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Abstract

Snakebite is one of the health concerns worldwide. Naja oxiana is one of the venomous snakes
with a high mortality rate. Anti-serum therapy is the only treatment of the victims. However, in
some cases, antiserum injection leads to some side effects in host like serum sickness and
anaphylactic shock. It is crucial to develop a neutralizing agent with low side effects. The
human antibody library (non-immunized library) was used to isolate specific antibodies against
N.oxiana venom components. Four rounds of biopanning were performed to enrich scFv-
displaying phages against the venom of N. oxiana. Enrichment of scFv-displaying phages against
N. oxiana venom was analyzed by polyclonal Enzyme-Linked Immunosorbent Assay (ELISA).
Specific antibody fragments against N. oxiana venom were selected through monoclonal ELISA,
and were expressed in E. coli bacterial cells. Purification of the selected clones was performed
by using nickel affinity chromatography. Neutralization and protective capacity of specific
antibody fragments were analyzed in C57BL/6 mice (i.v. injection). Results of biopanning and
polyclonal ELISA demonstrate a successful enrichment process. Five specific antibody
fragments with the highest signal in monoclonal ELISA were selected, expressed, and purified.
The purity of expressed antibody fragments was monitored by SDS-PAGE and western blot. The
selected antibody fragments were able to neutralize two LDs, of N. oxiana venom and protected
all mice when injected 15 min post-envenomation. The data indicate that such selected
antibodies are promising tools for further studies and in the development of novel protective
agents against N. oxiana venom.

Keywords: Naja oxiana, snake venom, human antibody, phage display.
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1. Introduction
Snakebite is one of the most prevalent causes of toxin-dependent death in many countries,

including Iran. Based on the results of a ten years study, 58,704 snakebites resulted in 73 deaths
from 2002 to 2012 (Dehghani et al., 2014). Viperidae and Elapidae families are responsible for
most of the deaths in Iran. Naja oxiana (Caspian cobra) is belonging to the Elapidae family and
is mostly found in the northeast of Iran (Dehghani et al., 2014; Firouz, 2005; Vazirianzadeh et
al., 2008). Snake venom is a mixture of various proteins, enzymes, and peptides (Oghalaie et al.,
2017; Pourhashem et al., 2018). Some of the major unique proteins of snake venom are matrix
metalloproteinases (MMPs), C-type lectins, disintegrins, and phospholipases (Marcinkiewicz,
2013; Ogawa et al., 2005). About 95% of the toxic molecules are proteins and 5% are non-
protein components (Otten and Blomkalns, 1998). For example, in the N. oxiana venom,
neurotoxins I and II (Grishin et al., 1973; Grishin et al., 1974) are capable to block
neuromuscular junctions, especially in eyes, tongue, throat and chest (Shashidharamurthy et al.,
2002). Three-finger toxins (3FTxs) and phospholipases A2 (PLA;) are some other important
toxic components of N. oxiana venom (Wong et al., 2016). The fatal issue of N. oxiana venom
depends on the age and size of the victim. Lethality also depends on the amount of venom
injected, the site of injection, and the composition of venom (which for some species can vary
with ontogeny and geographical distribution). Serum therapy is the oldest and mostly used
treatment against snakebite. In this method, the anti-snake venom (ASV) antibodies are obtained
from the blood of animals (mammals like horse) that were hyper-immunized by using snake
venom (Taherian et al., 2018). Potential disadvantages include: anaphylactic shock, pyrogen
reaction and serum sickness decreases ASVs usage in humans (Bawaskar, 2004; Laustsen et al.,
2018a; Makhija and Khamar, 2010). The Crotalidae Polyvalent (ACP) antivenom is composed of
IgGs (150 kDa) and is obtained from horse, whereas the Crotalidae Polyvalent Immune Fab
(ACPFab) antivenom is composed by Fab fragments (50 kDa) and is obtained from sheep. In the
clinical trials, FabAV was five-times more potent than ACP, with less cases of serum sickness
reactions (Gold et al., 2002).

