).

However, several preclinical testing of IgY-basediveenoms have been reported with promising
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results (da Rochat al., 2017; de Almeidaet al., 2008; Duanet al., 2016; Leeet al., 2016b;

Meenatchisundaram al., 2008).

Because the production of specific antidotes fer tleatment of common bothropic snake
bites has a high priority in public health instibuts in Latin American (Gutiérregt al., 2009;
World Health Organization, 2017), we produced anaracterized an IgY-based antivenom against

B. alternatus and evaluated its efficacy in mice.

2. Materials and M ethods

2.1. Ethical statement
This study meets the ARRIVE guidelines (Kilkenayal., 2010). The experiments were
approved by the Institutional Animal Care and Usentittee (IACUC) from the CICWA-INTA,

Procedure #20/2012.

2.2. B. alternatus venom

Freeze-dried mixture d. alternatus venoms were obtained from adult specimens tha¢ wer
provided by the National Administration of Labonaés and Institutes of Health (ANLIS) “Dr.
Carlos G. Malbran” from Argentina. Previously, iasvdetermined that the batch of venom used in
this study has a median lethal dose {§)Dof 28.28 pg, 56.57 pug and 200 pug per mouse by
intravenous (i.v.), intraperitoneal (i.p.) and artruscular (i.m.) routes, respectively (unpublished

data).

2.3. Animals
Four Lohmann Brown laying hens of 16 weeks weresbdunto individual cages. NIH mice

of 18-22 g were provided by the Central BioterithiN(IS); mice were housed into plastic boxes.
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Mice and hens were given water and faedibitum and maintained with cycles of light/ dark of

12/12 h and 14/10 h, respectively.

2.3.1. Hensimmunization

Hens were intramuscularly injected wiB alternatus whole venom into their breasts. A
two-cycle inoculation scheme was considered. Fofirat double doses (subcutaneous under the
skin behind the neck and intramuscular into theastranuscles) the venom was emulsified in
Freund's complete adjuvant (FCA) whereas for sulsetjintramuscular booster doses Freund’s
incomplete adjuvant (FIA) was used. The first cyctmsisted in 3 immunizations each 15 days,
injecting increasing amounts of venom (408, 800ug and 1200ug); 2 months after the third
injection hens were not immunized anymore (peribdest). The second cycle consisted in 5
immunizations also separated by 15 days and hems imeculated with different amounts of
venom (Table 1). Serum samples were taken 7 dags edch immunization. Eggs were collected

during 10 days after thé®34" and & immunizations.

2.41gY purification

IgY from eggs collected from each hen was extraetmbrding to the procedure described
by Akita and Nakai (1992). Accordingly, double-pmtation with ammonium sulphate (24 and 26
% wi/v) was used to purify IgY. Extracts were diagzagainst saline solution and 0.01 % w/v
thimerosal was added to avoid microbial contamamatiSulphate traces in the extracts were
detected with barium chloride as described by Lddet al. (1989). The total protein content of
IgY extracts was determined by a Bradford stang@odedure for microtiter plates using Bio-Rad
protein reagent and bovine serum albumin (Sigmaié&tyl as standard. Purified IgY was kept at

4°C until use.

2.5 Immunochemical studies
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2.5.1 Solid-phase enzyme immunoassay (ELI1SA)

Maxisorp microtiter plates (Thermo Scientific) wer@ated with 100 pL of a solution Bf
alternatus venom (2 pg/ well) in 200 mM sodium carbonate éufpH 9.5). After overnight (ON)
incubation at 4°C, the plates were washed threestimith PBS plus 0.05 % Tween (PBS-T) and
100 pL of blocking buffer (PBS-T plus 5 % skim n)ilkkere added to each well. After incubation
for 1 h at 37°C, the wells were washed as descibede and filled with 100 ul of 2-fold serially
diluted IgY antivenom or chicken sera. The platesenincubated for 1 h at 37°C and washed three
times. Afterwards, 100 pL of rabbit anti-lIgY antdes conjugated with peroxidase (Catalogue #
A9046; Sigma-Aldrich) diluted 1:5000 in PBS-T weaadded to each well and incubated. After a
final washing step, color was developed by the tamdiof ABTS (Catalogue # P9029; Sigma-
Aldrich), 50 mM citrate solution (pH 4.2) and 3 %®4. Color development was stopped by adding
5 % SDS and absorbance at 405 nm was measuredelBlige levels of antibody in the sample
were determined by calculating the sample to pasig6/P) ratio. In addition, an internal reference
(IgY specific for B. alternatus from a previously immunized hen) was included atle plate to

assess variance between assays.

