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A hundred and twenty years ago, the Butantan Institute was founded by the Brazilian
physician and scientist Vital Brazil, combining, in the same institution, medical research,
and the transfer of results to society in the form of health products. Its foundation was a
reaction to the outbreak of bubonic plague in the city of Santos, Sao Paulo State of Brazil,
but the Institution soon also showed its specialization in the study of venomous animals,
their venoms, and the production of antivenoms. More than a century after its foundation,
the Institute maintains its tradition and initial mission regarding important contributions
for collective health. Today, Butantan is an outstanding biomedical research center, which
integrates basic research, technological development, the production of immunobiological,
and scientific divulgation, seeking the permanent updating and integration of its resources.
Butantan is internationally known for its research on venomous animals, and houses one of
the largest collections of snakes in the world. Butantan scientists have published countless
studies on the characterization of the composition of venoms, the mechanisms of action
of their toxins, and the use of toxins as lead molecules for the development of new drugs.
The Butantan Institute also operates the “Hospital Vital Brazil”, which is specialized in
accidents involving venomous animals. The dissemination of scientific knowledge occurs
at different levels and media; the institution is a pioneer in the training of graduate students
in the field of Toxinology for MSc and PhD degrees.

This Special Issue of Toxins celebrates the 120th anniversary of the Butantan Institute,
in recognition of their contribution to international Toxinology, highlighting the current
production by house scientists and collaborators from other institutions. We selected
19 original articles and 4 reviews approaching several points of Toxinology. The venom
of snakes was approached in different aspects as the structural and functional variability
in the composition of venoms from individual snakes [1], the mechanisms of action of
whole venoms [2,3], the mechanisms of action of individual components as crotoxin [4],
phospholipases A2 [5], metalloproteinases [6-8], and the oral immunity induced by whole
venoms and their components [9]. Venoms from other animals are also reported; the
venoms of centipedes [10], scorpions [11,12], fishes [13,14], and caterpillars [15], including
microbial toxins [16]. The great potential for molecules derived from animal venoms as
drug leads was also reviewed [17], and the antimicrobial [18], anticoagulant [19,20], and
analgesic [21,22] effects have been highlighted in original studies reported here.

In conclusion, this is a small recognition of the institute’s contribution to the field of
Toxinology that demonstrates its continued and relevant role in this field. I hope you enjoy
reading this, and congratulations to the Butantan Institute, scientists, and collaborators, on
their 120th anniversary.

Funding: The publication fees of this issue were sponsored by Fundagao Butantan.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: TmC4-47.2 is a toxin with myotoxic activity found in the venom of Thalassophryne maculosa, a
venomous fish commonly found in Latin America whose envenomation produces an injury character-
ized by delayed neutrophil migration, production of major pro-inflammatory cytokines, and necrosis
at the wound site, as well as a specific systemic immune response. However, there are few studies on
the protein structure and functions associated with it. Here, the toxin was identified from the crude
venom by chromatography and protein purification systems. TmC4-47.2 shows high homology with
the Nattectin from Thalassophryne nattereri venom, with 6 cysteines and QPD domain for binding to
galactose. We confirm its hemagglutinating and microbicide abilities independent of carbohydrate
binding, supporting its classification as a nattectin-like lectin. After performing the characterization
of TmC4-47.2, we verified its ability to induce an increase in the rolling and adherence of leukocytes
in cremaster post-capillary venules dependent on the a531 integrin. Finally, we could observe the
inflammatory activity of TmC4-47.2 through the production of IL-6 and eotaxin in the peritoneal
cavity with sustained recruitment of eosinophils and neutrophils up to 24 h. Together, our study char-
acterized a nattectin-like protein from T. maculosa, pointing to its role as a molecule involved in the
carbohydrate-independent agglutination response and modulation of eosinophilic and neutrophilic
inflammation.

Keywords: Thalassophryne; nattectin; reverse-phase HPLC; MALDI-ToF; hemagglutinating activity;
antibacterial activity; inflammation; toxinology; animal toxins

Key Contribution: Nattectin-like lectin regulates eosinophils and neutrophils recruitment.

1. Introduction

Lectins are a comprehensive group of proteins with carbohydrate-binding properties.
Due to their binding singularity, many natural lectins, purified from several sources such as
plants, algae, and fungi, have prospective applications in biotechnology, medical research,
and crop protection. Additionally, many groups have identified lectins in organs and
tissues (gills, eggs, electric organ, stomach, intestine, liver, skin, mucus, and plasma)
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of various fish species [1]. Lectins have been reported to have a wide array of functions,
including immune-relevant ones such as pathogen recognition, agglutination, opsonization,
complement activation, phagocytosis, and other functions such as splicing of RNA, protein
folding, trafficking of molecules, control of cell proliferation, and roles in development [2,3].

Interestingly, our group has previously described a lectin, named Nattectin, in the
venom gland of the fish Thalassophryne nattereri [4]. Nattectin is a basic monomeric protein,
non-glycosylated, galactose-specific lectin from the C-type family, presenting remarkable
pro-inflammatory activity. T. nattereri and Thalassophryne maculosa are venomous toadfish
that belong to the family Batrachoididae. They are benthic ambush predators that favor
from sandy or muddy substrates where their cryptic coloration, or the habit of burying
under sand and mud, helps them avoid detection by their prey. Their omnivorous diet
is composed of sea worms, crustaceans, mollusks, and other fish. They are found in
temperate and tropical waters throughout the coast of America, Europe, Africa, and India.
These species present one of the most adapted teleost venom apparatus composed of four
canaliculated spines coupled to venom glands at their base capable of delivering a painful
wound to predators. Thus, the venom apparatus has more of a defense function rather
than predation.

Studies on T. nattereri envenomation and its venom composition have been carried
out in Brazil by our group since 1998 at the Butantan Institute [5,6]. T. nattereri stands out
among the venomous animals of medical importance in Brazil for the number of accidents
it causes in the North and Northeast regions and the seriousness of the cases [7-9]. One
of the main symptoms of T. nattereri envenomation is the immediate, intense pain that
persists over 24 h. Erythema and edema are also shortly noticed with the efflorescence
of bubbles with serous content. These lesions evolve to long-remaining necrosis with a
delayed healing process devoid of specific drug treatment [10-13].

However, few studies have been conducted with T. maculosa, mainly found in Venezuela,
Colombia, and the islands of Aruba, Curacao, and Trinidad and Tobago. It is known that
its venom presents a mixture of bioactive toxins differently expressed in females and
males [14]. T. maculosa venom induces a significant necrotic lesion characterized by de-
layed neutrophil influx to the footpad of mice. An acute production of IL-1§3, IL-6, and
later secretion of TNF-&, MCP-1, KC, and mediators from arachidonic acid metabolism
such as LTB4 and PGE2 were detected in the exudate of inflamed footpads [15]. In addi-
tion, we demonstrated that bone marrow-derived macrophages and dendritic cells were
strongly stimulated by the venom, which demonstrates its ability to stimulate a specific
and systemic immune response [16]. Furthermore, Sosa-Rosales et al. [17] performed a
partial identification of two proteins with myotoxic activity in T. maculosa venom using
reverse-phase HPLC and named them according to column retention time as TmC4-47.2.
SDS-Page analysis of the crude venom showed a few weighty bands (one located above
97 Mw, one between 68 and 97 Mw, one major band between 29 and 43 Mw, and the last
one located below 18.4 Mw). Then, it seems that the isolated nattectin-like protein is one
of the main components of the venom, which includes a significant mixture of bioactive
molecules involved in the local inflammatory lesion [17].

We understand that the advance in the knowledge of the pattern of ischemic and
necrotic lesions induced by T. maculosa and the description of the main toxins can lead
to the identification of targets for therapeutic intervention. Therefore, the study of the
TmC4-47.2 toxin becomes an important tool for understanding the mechanisms of action
involved in envenomation. In the present study, we performed the characterization of the
TmC4-47.2 protein sequence using sequential C18 and C8 affinity column chromatography
and mass spectrometry and determined its functions as a lectin.

2. Results
2.1. Purification of TmC4-47.2 Toxin from Thalassophryne maculosa Venom

Initially, the solution of T. maculosa venom chromatographed on a C18 column coupled
to a high-pressure liquid chromatography system (Figure S1) generated 3 fractions, with
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the presence of the toxin mainly in fraction 2 that was subsequently re chromatographed
3 times on a reverse-phase C8 column. The first passage of fraction 2 through the C8
column generated 5 new fractions, with the toxin present in fractions 3, 4, and 5 (Figure S2).
The second passage through the C8 column of the 3 previous pooled fractions generated 6
more fractions with the protein present only in fractions 3 to 5 (Figure S3).

These 3 pooled fractions were finally rechromatographed on C8 and generated 3 frac-
tions with the toxin with a molecular mass of 15 kDa as shown on the 12% SDS-PAGE gel
(Figure 1A). To determine the exact mass and purity of the toxin obtained, we collected
the 3 fractions and applied 10 pL of the toxin to an LC/MS system by direct infusion
and the deconvolution of the mass spectrum revealed two distinct proteins with very
close molecular masses, one with 15,135.9 and the other with 15,634.3 Da, as observed in
Figure 1B. Next, the number of cysteines in each protein was determined in the reduced
and alkylated samples, a process that adds 57 Da to each cysteine residue present in the
native proteins. We can observe in Figure 1C that the treatment generated proteins with
masses of 15,484.8 and 15,982.8. By the difference of the masses of the pure samples and
the reduced /alkylated samples, we prove the presence of 6 cysteine residues in each of the
proteins according to Yang, Liu, and Liu [18].
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Figure 1. The raw venom of Thalassophryne maculosa was submitted to a sequence of fractionation in
a high-pressure liquid chromatography (HPLC) system using a C18 followed by C8 reversed phase
HPLC columns, according to the scheme in (A) (top left). The gradient applied was 20-80% of buffer
B in 35 min, in a 1 mL min~! flux. The absorbance was measured at 214 nm and the last pooled
fractions containing the isolated toxin are presented in the chromatogram and highlighted in the 12%
SDS-PAGE gel with a molecular mass of 15 kDa. 10 uL of the toxin collected from the last 3 fractions
were applied to an Liquid Chromatography Mass Spectrometry (LC/MS) system by direct infusion
to determine the mass and purity (B). The number of cysteines in each protein was determined by
LC/MS in the reduced and alkylated samples (C).
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2.2. TmC4-47.2 Is a Galactose-Binding Nattectin-Like Lectin

Subsequently, the pool of the 3 fractions containing the toxin obtained after the
last C8 column chromatography was also used for mass determination by MALDI-ToF
spectrometry. After digestion, we found 9 peptides with masses ranging from 867.439 to
2065.025 (Figure 2A), which were sequenced and compared to the sequence of Nattectin
present in the venom of the fish T. nattereri (GenBank LECG_THANI Galactose-specific
lectin Q66S03). In Figure 2B, in red, we can observe the sequences of the internal peptides
overlapping in the Nattectin sequence with 100% homology and the conserved galactose-
binding domain QPD (GIn-Pro-Asp) [19].