The single-chain variable fragment (scFv) has consisted of one variable region of heavy chain
(VH) of immunoglobulin connected to another variable region of the light chain (VL) of
immunoglobulin. Simple production in bacterial host is the greater advantage of scFvs (Huston et
al., 1988). Phage display is potent technique for selection of specific antibody fragments against
various targets. Using phage display technology, a unique clone is isolated among the wide set of
clones (Rami et al., 2017). McCafferty et al. in 1990 showed that scFv fragments could be
displayed on the surface of phages as the active proteins (Ahmad et al., 2012; McCafferty et al.,
1990). There are three types of antibody libraries, including immune, non-immune, and synthetic
libraries (Zhao et al., 2016). In the immune library, the different host species (mouse, camel,
sheep, horse, etc.) are immunized by using the antigen of interest and the genes encoding the
antibody are used for constructing the library. Immune library represents the strongest binding
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affinity and specificity. However, a new library should be constructed for each antigen in
immune libraries. In addition, obtaining a human antibody from immune libraries is unreachable.
However, non-immunized libraries are constructed easily and various antibodies against a wide
range of antigens could be isolated (Ahmad et al., 2012; Pansri et al., 2009; Pucca et al., 2014;
Silva et al., 2018). Given the importance of snakebite in Iran, we used human non-immunized
scFv library (Yamo I) (Pansri et al., 2009) to isolate specific antibodies against N. oxiana venom.
Five specific antibody fragments were selected and their abilities to neutralize N. oxiana venom
were evaluated.

2. Materials and Methods
2.1. Biologicals
The N. oxiana crude venom (lyophilized powder) was obtained from the Pasteur Institute of Iran.

Human scFv library (named Yamo I phage display scFv library) was kindly received from
Montarop Yamabha (Pansri et al., 2009). Anti-M13-HRP and anti-His-HRP antibodies were
purchased from Roche (Basel, Switzerland). VCSM13 helper phage was purchased from
Amersham-Pharmacia (Buckinghamshire, United Kingdom) and the Ni-NTA resin was
purchased from Qiagen (Bremen, Germany). Horse polyclonal antiserum (10 ml with ability of
neutralization of 500 LD50 of N.oxiana )(obtained from hyper-immunized horse with Iranian
snakes including N. oxiana, M. lebetina, E. carinatus, and P. persicus) was obtained was
obtained from RaziVaccine and SerumResearch Institute.

2.2, Enrichment of scFv-displaying phages against /V. oxiana venom
Four rounds of biopanning were performed to select the high affinity antibodies against V.

oxiana venom. Briefly, a 96-well plate (Maxsorp Nunc, Roskilde, Denmark) was coated
overnight at 4 © C with 100ul of N. oxiana venom (100 ug/ml) in sodium bicarbonate buffer (pH
9.2). As control, wells coated only with 100 pl of sodium bicarbonate buffer were used. The
wells were blocked with skim milk 4 % at RT for 1 h. The blocking buffer was removed from the
wells and 100 pl of 10'2 c¢fu (colony forming units) of phage library were added to each well, and
plate was incubated at 37 °C for 1h. The wells were washed five times with PBST (Phosphate-
Buffered Saline with Tween 20 ) (0.05% (v/v) Tween 20 in PBS). For the elution of bounded
phages, 100 pl of TEA (Triethylamine, 100 mM, pH 10.0) were added to the wells and incubated
for 10 min at RT. Then, TEA was neutralized with 100 ul of 1M Tris-HCI (pH 8.0). About 180
ul of eluted phages (output phages) were inoculated into a 15 ml tube containing 5 ml of E. coli
TGI cells (in 2xTY medium and at log phase, ODggonm 0.4-0.6). The E. coli TG1 cells were
incubated at 37 °C without shaking for 1 h. Eight ml of 2xTY with ampicillin (100 pg/ ml) and
glucose (20 % (v/v) were added to the 15 ml tube and incubated in the same condition while
shaking at 250 rpm for 1 h. About 107 cfu of helper phage (VCSM13) were added to the tube and
incubated for 30 min at RT without shaking. The tube was centrifuged at 5,000 xg for 15 min,
the supernatant was removed and the pellet was resuspended into 330 ml of 2xTY containing
kanamycin (70 pg/ml) and ampicillin (100 pg/ml) and incubated overnight at 37 °C while
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shaking at 250 rpm. The pellet of bacterial cells was removed by centrifugation at 5,000 xg for
15 min. The phage particles in the supernatant were precipitated by incubating on ice for 1 h in
PEG/NaCl (20% polyethylene glycol 6000 and 2.5 M NaCl) solution. The recombinant phage
particles were collected at 10,000 xg for 30 min and resuspended in PBS buffer (input phages).
The input phages were used for the next round of biopanning. The stringency of each round of
biopanning was increased through increasing of tween-20 concentration in PBST buffer (0.05,
0.1, 0.2 and 0.4 % (v/v)). After each round of biopanning, phage titrations in positive (well
coated with venom) and control (well coated with sodium bicarbonate buffer) wells were
performed to estimate the enrichment progress (Homayouni et al., 2016; Kazemi-Lomedasht et
al., 2016; Kazemi-Lomedasht et al., 2015b; Kazemi-Lomedasht et al., 2017).