2.5.2 Chaotropic ELISA

An ELISA avidity test was carried out to evaludte avidity of the IgY extracts as has been
previously described with modifications (Baudetual., 2017; Sampai@t al., 2014). Microtiter
plates were coated and incubated as mentioned alSamaples were diluted to reach similar
specific O.D. (~ 0.4) and incubated for 1 h. Lat€d0 puL of 6 M urea was added to half of the
plates and left to react during ten minutes. Afemde, the plates were washed three times with
PBS-T and the secondary antibody was added asiloegdrefore. Absorbances at 405 nm were
recorded. Avidity index were expressed in percemi@d %) and determined by the ratio between

optical density values of samples treated with arehthe optical density of untreated samples.
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2.6. SDS-PAGE and immunoblotting

Venom and IgY samples were analyzed by SDS-PAGEeuretucing and non-reducing
conditions (Laemmli, 1970). Venom samples were is#pd on a 15 % SDS-PAGE gel and IgY
extracts on 12 % gels, subsequently stained wittn@2ssie Brilliant Blue R-250 (ICN Biomedicals
Inc.). Detection of venom proteins by IgY extraatsre carried out by Western blot according to
Towbin’s method (Towbiret al., 1979). Briefly, the proteins that were previguskparated by
electrophoresis were subsequently electroblottéd mitrocellulose membranes using a Mini Trans-
Blot system (Bio-Rad) for 2 h at 30 mA. After blati, membranes were blocked ON at 4°C with
blocking buffer. Membranes were incubated for 1t 44 with a 1:1000 dilution of IgY anB:-
alternatus in PBS-T. After three washes, membranes were mteabfor 1 h with peroxidase-
conjugated rabbit anti-chicken IgY (Catalogue # A80Sigma-Aldrich) diluted 1:5000 in PBS-T.
After washing, membranes were incubated with chigena substrate solution (10 mg of DAB, 10
ml PBS and 6.4u of H,0,). To evaluate the physicochemical purity of Ig¥raexts, electrophoretic
patterns were analyzed with a Gel Doc XR+ System-fad) and densitometric scanning of the

stained gels was performed with ImageLab softwBre-Rad).

2.7. Neutralization of hemorrhagic and necrotizing activity

Minimal hemorrhagic dose (MHD) and minimal necotg dose (MND) of the venom
were determined according to Theakston and Rei@3)1@nd their neutralization by IgY were
assessed as described by Instituto Clodomiro Pi€ad07). Groups of 4 mice (19 + 2 g) were
intradermically injected with a mixture containia MHD or 10 MND of thevenom which was
previously incubated with different quantities giylantivenom (range: 0.92 — 7.37 mg) for 30 min
at 37°C in a final volume of 1 mL. In addition, &gps of 4 mice each were injected either with the
untreated venom or with 0.15 M NaCl. To determime neutralization of the hemorrhagic activity,

mice were euthanized after 2 h and the major peipelar diameters of the hemorrhagic haloes in



208 the skin were measured at the dermal face. Likewigetralization of the necrotizing activity was
209 determined after 72 h. Neutralization of the atiggi was expressed as the mass (mg) of antivenom
210 required to neutralize both 10 MHD and 10 MND ¢ trenom.