A)

4
i
2

reduction

alkylation .

v
J_ ) ¥
= - ¥
. HIE
! - v - GWTHHGSR
) - CFTFHR
- ‘ - GSMDWASAEAACIRK
j - - GGNLASIHNRRE
l trypsin .
- - FNYKGWKK
a - - GQPDKHVPAEHCAETNFKG
o N
e

- 4
MALDI- ToF s E |
]

E— LC — MS/IAS

>sp| Q66503 | LECG_THANI lectin OS=Th yne OX=289382 PE=1 SV=1

1 MASVPHFTVF LFLACALGIG ANVTRRATSS CPKGWTHHGS RCFTFHRGSM

51 DWASAEAACI RKGGNLASIH NRREQNFITH LIHKLSGENR RTWIGGNDAV
101 KEGMWFWSDG GSKFNYKGWKK GIOPDKHVPAE HCAETNFKGA FWNNALCKVK
151 RSFLCAKNL

Q)

M = molecular mass marker
1 = Tmc native

2 =Tmc control

3 =Tmc N-deglycosylated

4 = Tmc O-deglycosylated

68-
50-
43-

2s-| 8

15-

Gel 12 %

Figure 2. The last pool of the fractions containing the toxin obtained in the C8 column chromatog-
raphy was used for mass determination and identification of internal peptides by MALDI-ToF
spectrometry (A). The found peptides were sequenced and overlapped to the Thalassophryne nattereri
Nattectin (GenBank LECG_THANI Galactose-specific lectin Q66S03) (B). Enzymatic deglycosyla-
tion was tested to check the effect on the electrophoretic mobility of the native protein in a 12%
gel (C).
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The glycan structure of nattectin-like lectin was further studied by enzymatic deglyco-
sylation [20]. We confirmed that treatment with O-glycosidase or N-glycosidase did not
alter the electrophoretic mobility of the proteins compared to the native protein, which
shows a single band of 15 kDa (Figure 2C).

After identifying the sequences similarities of the internal peptides of the toxin to
those of Nattectin from T. nattereri, we confirmed the ability of serum from mice immu-
nized with T. nattereri venom or Nattectin to recognize T. maculosa toxin (Figure 3A) as
the recognition of Nattectin itself from T. nattereri venom, which indicates that it is a
nattectin-like protein. The high affinity and narrow specificity of the nattectin-like lectin of
T. maculosa for defined oligosaccharide structures were evaluated using the digoxigenin
(DIG) Glycan Differentiation Kit, a competition assay (Figure 3B). The toxin/carbohydrate
binding revealed by incubation with different DIG-labeled lectins demonstrated a weak
interaction of both Nattectin and nattectin-like protein of T. maculosa with PNA, indicative
that both Nattectin proteins recognized Gal-f3(1-3)-N-acetylgalactosamine, which forms
the core 1 structure of many O-glycans [21].
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Figure 3. The nattectin-like toxin from Thalassophryne maculosa is specifically recognized by Anti-
venom and Anti-Natectitn antibodies from Thalassophryne nattereri. Serum from mice immunized with
T. nattereri venom-VTN or Nattectin were tested to check their ability in recognizing T. maculosa toxin-
TmC (A). 10 pg of nattectin-like toxin and T. nattereri venom were subjected to 12% SDS-PAGE gel and
transferred to a nitrocellulose membrane. The membrane was incubated with T. nattereri anti-Natectin
anti-venom serum. They were subsequently incubated with peroxidase-labeled mouse anti-IgG and
revealed with 4-x-chloro-naphtol. A digoxigenin (DIG) glycan differentiation competition assay
kit (Roche Applied Science, Germany) was used to identify the binding specificity of the toxin.
Toxin/carbohydrate binding was revealed by incubation with different DIG-labeled lectins and
alkaline phosphatase-conjugated anti-DIG antibody (B).
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2.3. Hemagglutinating and Antimicrobial Activities of T. maculosa Nattectin-Like Toxin

To confirm the lectin activity of the nattectin-like protein, hemagglutinating activity
was evaluated (Figure 4). Nattectin-like protein agglutinated A type-tested human erythro-
cytes at a dose of 10 ug. Moreover, when this dose of nattectin-like toxin was previously
incubated with D-galactosamine or D-Mannose, the agglutination capacity of erythrocytes
by nattectin-like was preserved.

A)

0.01 pg 0.1 pug 1ug 10 pg

B)

Tmc Tmc Tmc Tmc
10 pg 10 pg 10 pug 10 pg
+ + + i
10 mM 30 mM 10 mM 30 mM

D-Galactosamine D-Mannose

Figure 4. Assessment of the hemagglutinating activity of Thalassophryne maculosa toxin-TmC on
human erythrocytes (A). TmC pre-incubation with D-galactosamine or D-Mannose was tested to
confirm the permanence of the hemagglutinating pattern (B). Negative and positive controls were
made by the respective addition of phosphate-buffered saline—PBS and distilled water—H,O.

Antimicrobial activity of nattectin-like toxin was performed against Micrococcus luteus
A270, Escherichia coli SBS 363, and Candida albicans strains and the Nattectin from T. nattereri
was tested in parallel as an intern control. We found that 10 ug of nattectin-like toxin
did not inhibit the growth of the Gram-negative bacteria (E. coli) tested. Furthermore,
corroborating the Nattectin effect (that inhibited the growth of all three strains evaluated
at 10 pg), this dose of nattectin-like lectin showed an inhibitory effect on M. luteus and
C. albicans.

2.4. TmC4-47.2 Toxin-Induced Alterations in the Microcirculation

The ability of nattectin-like toxin to induce changes in the microcirculation was evalu-
ated using intravital microscopy assay in cremaster muscle of mice using the intra-scrotal
application of 10 pg of the toxin and evaluation after 3 h of the injection. We observed
in Figure 5 an intense leukocyte recruitment and rolling in the post-capillary venules
immediately after the 3 h rest period (0 min.) that increased with time or stayed intense up
to 30 min, as it can see from Figure 5B-E. Additionally, we registered a decrease in vessel
flow after 10 min, followed by a complete stop of flow in venules and arterioles, possibly
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due to fibrin thrombus formation after 20 min. Nattectin-like lectin did not induce changes
in the caliber of arterioles or damage to muscle fibers.

Intraescrotal injection of 10 pg Tme

Analysis after 3 hours at 0 min, 10 min, 20 min, and 30 min

7\

v (” O 3
@]

E) Tmc 10 pg, 30 min

f

Figure 5. Evaluation of changes in the cremaster muscle microcirculation by intravital microscopy
after 3 h of the application of 10 ug of TmC4-47.2 toxin, according to the summarized protocol
illustrated in the top-left corner. The tissue microvasculature was evaluated by an optical microscope
coupled to a photographic camera in the control group treated with PBS (A) and in the set times of 0,
10, 20, and 30 min after the 3 h of exposure (B-E). An intense migration and rolling of leukocytes
have been observed. In the 6E inset, arrows evidence the leukocytes in venules. Ar: arterioles; Vn:

venules.

Our results presented in Figure 6A demonstrate that the intense and prolonged rolling
of leukocytes induced by the nattectin-like toxin was followed by adhesion in the post-
capillary venules, indicating the toxin’s ability to promote extravasation of leukocytes into
the surrounded interstitial tissue [22].
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Figure 6. The number of rolling and adherent leukocytes controlled by 10 ug of the nattectin-like
toxin TmC4-47.2 (Tmc) were counted in the post-capillary venules of mice at 0 to 30 min after 3 h of
exposure using bright field intravital microscopy (A). The process of leukocyte recruitment, rolling (B),
and adherence (C) was visualized in the cremaster vasculature of mice with inhibited alpha and
beta integrins by neutralizing antibodies before intrascrotal toxin injection. The “*” represents a
statistically significant difference with negative control (non-treated) represented by the dashed basal
line (B,C), and the “#” represents statistically significant difference of integrins-treated groups with
the Thalassophryne maculosa toxins (Tmc), p < 0.05.

Integrins are a family of ubiquitous «f3 heterodimeric receptors which combine with
various ligands in physiological processes and disease, playing a crucial role in cell prolif-
eration, tissue repair, inflammation, infection, and angiogenesis [23]. Next, using bright
field intravital microscopy, we visualized the process of leukocyte recruitment in the
cremaster vasculature of mice with alpha and beta integrins inhibited by neutralizing
antibodies before intra-scrotal toxin injection. We found that treatment of mice with anti-
CD29 (beta 1 integrin), anti-CD49e (alpha 5 integrin), and anti-CD49b (alpha 2 integrin)
blocked 83%, 57%, and 69%, respectively, of the rolling leukocytes compared to untreated
mice (Figure 6B). No inhibition was induced in mice pre-treated with anti-CD49a (alpha
1 integrin) or anti-CD106 (VCAM-1) neutralizing Abs (Figure 6B). Furthermore, the ad-
herent leukocytes induced by nattectin-like lectin were entirely inhibited by anti-CD29,
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anti-CD49e, and anti-CD49a neutralizing Abs (Figure 6C). In contrast, anti-CD49b or
anti-CD106 did not inhibit the adherence of leukocytes to venules.