2.3. Polyclonal ELISA
Polyclonal phage ELISA was performed to analyze the progress of the biopanning process

(Kazemi-Lomedasht et al., 2015a). In this method, the input phages after each round of
biopanning were examined for antigen binding. Briefly, a 96-well plate was coated with 100
pg/ml of N. oxiana venom at 4 °C overnight. Control wells were also coated with sodium
bicarbonate buffer and incubated in the same condition. After blocking and washing of wells
(five times with PBST (0.05 % (v/v)), 10'? cfu of input phages from each round of biopanning
were added to the wells and incubated for 1 h at RT (not shaking). The wells were washed and
incubated with anti-M 13 HRP conjugated (1:7,000 in PBS) for 1 h at RT (not shaking). The
TMB solution (3, 3°, 5, 5’-Tetramethylbenzidine) was added to the wells and after 15 min the
reaction was stopped using 100 ul of 2N H,SO,. The intensity of absorbance was measured at a
wavelength of 450 nm using an ELISA plate reader.

2.4. Monoclonal ELISA
Monoclonal ELISA was performed as described in Section 2.2, with the difference that

monoclonal scFv-displaying phages were added to each well. In total, 70 colonies were
randomly picked from the third and fourth rounds of biopanning, which were cultured in 96-well
plate containing 200 pl 2xTY and ampicillin (100 pg/ml). The plate was incubated at 37 °C while
shaking until the bacterial cells reach to the log phase (ODgponm 0.4-0.6). Then, 103 cfu of
VCSM13 helper phage were added to the wells and the plate was incubated at 37 °C without
shaking for 30 min. After addition of kanamycin (50 pg/ml), incubation was continued in a
shaker incubator for 16 h at 37 °C. The plate was centrifuged at 3,200 xg for 10 min and ELISA
was performed on the collected supernatant, as described in Section 2.2. The colonies that
showed signal intensities at least three times greater than those of control wells were considered
to be positive and were further subjected to sequencing.

2.5. Expression and purification of soluble scFv antibodies
The positive clones in monoclonal phage ELISA (clones that are carrying phage encoding scFv

antibodies) sub-cloned into pET-26b vector between Nco I and Not I restriction sites. The
recombinant vector transformed into E. coli BL-21 (DE3) cells to produce soluble scFv
antibodies, as previously described (Kazemi-Lomedasht et al., 2015a; Kazemi-Lomedasht et al.,
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2016; Kazemi-Lomedasht et al., 2015b). The colonies were cultured in 300 pl of LB medium
containing 100 pg/ ml ampicillin until reach to log phase (ODgoonm 0.4-0.6). Expression of scFv
antibodies was induced at 30 °C by 1 mM IPTG (Isopropyl-B-D-thiogalactoside) and 16 h
incubation. Pellet of the cells was collected at 8,000 xg for 10 min. The pellet was resuspended
in 15 ml of lysis buffer (50 mM NaH,PO,4, 500 mM NacCl, 20 mM imidazole, pH 8.0). Cells were
sonicated for 5 min (30s pulse and 30s break) and incubated for 1 h at 4 °C while shaking. The
cells were then centrifuged for 30 min at 10,000 xg (4 °C). The supernatant was loaded on Ni-
NTA column that was pre-equilibrated with the wash buffer (50 mM NaH,PO,, 500 mM NaCl,
40 mM imidazole, pH 8.0). The eluted fraction of soluble scFvs (50 mM NaH,PO,, 500 mM
NaCl, 250 mM imidazole, pH 8.0) was dialyzed against PBS buffer. Production of soluble scFv
antibodies was analyzed by 15% coomassie brilliant blue sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) under reducing condition. To confirm the existence of His-tag
on the recombinant scFv antibodies and to estimate the molecular weight of scFvs, western blot
was performed using nitrocellulose membrane, anti-His HRP conjugated antibody (1:500 in
PBS) and 4-chloro-1-naphthol (4cn) substrate.