211

212 2.8. Neutralization of venom lethality by 1gY antivenoms

213 To assess the efficacy of IgY antivenoms, the nmedifiective dose (E) assay was
214 performed according to WHO guidelines (World He&ttganization, 2017). Briefly, 3 L{3(84.80
215 ug) of B. alternatus venom were incubated for 30 min at 37°C with thddéerent venom: IgY
216 ratios (1:16, 1:40, 1:100). Thereafter the mixtwaes intravenously injected into groups of 4 mice
217 per each mixture. Mice receiving only IgY antivenomonly venom diluted in saline solution were
218 also included as controls. The median effectiveed@&®o) was calculated considering the number
219 of dead mice within 96 h after the intravenousah@@ of the venom/antivenom mixture; results
220 were analyzed by means of the method of SpearmabeKéFinney, 1971). The ERis expressed
221 in three different wayspuL of antivenom required to neutralize the challedigse of venom that
222 was administered; pg of venom needed to neutrdlinel of antivenom (ug/mL); ug of venom
223 needed to neutralize 1 mg of antivenom (ug/mg). §pexific activity of IgY was calculated as the
224 total protein concentration of IgY antivenoms nebde normalize the Ef (da Silva and
225 Tambourgi, 2011).

226

227 2.9 Satistical analysis

228 Statistical analysis of data was performed with ikdim 18.1 (Minitab Inc.). Kolmogorov-

229 Smirnov test was used to verify the normality & thata. Kruskal Wallis test was performed for

230 Indirect ELISA and repeated measures one-way AN@Wawed by Tukey pairwise comparison
231 test was performed for chaotropic ELISA and prot&ncentration analysis. Statistical significance
232 was set aP < 0.05. For indirect, chaotropic ELISA and proteoncentration data was presented as

233 mean = SD of three independent experiments. Nezatedn of hemorrhagic and necrotic activities



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

was analyzed by non-linear regression. A polynoruave was used to fit values in Bradford assay.

Data was plotted with GraphPad Prism 6.0 (GraphB&a).

3. Reaults

3.1. Immunoreactivity of 1gY anti- B. alternatus

Specific antibodies in serum were detected aftersércond immunization. Thereafter, from
the 3% immunization onwards the level of antibodies reath plateau that was maintained until the
end of the observation period (Figure 1). ELISA &Bo values of the IgY extracts agairt
alternatus venom ranged between 0.92 and 1.37 and no gstatigtisignificant difference was
observed between values of extracts produced a¢rHeof the first cycle (3injection) and the
second cycle and &' injections) (Table 2). According to several authfite Oliveiraet al., 2011;
de Roodtet al., 1998; Lanariet al., 2010; Queirozet al., 2008; Souseaet al., 2013) the
electrophoretic pattern of the venom registered typgal of B. alternatus. Analysis by Western
blot indicates that IgY extracts agaistalternatus recognized three protein complexes of high (>
40 kDa), medium (20-40 kDa) and low (< 20 kDa) ncalar weights. These bands were not
recognized by pre-immune IgY extracts (data notst)oBands of ~ 50 and 25 kDa were strongly

recognized than the other lower molecular weiginidsa Figure 2).

3.2. Purity of 1gY extracts anti-B. alternatus venom

Batches of IgY extracts were produced with yolkdleoted after the 8 4" and &
immunizations from each hen. Protein pattern amslyby SDS-PAGE under non-reducing
conditions showed intact IgY (~ 180 kDa) with gopdrity levels (Figure 3). Only traces of a
protein complex of ~ 35 kDa was found (< 10 %). @& other hand, electrophoretic patterns under
reducing conditions showed two protein complexeth & molecular weight of ~ 70 and 25 kDa

corresponding to the heavy and light IgY chainspeetively (Schadet al., 2005). Purity levels
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ranged from 82.9 to 88.2% and two bands of ~ 504h#&Da were observed. Concentration of
sulphate contaminants was lower than 0.08% p/al Tobtein concentration of IgY extracts ranged
between 25.93 and 27.49 mg/mL after tﬁ’eilﬁection, between 22.89 and 30.13 mg/mL after the

4™ and between 19.40 to 33.49 after the latter.

3.3. Avidity of 1gY extracts anti- B. alternatus

The strength of the interaction between IgY andweeom was measured and significant
differences P < 0.05) in the avidity indexes of the extractsanid were observed after subsequent
immunizations (Table 2). After the last immunizatiavidity indexes of the extracts obtained from

each hen ranged from 84.10 to 93.01 %.