2.5. Induction of Acute Inflammation by Nattectin-Like Protein

We used a mouse model of peritonitis to evaluate the inflammatory response profile
induced by the nattectin-like toxin TmC4-47.2. Balb/c mice received 10 ug of the toxin
intraperitoneally diluted in 500 uL of sterile phosphate-buffered saline (PBS), and control
mice received only sterile PBS. Six, 16, and 24 h after the exposure, the animals were
sacrificed, and the peritoneal cavity was washed to obtain the cell suspension. We analyzed
the leukocyte influx recruited to the peritoneum by labeling surface molecules typical for
each cell population and the dosage of cytokines (IL-1§3, IL-6, and TNF-«) and chemokines
(MCP-1, KC, and eotaxin) involved in the inflammatory process.

Our results in Figure 7A show that mice injected with the nattectin-like toxin exhibited
intense leukocyte extravasation into the peritoneal cavity after 6 h of injection that was
persistent for 24 h. The acute phase (6 h) of inflammation was characterized by the influx
of eosinophils (Figure 7B) and mainly neutrophils (Figure 7C). After 16 h, macrophages
(Figure 7D) entered the inflamed peritoneal cavity and remained for 24 h in the presence of
a large number of both granulocytes.
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Figure 7. The inflammatory response profile induced by the Thalassophryne maculosa toxin TmC4-47.2
(Tmc) was evaluated in a Balb/c mice model of peritonitis. The toxin was applied intraperitoneally
at 10 pug in 500 pL of sterile phosphate-buffered saline (PBS). Control mice received sterile PBS. At
six, 16, and 24 h after the exposure, the cell suspension from the peritoneal cavity was collected.
The total cell number (A), the leukocyte influx to the peritoneum (B-D), and the dosage of IL-6 (E)
and eotaxin (F) involved in the inflammatory process was analyzed.The “*” represents a statistically
significant difference with negative control (non-treated), p < 0.05.
11
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Finally, we observed the production of IL-6, an important cytokine involved in the
inflammatory process, only within 6 h after the 10 pg toxin injection (Figure 7E). Eotaxin, a
chemotactic for eosinophils, was produced 6 h after injection, and increasing levels were
observed up to 24 h (Figure 7F). In contrast, the injection did not promote the secretion
of the cytokines IL-13 and TNF-«, as well as the neutrophil chemotactic factor, KC (data
not shown).

3. Discussion

The T. nattereri envenomation in humans and the recapitulation of the injury in mice
have been extensively studied by our group [24-26]. We identified in the Natterin group
of venom toxins the aerolysin proteins being responsible for the main effects of enven-
omation [27,28], and their immunopharmacological activities were determined [29-32].
Besides the Natterin proteins, T. nattereri venom also contains Nattectin, a lectin with Ca?*-
independent hemagglutinating and immunomodulatory activities [4]. Nattectin shows the
particular potential to bind types I and V collagen and improve integrin-mediated HeLa
cell adhesion and apoptosis protection by its binding to RGD-dependent integrins, mainly
the 1 subunit [33]. We further demonstrated its ability to activate antigen-presenting
cells [34] and trigger Thl-type immune response with IgG1 production [35].

On the other hand, just a few studies have been conducted with T. maculosa, one of
the T. nattereri’s closest relatives. Sosa-Rosales et al. [17] partly identified a biologically
active protein by chromatography. To obtain the toxin TmC4-47.2 from the venom of the
T. maculosa, we used reverse-phase HPLC-based workflow with the application of the crude
venom to the chromatography system coupled to a semi-preparative reverse-phase C18
column, followed by subsequent chromatography of the fractions containing the toxin
with a molecular weight of 15 kDa on a reverse-phase C8 analytical column. Finally, the
protein was purified into three lyophilized fractions for verification of purity and exact
mass by LC/MS. Interestingly we confirmed the presence of two proteins with very close
molecular weights, one with a calculated molecular weight of 15,135.9 Da and the other
with 15,634.3 Da, unlike the migrated single band ~15 kDa via reducing SDS-PAGE.

To determine the number of cysteine residues and, consequently, of disulfide bridges,
we proceeded with the reduction and alkylation of the toxins. After applying the sample
to the same LC/MS system, we once more detected the presence of two proteins, now
with 15,484.8 Da and 15,982.8 Da, respectively. From the difference in the masses of the
pure proteins, we inferred that both proteins have 6 cysteines each and consequently form
3 disulfide bridges, as described in the sequence of Nattectin from T. nattereri [28]. Our
findings that the anti-venom serum and the anti-Nattectin serum from T. nattereri recognize
the TmC4-47.2 toxin from T. maculosa support the similarity of the sequences.

The sequencing of internal fragments of the toxins generated by enzymatic diges-
tion with trypsin and analysis by MALDI-ToF revealed 100% similarity of the sequenced
fragments with the Nattectin sequence, which correspond to 40% of its entire sequence.
The high homology rate might reflect a relatively small evolutionary divergence between
the two congeneric species and the fact that they harbor the same biological properties.
Batrachoididae, the only family in the ray-finned fish order Batrachoidiformes, arose on
Earth in the Miocene, which is the first geological epoch of the Neogene Period that ex-
tends from about 23 to 5 million years ago (mya). There are about 83 species of toadfishes
grouped into 21 genera. The subfamily Thalassophryninae has six phenotypically alike
species in the genus Thalassophryne, which suggests the time of divergence among species
within this genus must be little, although there is no precise description of the time of
divergence in the literature. Using peptide mass fingerprinting, we identified a unique
carbohydrate recognition domain composed of the amino acids glutamine, proline, and
aspartate (QPD), a specific galactose-binding site [36]. We have designated the TmC4-47.2
toxin as a galactose-binding protein.

Glycan structures are common post-translational modifications of proteins, assisting in
protein folding and defining the timing for protein disposal as a part of the quality control
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function in the early secretory pathway [37]. Our data shows that the nattectin-like protein
of T. maculosa is non-glycosylated since we determined the absence of GIcNAc-3-Ser/Thr
or N-linked glycan residues.

Among the distinct post-translational modifications, glycosylation is the most recur-
rent, and virtually 50% of all known proteins are thought to be glycosylated. In contrast,
the galectins are generally small, soluble, non-glycosylated proteins and, unlike the C-Type
lectins, do not require structural stabilization via Ca®* complexing for their activity. How-
ever, many C-type lectins are Caz“'-independent and may not necessarily bind to sugar
ligands [38]. Our findings showing the nattectin-like lectin as a non-glycosylated protein
with the ability to interact with the core and terminal galactose-type ligands point to a
functional similarity with proto-type galectins that contains only one CRD. Galectins, a
family of animal lectins with an affinity for 3-galactosides, can form multivalent complexes
with cell surface glycoconjugates and trigger several intracellular signals to modulate cell
activation, differentiation, and survival [39].

Literature has portrayed the protective role of galectins against infections when bind-
ing to the glycoconjugates on the surface of invasive microbes (virus, bacteria, fungi, and
parasites) acting as pattern recognition receptors in innate immunity [40]. In fish, they
have also been demonstrated to participate in pathogen recognition. Gal-1, a proto-type
galectin, from rock bream (Oplegnathus fasciatus) bound and agglutinate many bacteria [41]
and the Gal-1 of zebrafish bound infectious hematopoietic necrosis virus (IHNV) in a
carbohydrate-dependent way [42]. AJL-1, a proto-type galectin of Japanese eel (Anguilla
japonica), was reported to hinder the biofilm formation of Aggregatibacter actinomycetem-
comitans [43]. The galectin-8 and -9 of mandarin fish (Siniperca chuatsi) were shown to
inhibit the growth of some pathogens [44]. Our results corroborate these findings, and
through functional analogies we confirmed the ability of nattectin-like protein to induce
carbohydrate-independent agglutination of human erythrocytes and exert antimicrobial
activity against gram-negative and gram-positive bacterial pathogens as well as against
C. albicans.

A substantial number of lectins have been identified in other fish. Notably the
galectins, which is unusual compared to venom from other animals, like snakes, that
commonly present C-type lectins [45]. Probably due to the complex environment, fish
have evolved natural immune modulators, such as galectins and C-type lectins. In the
fish lectins, evolution likely led to the acquisition of galectin-like properties. Thus, the
functional similarities between Nattectins and Galectins studied herein might be the re-
sult of convergent evolution and because Nattectin belongs, from an evolutionary and
structural perspective, to the C-type lectin family. This is also corroborated by the simi-
larity of T. maculosa’s and T. nattereri’s Nattectin that present highly conserved residues of
carbohydrate-recognition domains found in the C-type lectins.

In addition to the role of galectins in microbial death, several reports show their im-
portance in the transendothelial migration of neutrophils and eosinophils [46,47]. Intravital
imaging has yielded relevant understandings into the regulation of inflammatory responses
to pathogens and sterile insults in a variety of tissues [48]. Such imaging approaches were
useful in characterizing individual steps of the leukocyte recruitment cascade. Moreover,
our data show that nattectin-like lectin modulates leukocyte rolling and adherence to vas-
cular endothelium dependent on «5p1 integrin. This crucial adhesion molecule mediates
the adherence of many cell types to the extracellular matrix by recognizing its classic ligand
fibronectin [49]. It has been reported that the increased expression of «531 integrin and
fibronectin enrichment in the epidermis are seemingly features of chronic neutrophilic
inflammation [50]. Furthermore, polymorphonuclear neutrophils (PMNs) express several
surface integrins, including «531 [51].