2.6. Specificity of expressed scFv antibodies
Specificity and cross reactivity of selected scFv antibodies with various Iranian snake venoms

(N. oxiana , M. lebetina, E. carinatus, and P. persicus) were tested by ELISA. Briefly, 100 pg/ml
of mentioned crude venoms, as well as N. oxiana crude venom, were coated overnight at 4 °C.
The wells were blocked with 4 % skim milk and then, 100 pl of purified scFv antibodies (100
png/ml) were added to the wells and incubated for 1 h at 37 °C. Polyclonal horse antiserum was
used as positive control. Binding of scFv antibodies to immobilized crude venoms was detected
by anti-His HRP conjugated antibody (1:500 in PBS).

2.7. Affinity assay
The affinity of selected scFv antibodies was measured by Beatty et al. method using the below

equation (Beatty, 1987).
Kaff=n-1/2(n [Ab] — [Ab']), [Ag])/ [Ag']=n

First, 100 pul of two different concentrations of N. oxiana crude venom (100 pg/ ml and 10 pg/
ml) were coated overnight at 4 °C. Various amounts of scFv antibodies (0.1-100 nM) were added
to the wells and incubated for 1 h at 37 °C. After washing, 100 ul of anti-His HRP conjugated
antibody (1:500 in PBS) were added to the wells and ELISA was developed by TMB and 2N
H,SO,. The optical density of the wells was measured at a wavelength of 450 nm. Affinity was
calculated according to the above formula where [Ag], [Ag'] referred to the concentrations of
100 and 10 pg/ ml of crude venom, whereas [Ab] and [Ab’] were the concentrations of scFv
antibodies that represent 50 % binding in the [Ag] and [Ag'] curves.

2.8. Competitive ELISA
In order to determine whether the selected scFv antibodies can detect the solution form of venom

and neutralize it, the competitive ELISA method was designed. If selected scFv antibodies are

6
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able to detect the solution form of venom, the intensity of observed signal in the antibodies will
decrease (binding of scFv antibodies to the immobilized venom will decrease) by increasing the
concentration of antigen (solution form of venom). Briefly, a 96-well plate was coated overnight
with 100 pg/ml of venom at 4 °C. After blocking, 10 pg/ml of scFv antibodies pre-incubated (at
37 °C for 1 h) with various concentrations of crude venom (0-100 pg/ ml) were added to the
wells. The wells were washed with PBST and 100 pl of anti-His HRP conjugated antibody
(1:500 in PBS) were added, and incubation was continued for 1 h at 37 °C. The highest OD is 0
% inhibition whereas the lowest OD (OD background) represents 100 % inhibition.

2.9. In vivo assays
2.9.1. Median lethal dose (LDs) determination
All animal challenges were approved by the ethical committee of Pasteur institute of Iran

(IR.PII.LREC.1396.5) and all experiments were performed in accordance with relevant guidelines
and regulations. Median lethal dose (LD50) of N. oxiana venom was identified according to the
Spearman Karber method (Hamilton et al, 1977). About 200 ul of various concentrations of V.
oxiana venom (0-30 pg in PBS) were injected intravenously (i.v.) to six-week C57BL/6 mice
(18g). Mice were divided in two groups of 6 animals (test and control groups). After 24 h, the
mice were examined for their survival rate. The control group received 200 pl of PBS buffer.

2.9.2. Neutralization assay
In order to check the neutralization capacity of horse polyclonal antiserum, various

concentrations of N. oxiana venom (1-20 LDsy) were mixed with a fixed amount of antiserum
(200 pl), incubated at 37 °C for 30 min and injected through i.v. route to the mice. Control group
only received 2 LD50 of N. oxiana venom. After 24 h, the surviving mice were counted and the
effective dose was obtained as an amount of neutralized venom per ml of antiserum. To check
the neutralization capacity of scFv antibodies, 2 LDsy of N. oxiana venom with different molar
ratios of scFv antibodies (pool of antibodies (C13, C24, C39, C43, and C45) were used) (ratios
of 1:3, 1:5, 1:10, 1:20, 1:30, and 1:40) in 200 pl PBS were incubated at 37 °C for 30 min and
injected (i.v.) to the mice. The lowest amount of antibodies that led to the survival of 100% of
the mice was expressed as a protective dose. To monitor the protective effect of antibodies, 2
LDs, of venom were injected (i.v.). After various times (0-30 minutes), the pool of scFv
antibodies (300 ug) was injected (i.v.) into mice. The number of surviving mice and the
neutralization capacity were determined.