3.4. Neutralization of venom

No abnormal clinical signs or mortality were obsehafter the treatments in the control
group of mice that were injected with IgY antiverownly. ER, values of the IgY antivenoms
produced after the™dand &' immunization are shown in Table 3. After subseqimmunizations
lower volumes of antivenom were required to neiteathe lethal effect of the venom. Overall, IgY
antibodies neutralized from 12.10 to 35.65 pg ofore per mg of antivenom. In addition, highest
specific activity values were obtained after 8 atjgn doses, ranging from 0.28 to 0.42. The
neutralization of the hemorrhagic activity of thenem required 4.19 mg of IgY; in contrast, no

neutralization of the necrotic activity was observe

4. Discussion

Treatment of snake envenoming by hyperimmune egseéna was established more than a
century ago (Gutiérrezt al., 2011; Marchandet al., 2013) and methods of production of

antivenoms have been considerably improved (Chipp2013). So far, antivenoms are the only
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available therapeutic tool to treat envenoming eyomous animals (snakes, spiders, scorpions) (de
Roodt et al., 2004; Lachmann, 2012). Relative high costs afdpction make antivenoms
unaffordable for developing countries (Scheskal., 2015) and therefore efforts to innovate and
simplify its production are encouraged worldwideufi@rrez et al., 2017a). In this context, we

produced and characterized experimental IgY-bastdesmoms againd®. alternatus venom.

IgY antibodies (~ 180 kDa) were the main componémtthe extracts analyzed under non-
reducing conditions, but also minor protein contzanis of around 35 kDa (< 10 %) were
observed. This contaminant traces may corresporlatod 6 (Amoet al., 2010; De Silvaet al.,
2016). Nevertheless we did not observe the presehdbe main allergen in the egg, Gal d 5
(Chalamaiah et al., 2017; Schade and Chacana, 20@%glbumin (Gal d 2) (Campesal., 2003;
Réhault-Godberét al., 2013). On the other hand, under reducing camtitia contaminant of ~ 50
kDa was observed which may correspond to apoligeproB (Eggeret al., 2011). Level of
purification as well as total protein content ire textracts is crucial to obtain efficient and safe
antivenoms. Contamination of undesired proteingélgY antivenoms can be reduced during the
scaling up of the purification steps. For examplge of caprylic acid combined with ammonium
sulphate is able to eliminate several contaminaatems (Araudjoet al., 2010; Mendozat al.,

2012).

The production of antivenoms in horses agaBsalternatus may take between 9 and 19
immunizations using high venom quantities (26.54%§) (Araceli and Cheroni, 1994; de Roatlt
al., 2010). In our study significant levels of specifjY in serum were detected by ELISA after the
second immunization; this early detection of ardies in chickens was also observed by other
authors (Almeidaet al., 1998; Moussat al., 2012). After the "8 immunization, levels of specific
IgY reached a maximum that was maintained througtiemiobservation period while, as expected,
avidity indexes of the extracts increased aftecsssive immunizations (da Roc#aal., 2017; de
Andradeet al., 2013; Sampaiet al., 2014; Schadet al., 2005; Walczalet al., 2015). Anyhow,

despite ELISA may be useful to characterize the umoneactivity of IgY, this assay does not infer
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the real potency of antivenoms (World Health Orgation, 2017). Nevertheless, ELISA tests may
be helpful to evaluate immunization schemes by¥alhg up seroconversion as well as maturation
of the chicken humoral response. The diversityhe ¢composition oB. alternatus venom is also
reflected in its immunogenic properties (Sowsaal., 2013). Our analysis showed that the IgY
extracts were able to recognize most of the mampzments of the venom that have been described
in the literature (Lanaret al., 2010). A band of ~ 50 kDa was strongly detectbds band may
correspond to class Il svMPs, the most predomitaxith (~ 40 %) inB. alternatus (de Roodtet

al., 1998; Sousat al., 2013). Moreover, IgY was also capable of detectt 25 kDa bands
indicating that IgY was able to recognize svSPs @ads | svMPs (Queiro& al., 2008; Sousat

al., 2013). Furthermore, IgY extract weakly recogdibands of low molecular weight (less than 15
kDa), which may include proteins such as phospheipA (PLA,). This pattern of recognition was
similar to commercial or experimental equine-dediamtivenoms (de Rooét al., 1998; Sousat