Additionally, we noted that nattectin-like toxin increased eosinophil recruitment to
the peritoneal cavity of mice and the production of the pro-inflammatory chemokine,
eotaxin. The trafficking of primed mature eosinophils from the bloodstream into inflamed
tissues is finely regulated by adhesion molecules, several cytokines, and chemokines with
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overlapping functions. Studies with mouse and human eosinophils have shown that
rolling along the vascular endothelium and the activation-dependent stable adhesion to
the vascular endothelium are supported by 31 integrins. Trans-endothelial migration is
under the control of eotaxin and its receptor, CCR3 [52].

Together, our findings show that T. maculosa possesses two non-glycosylated nattectin-
like proteins with similar galactose-binding specificity. Nattectin-like lectin retained their
ability to induce carbohydrate-independent agglutination of human erythrocytes. Further-
more, it exerted potent antimicrobial activity against gram-negative and gram-positive
bacterial pathogens, as well C. albicans. The non-glycosylation status of nattectin-like
proteins did not impact protein function since lectins showed a substantial effect on leuko-
cytes rolling and adherence to the endothelial wall of the mice’s cremaster muscle. This
interaction was dependent on 31 integrin binding. The inflammation of the peritoneal
cavity was characterized by eosinophils and neutrophils influx recruited in response to
IL-6 and eotaxin mediators produced by nattectin-like protein. Our results point to an
immune function of nattectin-like toxin participating in the antimicrobial response through
the recognition of pathogens via carbohydrate-binding and modulation of eosinophil and
neutrophil infiltration in inflammation.

4. Materials and Methods
4.1. Thalassophryne maculosa Venom and Isolation of TmC4-47.2 Toxin

All necessary permits for the capture of T. maculosa and to collect the venom were ob-
tained from the Escuela de Ciencias Aplicadas del Mar, Nicleo Nueva Esparta, Universidad
de Oriente, Isla Margarita; Venezuela (Permit Number: 30/07). T. maculosa individuals were
transported to the laboratory and were anesthetized with 2-phenoxyethanol before sacrifice.
Venom was shortly obtained from the tip of the spines by applying pressure at their bases.
After centrifugation, venom was pooled and stored at —80 °C before use. Protein content
was examined using bovine serum albumin (Sigma Chemical Co., St Louis, MO, USA) as
standard. Endotoxin content was evaluated (resulting in a total dose < 0.8 pg LPS) with
QCL-1000 chromogenic Limulus amoebocyte lysate assay (Bio-Whittaker) according to
the manufacturer’s instructions. Aliquots of crude venom from T. maculosa (5 mg mL ™)
was submitted to a reversed-phase (RP) LC10A high-performance liquid chromatogra-
phy system (HPLC) Shimadzu (Akta, Amersham Biosciences, Sweden) starting in a C18
semi-preparative column (Shimadzu-Shim Pack-CLC-ODS: 4.6 mm ID x 25 cm, 5 um, and
100 A). For elution, a binary gradient of 0.1% TFA aqueous solution (A) and 0.1% TFA
90% acetonitrile solution (B) was used, with a flow rate of 5.0 mL/min for 60 min, and
detection at 214 nm absorbance. The chromatographic fractions were manually collected,
vacuum dried, and stored at —20 °C. All fractions containing the toxin were identified by
12% SDS-PAGE [53]. The chromatographic fraction containing the toxin was submitted
to 3 chromatographic steps using a Jupiter C8 4.60 mm x 250 mm, 10 pum, 300 A, col-
umn (Phenomenex). The elution method was 20% to 80% B solution from 0 to 35 min at
1 mL/min, followed by a gradient of 10% B solution per minute until reaching a maximum
concentration of 50% acetonitrile. The presence of the toxin in the eluates was confirmed
by absorbance and SDS-PAGE.

4.2. TmC4-47.2 Toxin Mass Determination

To determine the toxin mass, we used 10 uL of the sample injected into an LC-MS
Surveyor MSQ Plus system (Thermo Finnigan) by direct infusion in a flow of 50 uL/min
of aqueous acetonitrile solution (1:1) containing 0.1% formic acid under capillary voltage
conditions 3.1 kV, 75 V cone, scan lasting 1 s in the 1/z range 200-2000. The equipment
was previously calibrated with sodium iodide (1/z range 22.98 to 1971.61). To obtain the
molecular weight of the sample, the deconvolution of the mass spectrum obtained was
performed using the Mag Tran program version 1.0 beta 8 [54]. For MALDI-ToF mass
spectrometry, analyzes were performed in a MALDI-ToF/PRO instrument (Amersham).
The samples in solution were mixed 1:1 (v/v) with a supersaturated matrix solution for
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proteins (sinapic acid), deposited on the sampling plate (0.4-0.8 L), and allowed to dry at
room temperature. The spectrometer was operated in reflection mode, and P14R ([M+H+]*
1533.85) and angiotensin II ([M+H+]* 1046.54) (Sigma, St. Louis, MO, USA) were used as
external calibrants.

4.3. Reduction, Alkylation, and Digestion of TmC4-47.2 Toxin

The purified toxin was used for the identification of disulfide bridges, according
to Yang, Liu, and Liu [18]. The toxin was reduced by 10 uL of 5 mM DTT in 25 mM
ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) and heated at 60 °C for
30 min. For alkylation, 10 uL of 100 mM iodoacetamide in 25 mM ammonium bicarbonate
(Sigma-Aldrich, St. Louis, MO, USA) was added and kept for 30 min in the dark. For
enzymatic digestion, 2 uL of ultra-grade trypsin (Proteomics grade; Sigma, St. Louis, MO,
USA) solution at 40 ng: uL~! was added to 8 uL of the toxin solution and incubated 18 h at
37 °C. The samples were analyzed using a nanoflow LC/MS/MS system customized with a
PepFinder Kit. Aliquots of 10 uL were initially charged onto a reversed-phase peptide trap
column in a of 10 uL/min flow rate for 3 min. Then peptides were eluted and partitioned
on a reversed-phase capillary column (PicoFritTM; 5 um BioBasic® C18, 300 A pore size;
75 um x 10 cmy; tip 15 um, New Objective, Woburn, MA, USA). Solution A comprised 0.1%
formic acid, and Solution B acetonitrile and 0.1% formic acid. The flow rate began at 100%
A at 10 pL/min for 3 min. Next, it was raised to 70 uL/min for 6.9 min at 100% A and the
gradient commenced at 100% A and 0% B. The gradient was increased to 50% B in 60 min,
then to 90% B in 5 min and later diminished to 0% B in 5 min and sustained at 100% A for
10 min. The complete program duration was 110 min. By the PepFinder Kit, the flow was
separated in a 1:100 ratio. Hence, the factual flow rate injected into the mass spectrometer
was 0.5 pL/min. The HPLC was coupled to a Finnigan LCQ Deca XP Plus ion trap mass
spectrometer supplied with a nanospray ionization font. Spray voltage was established
at 2.5 kV, and the equipment was managed in a data-dependent method, in which one
MS scan was captured in the 300—1600 m/z range followed by MS/MS acquisition using
collision-induced segregation of the 10 most intense ions from the MS scan. Dynamic peak
exclusion was used to avoid the same m/z being chosen for the following 120 s. Tandem
mass spectra were extracted by Xcalibur software (version 2.0; Thermo scientific, Waltham,
MA). The subsequent MS/MS spectra were searched through a MASCOT search engine
(Matrix Science, London, UK) against the NCBI NR database in the taxa Chordata with
a 1.20 Da parent tolerance and 0.60 Da fragment tolerance. Iodoacetamide derivatives
of cysteine and oxidation of methionine were detailed in MASCOT as fixed and variable
modifications, respectively. Scaffold (version Scaffold_2_04_00, Proteome Software Inc.,
Portland, OR) was used to confirm MS/MS-based peptide and protein description. Peptide
distinguishing were credited if they exceeded certain database search engine thresholds.
MASCOT descriptions required ion scores higher than the associated identity scores and
20, 30, 40, and 40 for singly, doubly, triply, and quadruply charged peptides. X! Tandem
identifications needed at least ~Log (Expect Scores) scores of greater than 2.0. Protein
identifications were considered if they had at least 2 identified peptides.

4.4. Enzymatic Deglycosylation

In denaturing conditions, for protein deglycosylation, toxin (3.4 ug) were set in 20%
SDS for 1 min at 95 °C. After adding 0.2 M sodium phosphate buffer, 0.08% sodium azide,
0.5 M EDTA pH 8, 10% nonidet P-40, incubation was prolonged for 2 min at 95 °C. After
cooling, 1 U.uL."! of N-glycosidase F (Roche, Mannheim, Germany) or 25 mU.50 uL
O-glycosidase was added, and the mixture was incubated for 18 h at 37 °C. The deglycosy-
lation profiles were evaluated by SDS-PAGE.

4.5. Immunoblotting

The purified protein (10 ug) of T. maculosa venom was analyzed by 12% SDS-PAGE
under non-reducing conditions. Venom from T. nattereri (VIn) was used as a control.
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After SDS-PAGE and transfer to nitrocellulose membrane (pore size = 0.2 um, Schleicher
and Schiill, Dassel, Germany), the toxin was detected using plasma from mice sensitized
with T. nattereri venom (1:20 dilution) or from Nattectin-sensitized mice followed by Goat
anti-mouse IgG HRP (sc-2005 Santa Cruz, at 1:2000) as a secondary antibody (Ab).

4.6. Determination of TmC4-47.2 Toxin Binding Specificity to Carbohydrates

The toxin was cut from 12% SDS-PAGE gel and eluted in PBS to identify toxin binding
specificity using a competition assay performed according to Haab [55] using the DIG
Glycan Differentiation Kit (#11210238001, Roche Applied Science, Germany). The pure
control glycoproteins: carboxypeptidase Y, transferrin, fetuin, and asialofetuin or after
pre-incubated with 1 ug of the toxin TmC4-47.2 for 1 h at 37 °C were administered in a 12%
SDS-PAGE gel and transferred to a nitrocellulose membrane. Toxin/carbohydrate binding
was revealed by incubation with different DIG-labeled lectins and alkaline phosphatase-
conjugated anti-DIG antibodies (Roche Molecular Biosciences). Characteristics of specific
binding of lectins to carbohydrate moieties used to identify these structures in this study:
GNA: Galanthus nivalis agglutinin specific to mannose: «(1-2), (1-3), or x(1-6) linked
to mannose; SNA: Sambucus nigra agglutinin specific to Sialic acid: «(2-6) to GalNAc;
MAA: Maackia amurensis agglutinin specific to Sialic acid: «(2-3) to galactose N-linked
«(2-3) to galactose O-linked; PNA: Arachis hypogaea Peanut agglutinin specific to Core
and terminal galactose: Gal-f(1-3)-N-acetylgalactosamine; and DSA: Datura stramonium
agglutinin specific to Core galactose: Gal-f3(1-4)-N-acetylglucosamine.