2.10. Statistical analysis
Statistical analysis was performed by using the GraphPad Prism 5.0 Software (GraphPad, San

Diego, CA). Analysis between two groups was performed by students t-test and p <0.05 was
considered as statistically significant.

3. Results
3.1. Enrichment of scFv-displaying phages against the venom of V. oxiana
Enrichment of scFv antibody library against the venom of N. oxiana was qualitatively monitored

after each round of biopanning. The E. coli TG1 cells (log phase) were infected by dilution series

7
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(10-1-10"7) of output phages (bounded phages to immobilized venom) and incubated for 30 min at
37 °C. The number of grown colonies in each dilution was counted. Table 1 shows results of
enrichment. The data highlight the successful enrichment of scFv-displaying phages against V.
oxiana venom.

3.2 Phage-ELISA
The phages obtained after each enrichment process (input phages) were used to determine the

signal strength in the ELISA. The signal intensity in the phage-ELISA experiment was greater
with increasing the biopanning rounds. An uptrend in figure 1 indicates the successful progress
of enrichment of the scFv antibody library after each round of biopanning. For phages obtained
from the first round of biopanning, a slight increase in the signal was observed. With the increase
of biopanning rounds, the signal strength increased.

3.3. Screening
Nine monoclonals had a positive signal in monoclonal phage ELISA (the observed signal in the

positive well was at least 3 times greater than the signal observed in the control well (well
without venom)). Five clones (C13, C24, C39, C43, and C45) with the highest ODs in ELISA
were selected to obtain scFv antibodies with the highest affinity toward their target (Fig. 2).
Sequencing was performed on five selected antibodies and the sequences thus obtained were
subjected to IMGT numbering tools (http://www.imgt.org/) and I[gBLAST tools of NCBI
(https://www.ncbi.nlm.nih.gov/igblast/) to identify the framework and CDR regions of
antibodies (Table 2).

34. Expression and purification of selected scFv antibodies
Expression of the antibodies was induced by 1 mM IPTG and 16 h of incubation. The soluble

scFvs were purified by nickel affinity chromatography (Ni-NTA resin). The purity of antibodies
was checked by 15% SDS-PAGE analysis (Coomassie brilliant blue staining) (Fig. 3A). Western
blot was performed using anti-His-HRP conjugated antibody to detect the expression of selected
antibodies (Fig. 3B). SDS-PAGE and western blotting highlighted a protein band of about 28
kDa. The concentration of selected antibodies was identified by BCA kit according to the
manufacturer’s protocol.

3.5. Binding specificity of selected scFv antibodies
Specificity and reactivity of selected antibodies to other snake venoms (N. oxiana, M. lebetina,

E. carinatus, and P. persicus) were checked using the ELISA method. Horse polyclonal
antiserum was used as a positive control. Results indicate the specificity of the selected scFv
antibodies to N. oxiana venom. No cross-reactivity between selected scFv antibodies and other
snake venoms (M. lebetina, E. carinatus, and P. persicus) was observed. However, the horse
polyclonal antiserum detected all the mentioned snake venoms in ELISA specificity assay (Fig.
4).

3.6. Binding affinity
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The binding affinity of purified scFv antibodies was measured by the ELISA method of Beatty et
al (Beatty, 1987). Determined k4 for C13, C24, 39, C43, and C45 are shown in Table 3.

3.7. Competitive ELISA assay
Results showed that, by increasing the concentration of the soluble form of N. oxiana venom, the

binding of scFv antibodies to the immobilized N. oxiana venom decreased. These data suggest
that scFv antibodies detected the solution form of N. oxiana venom better than the immobilized
form (Fig. 5).

3.8. In vivo results
3.8.1. LDS50 calculation
Various doses of N. oxiana crude venom were injected through i.v. route to groups of six mice

and the median lethal dose (LDsy) was calculated according to the procedure of Spearman Karber
(Hamilton et al, 1977). The calculated LD50 of N. oxiana crude venom was 10 pg/mouse after
24 h (Table 4).