al., 2013). The relatively high amount of venom comgras, such as svMPs, may explain its high
antigenicity not onlyn birds but also in mammals (Leéhal., 2011; Ohleet al., 2010). In general,
toxin components of low molecular mass are lessumwgenic as compared to the ones of high
molecular mass (Laustsehal., 2017a). In this way, enhancing the humoral raspas possible by
increasing the injection dosage or coupling thetidep with carrier proteins of high molecular
mass. For example, PL# and three-finger toxins (3FTxs) have been redoitebe capable of
eliciting an antibody response in chickens. da Ratlal. (2017) produced IgY-based antivenoms
with high neutralizing activity as well as with a@g recognition of protein complexes with low
molecular mass that may include PL#&s analyzed by western-blot. On the other hand,et.al.
(2016a) obtained IgY antibodies capable of recaggiproteins of ~ 10 kDa showing that IgY is
able to detect 3FTxs. Also usage of venom-indepangé&ategies such as synthetic peptide
epitopes, recombinant toxins or toxoids and DNAngs may allow the obtainment of therapeutic
antibodies with high neutralizing activity as derstated using mammal models (Bermudez-

Méndezet al., 2018). These innovations may simplify the preessassociated with the obtainment
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of the venoms by reducing (or even avoiding) thednef animals to collect them. In addition, they
could be combined with traditional immunization @edures due its compatibility with current
antivenoms manufacturing. In chickens, the usenofovative immunogens such as synthetic
peptides (Egeat al., 2018; Guevarrat al., 2012; Morencet al., 2016), recombinant toxins (Hirali
et al., 2010; Mudiliet al., 2015; Parmat al., 2012; J. Yoiet al., 2014; Z. Yowet al., 2014) or DNA
strings (Kazimierczulet al., 2005; Witkowskiet al., 2009) have demonstrated the production of
specific antibodies with high titers, so they asdwuld be explored to improve the production of

lgY-based antivenoms.

In this work, the performance of IgY antivenoms veasluated using 3 Ldg as challenge
dose, according to the WHO guidelines (World He#&Mtganization, 2017). I1gY antibodies were
capable of neutralizingd. alternatus venom in mice. As it occurs in horses, not all heme
expected to respond to the venom in the same way #iife immunization (Angulet al., 1997;
Gutiérrezet al., 1988) and thus, herein we analyzed the speptftency of these antivenoms per
each hen to assess individual variation in immuespaonse. After 8 immunizations, 1 mg of
antivenom neutralized between 19.66 and 35.65 pgebm among the hens studied. de Andrade
et al. (2013) produced a similar IgY antivenom agaiBstlternatus after 11 immunizations and
found a potency of 20.47 pg/mg. The immunizationesee used by the authors only considered
fixed doses of the venom (125 pg), and the antimenavere produced by pooling eggs from
different hens, so no individual variability wasalyzed. Also, levels of production may depend on
the genetic line of the laying hens: while de Amidrat al. (2013) produced the antivenom by
immunizing white leghorn hens; in our work browritey hens were used. On the other hand, de
Roodtet al. (2010) immunized rabbits witB. alternatus and found that the potency achieved was
106.59 pg/mg. Furthermore, Segued al. (2010) observed that the potency of commercial
bothropic antivenom was 72.01 pug/mg. In both cgsetgncy was from 3 to 8 times higher than the
antivenoms we have obtained after 8 immunizatiddsnetheless, potency of the IgY-based

antivenom increased throughout the immunizatiomese of the hens so it may be expected that
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with more boosters the potency could be improvetl raach the values obtained using mammals.
Many variables may impact on the quality of theafiantivenom. For example, amount and nature
of the antigen used, selection of the genetic diné the best responders among all immunized hens

may lead to improve the production.