4.7. Hemagglutinating and Antimicrobial Activities

Human erythrocytes (type A) were collected in 0.15 M citrate buffer, pH 7.4, and
washed 3 times by centrifugation with 0.15 M PBS, pH 7.4. To assess the hemolytic activity,
aliquots of 10 puL of the selected toxin at 0.01, 0.1, 1, or 10 pg were put in 50 uL in a
3% suspension of erythrocytes in wells of U-shaped bottom plates and incubated for 3 h
at room temperature. Solutions of isolated toxin at 10 ug previously incubated with D-
Galactosamine (12662, Sigma) or D-Mannose (M2069, Sigma) both at 10 or 30 mM for 1 h
were also usedThe hemagglutinating activity was verified by reading the absorbance at
595 nm of each well in a plate reader. Erythrocytes incubated with water were used as
positive control (100% hemolysis). Antimicrobial potential was monitored by a liquid
growth inhibition assay against M. [uteus A270, E. coli SBS 363, and C. albicans MDMS, as
described by Rossi et al. [56]. Pre-inoculum of the strains was prepared in Poor Broth (PB
broth, 1.0 g peptone in 100 mL of H,O containing 86 mM NaCl at pH 7.4; 217 mOsM for
M. luteus and E. coli and 1.2 g potato dextrose in 100 mL of H,O at pH 5.0; 79 mOsM for
C. albicans), at 37 °C under agitation. The absorbance at 595 nm was set on, and one aliquot
of this solution was taken to get cells in logarithmic growth (Asgs nm ~0.6) and diluted
600 times (As95 nm = 0.0001). The isolated toxin or Nattectin, both at 10 ug, was dissolved
in sterile Milli-Q water to 100 uL of PB broth. Tetracycline and Gomesin were used as
inhibitor controls. After 18 h of incubation at 30 °C, the inhibition of bacterial growth was
determined by measuring absorbance at 595 nm.

4.8. In Vivo Experimental Protocol for Intravital Microscopy

Initially, Balb/c mice were injected by the intrascrotal route with 50 pL of TmC4-47.2
at 10 pg and rested for 3 h. Independent groups of mice were pre-treated with 500 pL
of intraperitoneal (i.p.) injection of the purified rat anti-mouse CD29 (beta 1 integrin,
14-0299-82, eBioscience), hamster anti-mouse CD49a (alpha 1 integrin, PA5-95563, Thermo
Fisher eBioscience), rat anti-mouse CD49b (alpha 2 integrin, ab238665, Abcam), rat anti-
mouse CD49e (alpha 5 integrin, ab221606, Abcam), and rat anti-mouse CD106—VCAM-1,
14-1061-82, Thermo Fisher eBioscience) monoclonal antibodies at 10 pg mL~1, 30 min
before Tm(C4-47 .2 injection. Control animals received the same amount of control isotype
IgG. Negative control was injected with intrascrotal sterile PBS. The study of the microvas-
cular system was performed with an optical microscope (Axio Imager A.1, Carl-Zeiss,
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Oberkochen, DE ) coupled to a photographic camera (IcC 1, Carl-Zeiss, Germany) through
a 10/025 longitudinal distance objective/numerical aperture and 1.6 optovar. The surgical
cremaster preparation was handled as described previously [12]. Mice were anesthetized
by an i.p. injection of 2% Xylazine—(Calmiun®, Agener Uniao, Sao Paulo, Brazil) and
with 0.5 g Kg~! of ketamine (Holliday-Scott SA, Buenos Aires, Argentina). The scrotum
was exposed, and the cremaster muscle reached. Following the incision with cautery
and spreading the muscle over a cover glass, the epididymis and testis were mobilized
and pinned aside, allowing the microscopic access to the muscle microcirculation. The
exposed tissue was superfused with 37 °C warmed bicarbonate-buffered salines, pH 7.4.
The post-capillary venules with a diameter of 25-40 pm were chosen, and the interaction of
leukocytes with the luminal surface of the venular endothelium was evaluated, counting
the number of rolling leukocytes every 10 min after application of inflammatory agent for
30 min. Rolling leukocytes were defined as those moving at a velocity less than erythrocytes
and demonstrated a clear rolling motion. The number of adherent cells was expressed
as the number per 100 pm length of venule. The experiments were carried out under
the National Council for Animal Experiment Control (CONCEA) and approved by the
Butantan Institute’s Animal Use Ethics Commission (CEUAIB #275/06).

4.9. Acute Inflammation Induced by TmC4-47.2

Balb/c mice were intraperitoneally injected with TmC4-47.2 at 10 ug in 500 uL, accord-
ing to Lima et al. [32]. As a negative control, mice were injected i.p. with PBS. After 2, 16,
and 24 h, the peritoneum exudates were harvested for total and differential cell count and
protein determination. IL-6, TNF-«, IL-13, KC, eotaxin, and MCP-1 were analyzed using a
specific two-site sandwich ELISA with OpEIA Kits (BD-Pharmingen, San Diego, CA, USA).
The total leukocyte count was performed in Turk solution, and for differential counts,
neutrophils (Ly6G*), eosinophils (CCR3"), and macrophages (F4/80%) were identified
by flow cytometry and based on staining and morphologic characteristics using a light
microscope Axio Imager Al (Carl Zeiss, Germany) with an AxioCam ICc1 digital camera
(Carl Zeiss).

4.10. Statistical Analysis

All values were expressed as mean + SEM. Experiments using 3 to 5 mice per group
were performed independently two times. Parametric data were evaluated using analysis
of variance, followed by the Bonferroni test for multiple comparisons. Non-parametric
data were assessed using the Mann-Whitney test. Differences were considered statistically
significant at p < 0.05 using GraphPad Prism (Graph Pad Software, v6.02, 2013, La Jolla,
CA, USA).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxins14010002/s1. Figure S1: (A) Fractionation process of the Thalassophryne maculosa
venom. A total of 5 mg of venom was applied to a semi-preparative reversed-phase C18 column
coupled to a high-pressure liquid chromatography (HPLC) system. The gradient used was from
20 to 80% buffer B in 60 min under 5 mL/min flow rate. The absorbance was monitored at 214 nm.
(B) The protein content was evaluated by 12% SDS-PAGE electrophoresis in polyacrylamide gel
(10 ug/well). Samples 1, 2, and 3 correspond to the fractions obtained by chromatography. MW
corresponds to molecular mass markers, and the band circled in red refers to the TmC4-47.2.;
Figure S2: (A) Second fractioning step for toxin purification. Fraction 2 (1 mg mL~") obtained
in the first chromatography was applied to a reversed-phase analytical C8 column coupled to a
high-pressure liquid chromatography (HPLC) system. The gradient used was 20 to 80% of buffer
B over 35 min under a flow rate of 1 mL/min. The absorbance was monitored at 214 nm. (B) The
protein content of fractions 1, 2s, 2d, 3 and 4 was evaluated by 12% SDS-PAGE electrophoresis
on polyacrylamide gel (10 pg/well). MW corresponds to molecular mass markers. The bands
highlighted in red refer to TmC4-47.2 toxin; Figure S3: (A) Third fractionation for purification of
Thalassophryne maculosa TmC4-47.2 toxin. Fractions 2s, 2d and 3 were mixed and 1 mg mL~! of
the pool was applied to a reversed-phase analytical C8 column coupled to a high-pressure liquid
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chromatography (HPLC) system. The gradient used was 20 to 80% buffer B over 35 min under
1 mL min~! flow rate. The absorbance was monitored at 214 nm. (B) The protein content of
fractions 1, 2s and 2d was evaluated by 12% SDS-PAGE electrophoresis on polyacrylamide gel
(10 nug/well). MW corresponds to molecular mass markers and the bands highlighted in red refer to
TmC4-47.2 toxin.
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Abstract: 3-defensins are antimicrobial peptides presenting in vertebrate animals. They participate
in innate immunity, but little is known about them in reptiles, including snakes. Although several
-defensin genes were described in Brazilian snakes, their function is still unknown. The peptide
sequence from these genes was deduced, and synthetic peptides (with approximately 40 amino acids
and derived peptides) were tested against pathogenic bacteria and fungi using microbroth dilution
assays. The linear peptides, derived from 3-defensins, were designed applying the bioisosterism
strategy. The linear 3-defensins were more active against Escherichia coli, Micrococcus luteus, Citrobacter
freundii, and Staphylococcus aureus. The derived peptides (7-14 mer) showed antibacterial activity
against those bacteria and on Klebsiella pneumoniae. Nonetheless, they did not present activity against
Candida albicans, Cryptococcus neoformans, Trychophyton rubrum, and Aspergillus fumigatus showing
that the cysteine substitution to serine is deleterious to antifungal properties. Tryptophan residue
showed to be necessary to improve antibacterial activity. Even though the studied snake (3-defensins
do not have high antimicrobial activity, they proved to be attractive as template molecules for the
development of antibiotics.