3.8.2. In vivo neutralization assay
The effective dose 50% (EDsp) to address the neutralization capacity of antiserum was assessed

by pre-incubation of antiserum with various concentrations of the N. oxiana venom. The data
showed that 200 pl of antiserum were able to neutralize 10 LDs, of the N. oxiana venom (Table
5). This indicates that each ml of antiserum neutralizes 50 LDs, of venom (equivalent to 500
micrograms of venom). The neutralization capacity assay of the pool of scFv antibodies was
carried out (i.v. injection) by pre-incubating a fixed amount of venom (2 LDs;) with increasing
doses of scFv antibodies. The protective dose of scFv antibodies was established according to the
neutralization capacity data. Results showed that all of the mice survived the lethal dose of V.
oxiana venom in the lowest protective dose of scFv antibodies (300 pg). The achieved protective
dose for scFv antibodies corresponds to a molar ratio of 1:30 (venom:antibody) (Table 6). To
study the protective efficacy of scFv antibodies and time effects on envenoming, 2 LDs, of
venom were injected (i.v. route) to mice. After various times, 300 ug of scFv antibodies were
injected (i.v. route) to mice, and the protection potential was examined. Results showed that
administering 300 pg of scFv antibodies protected all mice after 15 min of envenoming whereas,
after 30 min, only 16.7 % of all mice survived. In the control group (receiving PBS buffer), all
mice died (Table 7).

4. Discussion
Here, we used a human scFv non-immunized library to isolate specific antibodies targeting V.

oxiana snake venom. The scFv antibodies have small size and low molecular weight (28 kDa), as
well as ‘high’ tissue penetration capability (Yokota et al., 1992). The small size of scFvs makes
them appropriate tools for a large-scale and cost-effective production in microbial host (Bates
and Power, 2019). In addition, because of the small size of scFvs, they can be quickly cleared
from the blood stream (Oriuchi et al., 2005; Winthrop et al., 2003). In case of an antivenom
development, fast clearing could be a serious advantage of the scFvs. However, lack of Fc
domain in scFvs results in low thermostability, high aggregation rate as well as increased
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immunogenicity (Bates and Power, 2019). Thus, high and frequent dose administration is needed
(Bates and Power, 2019). It has been reported that scFv could be used for treatment of Crohn’s
disease, rheumatoid arthritis, breast cancer, medical diagnosis, etc. (Ahmad et al., 2012).
However, the most widespread formats of antibodies currently used in the clinic are IgGs
(Kaplon and Reichert, 2019; Walsh, 2018).

In many studies, human scFv phage libraries were constructed and evaluated (Bai et al., 2015; Li
et al., 2015; Okamoto et al., 2004). The scFv antibodies were found to neutralize different snake
venom components: Crotoxin of Crotalus durissus terrificus, long alfa neurotoxin of Naja
kaouthia, Bth'TXI, BthTX-II, and PLA,; of Bothrops jararacussu, BaP1of Bothrops asper, and
Vipoxin of Vipera ammodytes meridionalis (Laustsen et al., 2018a). The scFv antibodies also
neutralized venoms of different animal species such as bee, scorpion, and spider (Laustsen et al.,
2018a; Pucca et al., 2019). Another type of antivenom (IgG) for N. oxiana was produced by
immunization of camel(Khamehchian et al., 2014). Some studies reported on scFvs to neutralize
the venoms of other snakes from the Naja family (Danpaiboon et al., 2014; Kulkeaw et al.,
2009). In a study, the neurotoxicity of black mamba venom was neutralized using an oligoclonal
mixture of human IgGs (Laustsen et al., 2018b). In Laustsen study, specific antibody fragments
scFv against dendrotoxin of black mamba snake were isolated using the phage display technique.
The scFv genes were sub-cloned into a mammalian expression vector to achieve whole
antibodies (IgGs). The results showed that an oligoclonal mixture of human IgGs neutralized the
neurotoxicity of dendrotoxin in the whole venom (Laustsen et al., 2018b).