Administration of antivenoms based on heterologansbodies may induce side effects
such as hypersensitivity reactions and serum sgknas has been observed when equine-based
antivenoms are used (Gutiérrtzal., 2007). Parenteral administration of IgY may ielimdesirable
reactions and thus its immunogenicity should be alsnsidered. In fact, Navaret al. (2016)
found that rabbits developed higher levels of atibs against IgY than against equine-lgG after
intravenous administration of the antivenoms. Campae results of pharmacokinetic studies
conclude that IgY is more antigenic than equine-IfBaz et al., 2014). Nevertheless, most
frequent early adverse reactions are induced biyeandms with high protein concentrations and
immune complex aggregates (Gutiéretal., 2011; Laustsest al., 2018b; Oterat al., 1999) and
these factors may activate the complement systelnunman patients, mostly due to the Fc portion
of the heterologous immunoglobulins (Herrega al., 2005). Interestingly, some studies
demonstrated that IgY antibodies do not inducentia@nmal complement cascade neithexivo
nor in vitro (Carlander and Larsson, 2001; Sesarmaal., 2008). Anyhow, since human normal
plasma usually has higher titres of IgG against lg&h against equine-IgG, it is likely that more
frequent and severe late adverse reactions magdueed by IgY (Diazt al., 2014; Leodret al.,
2013; Sevciket al., 2008). However, no association between titeesrsg) heterologous antibodies
and antivenom safety was demonstrated (Herteasth, 2005; Leoret al., 2008). On the other hand,
the use of Fab fragments of IgY (Séfial., 2018) instead of the whole molecule may imprthee
safety of IgY-antivenoms since heterologous Fab BEfab) molecules do not seem to elicit

anaphylactic reactions (Vazquezl., 2010).

The choice of any novel alternative approach shbaldelected by comparing the reduction

of undesirable effects due to the immunogenicityedgher IgG or IgY. For instance, it was
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demonstrated that small molecules as VarespladibMethyl-varespladib inhibit the activity of
snake PLAs (Lewin et al., 2016; Wanget al., 2018) or tetracycline inhibit the activity of
sphingomyelinase D, the main component laxosceles venom (Okamotoet al., 2017).
Nevertheless, even if the inhibition of small molles has been effective against enzymatic toxins,
antibody-based antivenoms are more efficient tobihmon-enzymatic toxins (Knudsen and
Laustsen, 2018). Usage of recombinant antibodiels as \4H fragments (Alvarenget al., 2014),
single-chain variable fragments (Roncol&toal., 2013), or human IgG antibodies produced by
CHO cell cultivation (Laustsed al., 2017b) has also been explored. Furthermore,ttanet al.
(2018c) demonstrated that oligoclonal human IgG tunes neutralize dendrotoxin-mediated
neurotoxicity of black mamba whole venom when miseere challenged by the
intracerebroventricular route but not when theyengnallenged by the intravenous route. Thus, the
authors suggest that human monoclonal IgGs cosksdibuld be carefully selected in order to
obtain an effective antivenom. Likewise, anotheudgt on recombinant antivenoms has
demonstrated the ability of a single human scFertiss-neutralize the venom of five Mexican
scorpions (Riafio-Umbarilet al., 2019). Compared with heterologous polyclonalbaxalies, such

as IgG or IgY-based antivenoms, the most signifieatvantage of human IgG-based recombinant
antivenoms is the compatibility with the human immausystem. Also, the possibility of only

including antibodies of therapeutic value which rhajp to minimize adverse reactions.

Production costs could be reduced by the applicatib these alternative technologies,
although some limitations have been addressed asdhe high cost of producing recombinant
biologics (Saeeeét al., 2017; Stanton, 2018). Anyhow, considering trguneements of antivenoms
in sub-Saharan Africa, Laustsest al. (2017b) estimated that the cost of treatment gusin
recombinant antivenoms produced in CHO cells wanddetween USD 60 and 250. This figure is
at least 2.5 times less costly than the price ef ¢brrent antivenoms used in the sub-Saharan
African market that have a wholesale price of USID @er treatment. However, in most Latin

American countries antivenoms are mainly producgdnbn-profitable public institutions. For
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example, economic evaluation of equine-based saakeenom production at the public health
system of Uruguay revealed that the cost per tretrfor B. alternatus snakebite envenomation
ranges between USD 27.6 and 55.2 (Morais and Mi#is&406). Usage of IgY may specifically
reduce costs associated with the main source oumagiobulins without requiring any significant
deviations from the traditional industrial procesgblavarroet al., 2016), so it is expected that
application of IgY-technology in Latin America wallower the cost per treatment than equine
lgG-based antivenoms. The production of effectivel dafe antivenoms still remain a major
challenge, but a possibility may exist for antiverobased on recombinant antibodies and small
molecules inhibitorsAnyhow innovation in antivenom manufacture shoutddmcouraged due to
their improved efficacy and safety even if theirplementation may be difficult in developing

countries due to the costs associated with theressgseand complexity in production processes.