Keywords: 3-defensins; snakes; antimicrobial activity; bioisosterism; peptides

Key Contribution: We tested many snake 3-defensins against bacteria from oral flora, Micrococcus
luteus, and Escherichia coli. This work is the first testing of the antibacterial activity of snake f3-
defensins besides crotamine. A bioisosterism approach was used to design the derived peptides
from B-defensins from Lachesis muta, Bothrops jararaca, and Crotalus durissus snakes. Our results have
shown that (i) the defensin’s C-terminal portion seems to be crucial against bacteria; (ii) the presence
of tryptophan residue into the derived peptide’s sequence plays an important role for the antibacterial
activity; and (iii) the Cys to Ser substitution has abolished the derived peptides” antifungal activity.

1. Introduction

With the frightening advent of the global increase of microbial resistance to conven-
tional antibiotics, the search for alternatives has become of utmost importance, and the
industry, as well as the regulatory authorities, are realizing the potential of antimicro-
bial peptides. Since the last decade, antimicrobial peptides have been trialed in clinical
phases [1].

In drug development, peptides’ properties have been considered more convenient due
to their high affinity for the target and selective biological activities [2]. Bacterial resistance
is a global health problem due to the indiscriminate use of antibiotics in humans, as well
as in animals and in agricultural production that needs multipronged solutions [3]. To
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contribute to this campaign, many antimicrobial peptides have been discovered and some
are in the clinical development phase [4]. For instance, molecules from innate immunity,
such as cathelicidins present in snake venoms, have been reported as potentially active
against some bacterial strains [5-10], including antibiofilm activity [11,12].

Snakes have developed many active peptides for predation and in their venom com-
position, many classes of proteins as phospholipases A, (PLA;) [13], L-amino-acid oxidase
(LAAO) [14], metalloproteases [15], cathelicidins [8] and crotamine [16-18] are also de-
scribed as showing antimicrobial activity. Many attempts have been made to shorten these
proteins and discover the active site [19-22]. Crotamine is a small basic myotoxin present
in the venom of the rattlesnake C. durissus terrificus and has a 3-defensin structure [23,24]
and antimicrobial activity [16-18]. Crotamine and small basic myotoxins from this family
are unique and only present in rattlesnake venom [23].

B-defensins from various vertebrates have been studied, and little is known about
these molecules and the innate immunity in snakes. 3-defensin-like genes with unknown
functions have also been described in Brazilian snakes using a PCR approach [25-27].
In the current study, we evaluated the antimicrobial activity of snake -defensins, both
from rattlesnake venom (crotamine) and non-venom B-defensins. Its primary sequences
were deduced from genomic sequences and synthesized, except for crotamine purified
from rattlesnake venom. Moreover, the amino acid sequences were used to design shorter
derived peptides, which can be obtained using simpler and more economical procedures.
The snake (3-defensins and derived peptides were assayed against microorganisms relevant
to the snake’s biology and human health because they can cause opportunistic infections.

2. Results

The sequences of mature peptides were deduced from gene codifying sequences
and synthesized, except crotamine purified from venom. They were tested in linear
form because the linearization could not affect the antibacterial activity, and the linear
form facilitates the development of shorter peptides. The alkylation was done to avoid
the dimerization and the intramolecular cyclization of peptides with free thiol groups.
Besides, the linear form facilitates the development of shorter peptides. Alkylated peptides
were purified by high-performance liquid chromatography (HPLC) and analyzed by
MALDI-TOF-MS.

The 3-defensins were tested using a microbroth dilution assay. It consists of incubating
the bacteria (4.105 colony-forming unit—CFU/mL) and the peptide (from 1 to 512 ug/mL)
in liquid broth. After the incubation at 37 °C during the night, the bacterial growth
was detected by spectrophotometry at 600 nm. If the measure is similar to the broth, it
indicates bacterial growth. The molarity was calculated only to defensins that showed
antibacterial activity to compare with the derived peptides. The 3-defensins were tested
against B. jararaca oral flora because it would be of biological and medical interest. In
addition, we tested on E. coli ATCC 25922 and M. luteus that are common Gram-negative
and Gram-positive bacteria used in antibacterial tests.

Table 1 shows the antibacterial effect of the snake 3-defensins from venom (crotamine)
and tissues indicating the minimal inhibition concentration that is the lowest concentration
of peptide that results in no visible bacterial growth. It was possible to observe that the
linearization of crotamine did not modify its antibacterial activity significantly. These
[-defensins did not inhibit the bacterial growth of Providencia rettgeri, Serratia marcescens,
Morganella morganii, and Klebsiella pneumonia up to 512 ug/mL, so the results were not
shown in the table. M. [uteus was the most sensitive bacterium to these peptides. The
most active defensins present the highest cationic net charge, DefBm02 (+11), DefbBm03
(+10), DefbLm02 (+8), and crotamine (+7). On the contrary, the 3-defensins DefbBju01 (+7),
DefbBn02 (+2), and crotasin (—1) did not show antibacterial activity against any strains
used in this study. In addition, the substitution in 32nd position, Arg (defbBm02) for GIn
(defbBm03), has caused the loss of activity against Staphylococcus aureus.
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Table 1. Antibacterial effect expressed by the minimal inhibitory concentration (MIC) of snake
-defensins on bacteria.

MIC (uM)
Samples E. coli M. luteus C. freundii S. aureus

Crotamine (+7) 13.3 1.7 6.7 >105
Linear crotamine 26.6 1.7 26.7 >105
DefbBm02 (+11) 3.2 0.8 1.6 12.8
DefbBm03 (+10) 1.6 1.6 3.2 >103
DefbBd03 (+6) >115 0.9 >115 >115
DefbBj01 (+4) >105 3.2 >105 >105
DefbBju01 (+7) >111 >111 >111 >111
DefbBn02 (+2) >113 >113 >113 >113
DefbLm01 (+2) >113 28.4 >113 >113

DefbLm02 (+8) 3.4 0.9 3.4 6.8
DefbPm (+6) >109 6.8 >109 >109
DefbTs (+3) >122 15.3 >122 >122
hBd02 (+6) 15.6 2 >124 >124
Crotasin (—1) >108 >108 >108 >108

The MIC was determined to be the lowest concentration, resulting in no visible bacterial growth in microbroth
dilution assay [28]. The assays were performed in three independent experiments. All the 3-defensins tested did
not inhibit the growth of Providencia rettgeri, Serratia marcescens, Morganella morganii, and Klebsiella pneumonia.

The snake (3-defensins crotamine, defbBm02, defbBm03, and defbLLm03 were chosen
to design the derived peptides for the next step due to their performance in the antibacterial
assay. The crotamine 3D model was used as a template for designing the derived peptides
because the 3D structure deposited in PDB presented a better resolution (1.70 A). The
software used to build the peptides has a tool to mutate, grow or delete amino acid
residues, based on the sequence to be constructed. Furthermore, many algorithms clean
the geometry to get a minimum energy structure to start the properties’ calculations. These
peptides are presented in Table 2. They derived from the C-terminal portion of chosen
(3-defensins (Table 1). The design considered the bioisosterism strategy [29], for instance,
the substitution of SH group (Cys) to OH group (Ser). Linear peptide constructions of
different sizes (7 to 14 aa) were considered to verify which minor sequence would retain
the antimicrobial activity. The peptides were commercially purchased, and their purities
were tested by HPLC and mass spectrometry.

Table 2. Peptides derived from p-defensins applying the bioisosterism strategy.

Peptide Derived from Sequence Hidrofobicity (Kcal/mol) Net Charge MW (Da)
PS1 (13 aa) Crotamine SRWRWKSSKKGSG +19.88 +5 1549
PS2 (14 aa) defbBm02 SQMGRMSSRRRFGK +19.34 +5 1683
PS3 (12 aa) defbLm02 SGPGRRSSRRRK +23.57 +6 1399
PS4 (14 aa) defbBm03 SQMGQMSSRRRFGK +18.30 +4 1655
PS5 (13 aa) PS3 SGPGRRSSRRRWK +21.48 +6 1585

PS6 (7 aa) PS1 SRWRWKS +11.06 +3 1005

The primary structure does not illustrate a structure of interaction. The molecular
surfaces translate the molecular form since the calculations consider a water molecule
running through the van der Waals radius of each atom of the molecule. The molecular
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form property, consequently, is dependent on the 3D structure and can be used to visualize
those differences.

The coordinates of the polypeptide crotamine from the Brazilian rattlesnake C. durissus
terrificus [24], retrieved from Protein Data Bank (PBD ID 4GV5; resolution at 1.70 A) [30],
were used as starting geometry to construct the three-dimensional (3D) molecular models of
the defensins derived peptides. The crotamine C-terminal portion, containing the fragments
Cys30-Gly42 (13 aa), was used to build up the peptides’ 3D molecular models (see Material
and Methods section). For instance, the Cys residues (SH group) were mutated into Ser
(OH group), generating the peptide PS1, and the PS6 peptide was obtained by extracting
Ser37-Gly42 from PS1. PS6 (7 aa) corresponds to the minor sequence assayed in this
study. The molecular model of each peptide and its respective calculated solvent-accessible
molecular surface are shown in Figure 1.

PS1; SRWRWKSSKKGSG +5 PS6; SRWRWKS +3

Figure 1. Solvent accessible molecular surfaces using a probe of 1.4 A (water molecule radius). The
peptides are presented in stick models, where hydrogen atoms are in white, oxygens in red, nitrogen
atoms in blue, sulfur in orange, and carbon atoms in gray. The molecular surfaces are translucid
and presented in yellow color (Discovery Studio Visualizer 4.0 program, Accelrys Software Inc.,
2005-2013, San Diego, CA, USA).