It has been reported that the distribution of large size IgGs was limited to the intravascular
compartment. It is ‘ideal’ for the neutralization of toxins that act systemically (Laustsen et al.,
2018a). However, antibody fragmenits like scFvs are able to neutralize toxins in circulation,
toxins in bitted site and toxins in systemic target, i.e. neuromuscular junction(Laustsen et al.,
2018a). Elapid snakebites and scorpion stings contain toxins that act systemically. However
viper snakebites express toxins that act both locally and systemically (Laustsen et al., 2018a).
The crude venom virtually contains all toxins of the venom and is an appropriate target for
biopanning and antibody selection goals(Amaral et al., 1997). A previous study in our laboratory
showed that all fractions of N. oxiana are lethal to mice (unpublished work). The venom of
N.oxiana was fractionated by fast protein liquid chromatography and superdex 200 column
(Kazemi-Lomedasht et al., 2019). All the fractions (8 fractions) were administered through i.v.
route in six-week C57BL/6 mice. Results showed that all groups of mice died after 12 h.
Therefore, we used the crude venom for the biopanning procedure to get antibodies against the
whole components of the N. oxiana venom (Kazemi-Lomedasht et al., 2018). However, most of
the studies focused on the development of specific antibodies against toxins for antivenom
application (Laustsen et al., 2015). Biopanning was performed to enrich the scFv library against
crude venom of N. oxiana. Four rounds of biopanning were achieved to select antibodies with
both high affinity and specificity. In each round of biopanning, the percentage of tween-20 in the
washing solution was increased to stringent the washing steps and decrease elution of non-
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specific antibodies. Polyclonal ELISA confirmed a successful biopanning process. Specific
antibody fragments with the ability of binding to the crude venom were selected using
monoclonal phage ELISA. Selected clones (C13, C24, C39, C43, and C45) were expressed in E.
coli BL-21 (DE3) cells. Expression was confirmed by SDS-PAGE and western blot analysis. All
selected antibodies detected the solution form of N. oxiana venom in competitive ELISA assay.
Lethality of N. oxiana venom was abolished by a molar ratio of 1:30 (venom: scFv antibodies),
and all mice survived. However, with a molar ratio of 1:20, about 67% of the injected mice
survived. Therefore, the molar ratio of venom: antibody is also crucial for an efficient
neutralization of N. oxiana venom. Thus, in lower molar ratios (1: 3, 1: 5, 1: 10, and 1: 20), the
total venom of N. oxiana was not completely neutralized by the selected antibodies. This may be
due to the non-immunized origin and low affinity of the antibody fragments. In addition, the
small size of scFvs may lead to high dose administration (high molar ratio of antibody: venom)
(Bates and Power, 2019). Selected antibodies protected all mice after 15 min of envenomation.
By increasing the time between envenomation and scFvs administration, the protective efficacy
of the selected antibodies was significantly decreased. After 30 min of envenomation, only 16%
of mice survived. These data strongly suggest that the delay between envenomation and
antivenom administration is of the most importance to achieve an effective protective effect. To
the best of our knowledge, the current study is the first report on the neutralization of the lethal
Iranian N. oxiana venom by human scFv antibody using the phage display approach. Overall,
production of antivenom using the recombinant technology (recombinant production of specific
antibodies targeting toxin) is economically cost effective (H Laustsen et al., 2016). Taken
together, the data are promising because a non-immunized library was used. This suggests one
may further work on the affinity of such antibodies to ‘improve’ their protective effects in vivo.
In addition, testing of other formats of human libraries would be of potential interest, especially
for the sake of comparison with our data. Furthermore, application of panning on the purified
toxins instead of the crude venom to achieve specific antibody fragments against each toxin
would be promising.

In conclusion, using the human scFv library displayed on the phage surface, five specific
antibodies targeting the Iranian N. oxiana snake venom were selected. The selected antibodies
were able to detect the native format of N. oxiana venom in competition ELISA assay. The
selected antibodies neutralized 2 LDsy of N. oxiana venom and protected all mice after 15 min of
envenomation. Altogether, the results indicate that using non-immunized scFv antibodies is a
promising approach to develop novel efficient antivenoms against lethal snakes (and potentially
other venomous animals).
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Tables

Table 1. Enrichment evaluation by phage titration. The titer of output phages increased with

increasing biopanning rounds.

Biopanning round

Input phages (cfu)

Output phages (cfu)

1
2
3
4

3x10%
5x10°
4x107
9x107

cfu: colony forming units.

Table 2. Sequencing results. The framework and CDR regions were identified by IMGT and

IgBLAST tools of NCBI.

Clone CDR1 CDR2 CDR3

VH

C13 WWLHQQWWLV HLLQWEH CERRGILYQLLFCFY

C24 GGSISSGGYY IYYSGST ARDGGYCSSTSCYSDAFDI
C39 GGTFSSYA I[IPIFGTA ATPEPFGYN

C43 WVLTQHWNV HMLGMMM CTDNRTLWFGDHIRYGR
C45 GGTFSSYA IIPIFGTA ATPEPFGYN

Z{S KLGDKY QDS QAWDSSSVV

C24 AVTLVVITM MSV AHIQAAALVGC

C39 SGINVGTYR YKSDSDK MIWHSSARG

C43 AVTLVVITM MSV AHIQAAALVGC

C45 KAVDKY SRM RSGTAVTWY

Table 3. Affinity of specific antibody fragments.