In conclusion, we produced and characterized Igtfvanoms capable of neutralizing the
lethal activity ofB. alternatus venom at a preclinical level. Since all IgY extsstudied herein
have total protein contents lower than the offigisdpproved requirements for equine-derived
antivenoms (World Health Organization, 1981), fartltoncentration of chicken antibodies may
lead to an increase of their neutralizing potenci&snsidering that specific antibodies represent
between 1 and 10 % of the total IgY (Schatal., 2005), efficacy of the antivenoms can also be
improved either by instauration of proper affingyrification methods based on the whole venom
or usage of its main components as antigens duhagimmunization process. Although extra
purification steps may represent additional cosisng the manufacture process, any undesirable
effects could be circumvented by reducing the amo@imntibodies needed to neutralize a certain
amount of the venom. Thus, IgY-technology may allbv production of effective and affordable
antivenoms fulfilling the urgent needs of many does where conventional manufacture is unable

to provide enough availability of antivenoms.
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Tables

Table 1
Number of Immunization . Immunization
immunizations Days dose (19) Adjuvant
Route
1 0 400 FCA S.C. +i.m.
2 15 800 FIA i.m.
3 30 1200 FIA i.m.
Rest period
4 137 150 FIA i.m.
5 151 300 FIA i.m.
6 165 300 FIA i.m.
7 179 300 FIA i.m.
8 193 900 FIA i.m.
Total Venom 4350
Table 1. Immunization scheme. s.c. = subcutaneons; intramuscular
Table 2
. Numper_of Indirect ELISA Al (%) Protein concentration
immunizations (S/P ratio) (mg/mL)
3 0.96 + 0.04 69.42 + 4.22 26.62 +0.80
4 1.14+0.19 81.57 + 5.99 26.38 + 3.97
8 1.19+0.19 89.48 + 4.03 27.25+5.89

Table 2. Immunoreactivity, avidity and protein centration of IgY antivenoms. Values are shown
as mean * SD. Different superscript letters in luroo indicate significant differences between

numbers of immunization®(< 0.05).
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Table 3

Number of EDso Specific
immunizations (uL)? (Mg/mL)P (ug/mg)y activity®
4 205.15+£85.14 460 ([277-692] 19.21[12.10-30.06 0.19[0.14 - 0.36]
8 116.30 + 12.55 691.8 [691.8 - 870] 23.15[19.66 — 35.65 0.30 [0.28 - 0.42]

Table 3. Neutralization of lethality of IgY antivems, expressed in different wa§&Dsodata
shown as mean + SBEDs, and specific activity is shown as median with miai and maximal

values.
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Figurel
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Figure 1. Relative level of IgY antibodies in serwinlaying hens inoculated witB. alternatus
venom. Indirect ELISA (S/P ratio) is expressed asam = SD. Arrows indicate day of

immunizations.
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Figure 2. B. alternatus recognition by IgY antibodies. Lane M: protein dad Lane 1:
Electrophoretic profile (SDS-PAGE 15% under redgotonditions) ofB. alternatus venom. Lane
2: B. alternatus compounds recognized by IgY extract obtained after8” immunization. This

figure is representative of several independeneexgents.
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Highlights

We produced and characterized IgY antivenoms capable of neutralizing the

lethal activity of Bothrops alternatus venom at a preclinical level.

* IgY against B. alternatus recognized protein complexes of the venom with high
(>40 kDa), medium (20-40 kDa) and low (<20 kDa) molecular weights.

» After only 3 immunizations, hens produced IgY that neutralized B. alternatus
venom.

* Avidity indexes of the IgY antivenoms increased after the successive

i mmuni zations.
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