The peptide PS1 (SRWRWKSSKKGSG) is a bioisoster of the crotamine terminal portion
(substitution of SH(Cys) to OH(Ser) group), and PS6 (SRWRWKS) shares the same sequence
of PS1 from the 1st to 7th positions. The calculated solvent accessible surface area and
molecular volume values were 1295. 61 A2 and 1551.53 A3 for PS1; 838.26 A2 and 1013.05 A3
for PS6, respectively. As mentioned above, PS6 is the minor peptide of this set. The peptides
PS2 (SOMGRMSSRRRFGK) and PS4 (SQMGQMSSRRRFGK) have 14 amino acid residues
and differ from one another only in the fifth position. PS2 has an arginine (positively
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charged) in the fifth position, whereas PS4 has a glutamine (polar; non-charged residue).
The solvent-accessible surface area and molecular volume values found for PS2 were
1385.25 A% and 1672.60 A%; and for PS4 were 1356.84 A2 and 1633.52 A3, respectively. The
peptides PS3 (SGPGRRSSRRRK) and PS5 (SGPGRRSSRRRWK) share the same amino acid
sequence from the 1st to 11th positions. PS5 has a tryptophan residue before the last residue,
lysine (K). The solvent-accessible surface area and molecular volume values found for PS3
were 1179.24 A2 and 1387.56 A3; and for PS5 were 1355.29 A2 and 1562.72 A3, respectively.
Concerning the solvent-accessible molecular surface or surface area values, the peptides
can be classified in the following crescent order: PS6 < PS1 < PS3 < PS5 < PS4 < PS2. This
property is related to both molecular shape and solvation process, which are important in
the ligand—target recognition process.

These (3-defensin-derived peptides were tested against bacteria using the microbroth
dilution assay from 2.75 to 700 ug/mL. The results showed that these peptides were not
active against M. morganii and P. rettgeri but presented various antibacterial properties
against Gram-positive and Gram-negative bacteria (Table 3).

Table 3. Antibacterial effect expressed by the minimal inhibitory concentration (MIC) of short
peptides derived from snake 3-defensins on bacteria.

MIC (uM)

Peptides E. coli S. aureus M. luteus K. pneumoniae C. freundii
PSs1 56.5 56.5 28.4 >452 113
Ps2 415 415 26.1 >415 >415
PS3 >500 125 31.5 >500 >500
PS4 >423 >423 26.6 >423 >423
PS5 55.2 27.7 13.9 27.7 110
PS6 697 349 43.8 >697 >697

The MIC was determined as the lowest concentration that results in no visible bacterial growth in microbroth
dilution assay [28]. The assays were performed in three independent experiments. All the short peptides tested
did not inhibit the growth of Providencia rettgeri, Serratia marcenses, and Morganella morganii.

The derived peptides were also tested against fungi species using the classical re-
sazurin microtiter assay plate method. It is based on the color change of the rezazurin dye
that in blue indicates the absence of growth in at least 90%, and pink refers to microorgan-
ism growth. MIC is determined as the minimal concentration of the sample that can prevent
the color change from blue to pink and refers to the inhibition of 90% of microorganisms.
The samples did not inhibit the fungal growth and were considered ineffective until the
highest assayed concentrations (250 uM) (Table 4).

Observing the molecular shapes (Figure 1) expressed by the obtained solvent surface
area values, peptides PS2 and PS4 (14 aa) are the most related and showed similar activities.
The replacement of amino acid residues at the fifth position, R5Q, to a polar non-charged
residue showed to be deleterious to maintain the antibacterial activity against E. coli and
S. aureus (Table 3). These results indicate the importance of the basic residue to retain
the activity. On the other hand, the PS2 and PS4 inhibitory activity values on M. luteus
were practically the same (Table 3), suggesting the R5Q substitution is not crucial for that
interaction profile.

The PS3 (12 aa) and PS5 (13 aa) peptides differ from one another by the tryptophan
(W) insertion at the 12th position, and the PS5 sequence modification can be visualized
through the molecular shape (Figure 1). The sequence change has provided a significant
improvement in the PS5 activity profile in comparison to PS3. PS5 has presented interesting
MIC values against E. coli (55.2 uM), S. aureus (27.7 uM), M. luteus (13.9 uM), and K.
pneumoniae (27.7 uM). Regarding C. freundi, the MIC value was higher (110 uM). The map
of electrostatic potential (MEP) was calculated onto the molecular surface of both peptides,
and the changes related to the electronic density distribution are presented in Figure 2. The
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insertion of tryptophan has contributed to exposing the positively charged region of PS5
(intense blue, lower electronic density distribution; arrow in Figure 2).

Table 4. Antifungal effect expressed by the minimal inhibitory concentration (MIC90) of short
peptides derived from snake 3-defensins on yeasts and filamentous fungi.

MIC90 (uM)
Peptides Candida albicans Cryptococcus neoformans Trichophyton rubrum Aspergillus fumigatus
PS1 >250 >250 >250 >250
PS2 >250 >250 >250 >250
PS3 >250 >250 >250 >250
PS4 >250 >250 >250 >250
PS5 >250 >250 >250 >250
PSs6 >250 >250 >250 >250

MIC The minimal inhibitory concentration (MIC90) was defined as the lowest concentration that prevents the
rezazurin’s change in color from blue to pink due to the inhibition of at least 90% of the microorganism’s
growth [31]. The assays were performed in three independent experiments.

-0.159 I T e 0.169
’ e
o DS PS3

Figure 2. Maps of electrostatic potential (MPEs) were calculated onto the molecular surface of PS3
and PS5 peptides. Regarding the color range, higher electronic density distribution regions are
displayed as intense red color (—0.159), and lower electronic density distribution regions are shown
in intense blue color (+0.169) (Gaussian 03W, Gaussian, Inc., Pittsburgh, PA, USA, 2003; GaussView
05, Gaussian, Inc., Pittsburgh, PA, USA, 2002-2008).
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The PS1 peptide (13 aa) has presented interesting antibacterial activity against E. coli
(56.5 uM), S. aureus (56.5 uM), and M. luteus (28.4 uM). As for PS5, regarding C. freundi,
the MIC value was higher (113 uM). In comparison to PS1, the PS6 peptide (7 aa), having
the sequence core SRWRWKS, did not show any activity against C. freundi. The minor
sequence has retained indeed some antibacterial activity.

Unfortunately, none of the derived peptides have shown antifungal activity against
the tested fungi, suggesting that the presence of Cys residues in the sequence is important
to that kind of activity profile.

3. Discussion

The -defensins were tested against B. jararaca oral flora because it would be of
biological and medical interest. It is known that microorganism infection is one of the
snakebite complications due to bacteria or fungi found in the snake’s oral cavity [32,33].
In Brazil, over 80% of snake envenomations are caused by Bothrops snakes, and around
10% of the snakebites evolve to infections [34]. Among bacteria isolated from abscesses,
the most reported were M. morganii, E. coli, Providencia sp., Klebsiella sp. [34]. Interest-
ingly, no 3-defensins tested in this study showed antibacterial activity against M. morganii
nor K. pneumoniae. Although bacteria were also isolated from the venom of C. durissus
terrificus [35], envenomations by this species (C. durissus terrificus) do not usually cause
infection or macroscopic necrosis in the bite site [34]. The toxins present in C. durissus
terrificus venom: crotamine, PLA,, LAAO [36], and cathelicidins [22] could help the asepsis
snakebite wound.

The linearization did not abolish the antibiotic activity of crotamine and the majority
of snake 3-defensins studied herein. The MIC against Gram-positive and -negative bacteria
is shown in Table 1. The 3-defensins presenting lower net charge values (crotasin, —1,
defbBn02, +2) did not show antibacterial activity against any bacteria tested or showed a
weak antibacterial effect with high MIC (defbLm01, +2). On the other side, the 3-defensins
defbBm02 (+11) and defbLm02 (+8) showed the best antibacterial activity against the
bacteria E. coli, C. freundii, M. luteus, and S. aureus with MIC in the range of 0.8 to 12.8 uM.
Interestingly, DefbBju, with a net charge of +7, did not inhibit any bacteria tested in this
study, indicating that the 3D structure could be essential to its antibacterial activity. The
Gram-positive bacteria M. luteus was the most sensitive to snake 3-defensins while S.
aureus was inhibited only by defbBm02 and defbLm02. The Gram-negative bacteria E.
coli and C. freundii were inhibited by 3-defensins with a net charge higher than +7. The
basicity of AMPs is related to antibacterial activity, the higher the positive charge higher the
inhibition of bacteria growth, but there are indications that the disulfide bridges modulate
the antimicrobial activity [37] and the balance of hydrophilic and hydrophobic surfaces [38].
The net charge of 3-defensins was thoroughly discussed by Huang et al. [39]. The activity
of linear crotamine corroborates the antibacterial activity of reduced crotamine [17] as well
as antifungal activity [18].

Although S. aureus is sensitive to several toxins from snake venoms such as PLA; [13,40—45],
LAAO [46-48], and cathelicidins [8]; crotamine did not inhibit the growth of this bacterium;
however, the -defensins from snakes defbLm02 and defbBm02 showed antibacterial
activity with MIC of 32 and 64 pg/mL respectively. Although native crotamine did
not show activity against S. aureus, fragments of this toxin inhibited the growth of this
bacterium [18].

Although K. pneumoniae is inhibited by cathelicidins [5,49,50], PLA, [40—43,45], and
LAAO [51-53], no B-defensin tested in this work showed antibacterial activity against
this species. The same was true for S. marcensens, sensitive to LAAO [53,54], but not to
cathelicidins [5,50]. M. morganii, sensitive to the venom of Montivipera bornmuelleri [55],
was also resistant to snake 3-defensins and crotamine.

As most of the bacteria tested were isolated from the oral flora of B. jararaca, the
lack of antibacterial activity or even weak activity of these molecules may be because
these B-defensins only control the coexistence of animals with these microorganisms and
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the tested snake -defensin could have other functions in the animal. Many biological
functions are described to antimicrobial peptides such as modulation of inflammatory
responses, wound healing, angiogenesis promotion [56], regeneration of a lizard tail [57,58],
and sperm function in mammals [59], but these biological activities depend on the 3D
structure of the 3-defensins [60].

The goal of the design of short peptides based on our (3-defensins is to get more
accessible and cheaper manufacturing as the advantages of small molecules [61]. Peptides
P1 to P6 (14 to 7 residues) were tested against bacteria and fungi.