Clone

Affinity constant (k,z) (M™)

C13

3.5x107

15



C24 2.1x107

C39 5.6x108
C43 2x107
C45 3.2x107

492

493  Table 4. Median lethal dose (LD50) of N. oxiana crude venom.

Concentration (ug/ mouse) Mice (died/ total) Death (%)
1 0/6 0
2.5 1/6 16.66
5 2/6 33.33
10 3/6 50
15 4/6 66.66
20 6/6 100
30 6/6 100
494
495

496  Table 5. Neutralization potency of horse polyclonal antiserum against lethality of N. oxiana
497  venom

LDS50  Antiserum (ul) EDs (ng) Mice Survived (%)
(survived/total)
3 200 250 6/6 100
5 200 250 6/6 100
10 200 250 6/6 100
15 200 110 4/6 66.7
20 200 60 2/6 33.3

498

499  Table 6. Neutralization capacity of the pool of scFv antibodies against lethality of N. oxiana
500 venom

Ratio (venom: scFv Mice (survived/total) Survived (%)
antibody) (mol/mol)

1:3 0/6 0

1:5 0/6 0

1:10 2/6 33.3

1:20 4/6 66.7

1:30 6/6 100

1:40 6/6 100
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501

502 Table 7. Protective effect of scFv antibodies on envenoming of mice by N. oxiana

Administration time Mice Survived (%)
(after envenoming) (min) (survived/total)
5 6/6 100
10 6/6 100
15 6/6 100
20 5/6 83.3
25 3/6 50
30 1/6 16.7
503
504
505
506
507  Figures
2.0
Control
15 HEl Crude venom
.
[
8 1.0-
o
@)
0.51
0.0- &
X
N

Rounds of biopanning
508

509  Figure 1. Polyclonal ELISA. The binding of scFv-displaying phages rescued during the selection
510 rounds was evaluated by ELISA. The ELISA test was performed on Input phages. Results are
511  expressed as means = SD (n = 3).
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OD 450 nm

Control
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Figure 2. Monoclonal ELISA. Monoclonal scFv-displaying phages presenting the highest
binding signals against N. oxitana venom. Seventy colonies were randomly picked from the third
and fourth rounds of biopanning. Colonies with highest ODs (C13, C24, C39, C43, and C45)
were selected for further assays. Results are expressed as means + SD (n = 3).

{kDa)

1

35 .
25 .
17 ..
11

Figure 3. Purification of scFvs. A. Coomassie brilliant blue stained sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, 15%). SDS-PAGE was performed under
reducing condition. B. Western blots analysis. Detection of selected antibodies was performed by



525 anti-His-HRP conjugated antibody. M (protein markers), 1 (C13), 2 (C24), 3 (C39), 4 (C43), and
526 5 (C45).

N.oxiana
M.lebetina

E.carinatus
P.persicus

OD 450 nm

527

528

529  Figure 4. Binding specificity. All of the selected scFv antibodies detected N. oxiana venom in
530 ELISA experiments whereas none of them was able to detect other snake venoms (M. lebetina,
531  E.carinatus, and P. persicus). Horse polyclonal antiserum detected all the tested snake venoms.
532  Results are expressed as means = SD (n = 3).

533
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Figure 5. Competitive ELISA assay. The selected scFv antibodies were pre-incubated (at 37 °C
for 1 h) with various concentration of N. oxiana venom (0-100 pug/ml) and then added to the
wells containing immobilized N. oxiana venom. Data showed that scFv antibodies detected the

solution form of N. oxiana venom better than the immobilized form. Results are expressed as
means = SD (n = 3).
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Non-immunized human antibody library was used to isolate specific antibody fragments
(scFvs) against V. oxiana venom using phage display technology

Enrichment of scFv-displaying phages against N. oxiana venom was monitored by
polyclonal ELISA.

Specific antibody fragments against N.oxiana venom were selected through monoclonal
ELISA.

Neutralization and protective capacity of selected antibodies was analyzed in C57BL/6
mice.

The selected antibodies protected all mice after 15 min envenomation.

The results indicate use of selected antibodies as promising tool for further studies and in
the development of novel protective agents against N.oxiana venom .