The use of 3-defensin fragments caused the decrease of antibacterial activity (see MIC
values in Table 3), which was expected since the isolated fragments did not have the same
behavior as a conformational organized protein structure. However, it also led to positive
results: PS1 showed antibacterial activity against C. freundii and S. aureus differently from
crotamine, as well PS5 that inhibited the growth of K. pneumoniae, unlike defbLm02. The
decreased antibacterial activity presented by smaller analogs in comparison to the original
was also reported to the $-defensin HBD3 [60,62]. A probable cause of the decrease may
be the proteolysis that these peptides may be subject to since they were not structurally
protected [63]. The peptide with the highest performance was PS5, its only difference to
PS3 being an introduction of Trp between basic residues, which may have improved the
charge net facilitating the interaction with the bacterial membrane, as happened with the
decamer derived from HBD28 [64]. Wessolowski et al. [65] observed that introducing Trp
residue in the sequence increases the antibacterial activity, and the cyclization increases the
antibacterial activity and the selectivity of peptides. Interestingly, the substitution of Arg
for GIn (defbBm02 to defbBm03) did not alter the activity against E. coli, M. luteus, and C.
freundii, but it seemed essential to inhibit S. aureus by defbBm02. On the other hand, the
same substitution was critical for PS4 (derived from defbBm03) to inhibit S. marcenses.

It is known that fungi are sensitive to toxins from snake venoms, and LAAO [48],
PLA,; [43], cathelicidins [5,50], and crotamine [18] were already evaluated on C. albicans.
Other sensitive fungi are Aspergillus niculans [5] and Cryptococcus neoformans [18]. In
contrast, C. neoformans was resistant to cathelicidins [51]. Despite the crotamine fragment
(residues 27-39) having inhibited the growth of C. neoformans [18], the substitution of Cys
by Ser in crotamine fragments was deleterious for the antifungal activity [66] in the same
way this substitution also abolished the activity against C. albicans [67]. Unfortunately,
this was true to all the peptides designed in this work showing that this substitution is
deleterious to antifungal activity.

We observed that the C-terminal segment of 3-defensins is essential to antimicrobial
activity, as also observed by Mandal et al. [68]. Additional molecular modifications seem to
be necessary to improve the conformational arrangement and to aid the establishment of
the structure—property /activity relationships. Based on that, novel promising peptides can
be designed to have better antibacterial activity (higher potency). However, to improve the
antibacterial activity of derived peptides, it is necessary to protect them from proteolysis
by chemical alteration, C-terminal amidation [64], or cyclizing the peptide by disulfide
bonds [63], as also the inclusion of Trp in the sequence to ameliorate the balance between
hydrophobicity and hydrophilic or to stabilize the peptide structure favoring the membrane
interaction. The substitution of Cys residue by Ala should be also considered, since it
has been reported to increase the antibacterial activity of short peptides, as well as the
substitution of Leu and Ile by Trp [69].

A feature of the -defensin family is the 3D structure conserved by the disulfide
bridges of the cysteine motif and a significant variation of amino acid sequences [70].
These molecules are good templates for development studies since biological targets have
already been selected by nature [71].Furthermore, its mechanism of action, which causes
the rupture of the bacterial membrane and can bind to different targets as DNA, makes it
difficult for the bacteria to develop resistance [56,70].

In summary, the studied snake 3-defensins do not have optimum antimicrobial activ-
ity, but they proved to be attractive as template molecules for the development of antibiotics.
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Our data indicate that the short peptides show specific activity on prokaryote cells but not
on eukaryote cells. Based on that, the snake (3-defensins C-terminal portion, if optimized,
could be indeed used as a bioactive agent.

4. Material and Methods

Twelve peptides (GenBank Accession number is shown in Table 5) were synthesized
by Biomatik (Wilmington, NC, USA) and coded as crotasin, DefbBd03, DefbBj01, DefbBju01,
DefbBm02, DefbBm03, DefbBn02, DefbLm01, DefLm02, DefbPm, DefbTs and hBd02. The
amino acid sequences were deduced from genes and are presented in Table 3. The synthetic
peptides were treated with 45 mM DTT by 15 min at 50 °C [72] followed by alkylation
using 100 mM IAA (iodoacetamide) 15 min, at room temperature. Alkylated peptides were
purified by high performance liquid chromatography (HPLC) and analyzed by MALDI-
TOF-MS. This step was performed at the Laboratory of Applied Toxinology—Instituto
Butantan with the supervision of Dr. Pedro I. da Silva Jr.

Crotamine was purified from the C. durissus terrificus venom (purchased from CEVAP,
Botucatu, SP, Brazil) and purified as described [73]. Briefly, crotamine was purified from
crude venom by size exclusion on a Sephacryl S200 column (GE Healthcare, Uppsala,
Sweden), followed by cation exchange chromatography on a 1-mL Resource S on FPLC
system (Akta Purifier System, GE Healthcare). The identity and purity of crotamine were
confirmed by MS analysis. The reduction and alkylation were proceed as described above.

Table 5. 3-defensins sequences deduced from genes and biochemical characteristics.

GenBank

Peptide/ Accession Amino Acid Sequence Hidrofobicity Net Charge MW
Snake Kcal/mol atpH7 Da
Number
Ccr";z:ri‘;;i/ YKQCHKKGGHCFPKEKICLPPSSDFGKMDCRWRWKCCKKGSG ~ +49.14 +8 4886
gi;’;if;;é AF250212  QPQCRWLDGFCHSSPCPSGTTSIGQQDCLWYESCCIPRYEK +28.91 -1 4708
defbBd03/
B, diporus KC117160  QPECLRQGGMCRPRLCPYVSLGQLDCQNGHVCCRKKPRK +37.08 +5 4456
Bd;frt;ijz ﬁ . KC117163  QEECLQQGGFCRLIRCPFGYDSLEQQDCRKGQRCCIRKPRK +45.05 +4 4874
s ?;flbr‘si%su KC117165  QRRCHQKGGMCLPGPCPPGYDSLGQQDCRRGQKCCIKRFGK +43.85 +7 4591
defbBm02/
_ KC117167  QRRCRQRRGICRPRPCPPENFSLGRLDCQMGRMCCRRRFGK +39.97 +11 4978
B. mattogrossensis
defbBm03/
_ KC117168  QRRCRQRRGICRPRPCPPENFSLGRLDCQMGQMCCRRRFGK +38.93 +10 4950
B. mattogrossensis
defbBn02/
B, nowwiedti KC117169  QPECCQEGGICHSKQCPLGYSSLGRLDCQLGQRCCIRIFGK +33.65 +2 4513
defbLmO01/

L i KC117171  QEWCRGLGGFCSFYQCRPGHDLGPQDCWPERRCCRWGK +33.69 +2 4515
defbLm02/

P KC117172 QGQCHQQRGRCFLHQCPLSHYFLGRLDCGPGRRCCRRRK +36.90 +8 4655
pdiitl%s KX664436  QRICLGGRGFCHSTPCPRSTIDYGKKDCWGSLRCCEPKRPGK +42.13 +6 4695
T‘iif?gzsf{t ; KX664429  QDLCHNLGGRCFRNRCSWSLRNHGGQDCPWGSVCCKP +31.16 +3 4188

hBD02/

Human AF071216 DPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP +31.07 +6 4104

Brazilian pitvipers Crotalus (C.), Bothrops (B.), Lachesis (L.) and the colubrides Phalotris (P.), and Thamnophis (T.). The
codifying sequences of genes were used to deduce the amino acid sequence and the Signal P software [74] used to
determine the mature 3-defensins. The hidrofobicity, net charge, and Molecular Weight were theoretical calculated
using PepDraw software [http://pepdraw.com/ by Thomas C. Freeman, Jr. Accessed on 27 September 2021].
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Crotamine, defbm02, defBm03, and defbLm02 were chosen to design the short pep-
tides due to the best antibacterial activity among the 3-defensins tested. Previous studies
have indicated the C-terminal of the human -defensin HBD3 and crotamine as the manda-
tory region of antimicrobial activity [18,22,60,66,67].

The short peptides, derived from p-defensins (Table 2), were designed applying the
bioisosterism strategy [29]; for instance, the substitution of SH group (Cys) by OH group
(Ser), regarding the C-terminal portion of the 3-defensins (crotamine, defbBm02, defbLm02,
defbBm03). Bioisoster groups or substituents share chemical or physical similarities,
producing similar biological properties. It was considered linear peptide constructions
having different sizes (7 to 14 aa) to verify which would be the minor sequence able to
retain the defensins biological activity exploited. The designed peptides were synthesized
by GenOne Biotechnologies. The amino acid sequences are presented in Table 1.

4.1. Molecular Modeling and Molecular Properties Calculation

The coordinates of the polypeptide crotamine from the Brazilian rattlesnake C. duris-
sus terrificus [24] were retrieved from Protein Data Bank (PBD ID 4GVS5; resolution at
1.70 A) [30] and used as starting geometry to extract the fragment Cys30-Gly42 (13 aa),
which were employed to build up the peptides” 3D molecular models. The Cys residues
were mutated into Ser, generating the peptide PS1. The PS6 peptide was obtained by ex-
tracting Ser37-Gly42 from PS1. PS6 (7 aa) corresponds to the minor sequence designed and
assayed in this study. The other fragments were constructed using the tool build-mutate or
build-grow available in the Discovery Studio Visualizer 4.0 software (Accelrys Software
Inc., 2005-2013). The geometries were optimized, and partial atomic charges were assigned
using the CHARMM force field [63], included in Discovery Studio (Accelrys Software Inc.,
2005-2013).

Furthermore, the electrostatic potential (EP) property was calculated for the PS3 and
PS5 peptides to visualize the changes in electronic density distribution concerning the
amino acid substitution patterns (PS5 has one more residue, Trp, in comparison to PS3).
The charges from electrostatic potential using a grid-based method (CHELPG [64]) were
calculated employing the ab initio method Hartree-Fock /3-21G* basis set (Gaussian 03W
software; Gaussian, Inc., Pittsburgh, PA, USA, 2003). The EP maps were calculated onto
the peptides” molecular surfaces using GaussView 05 software (Gaussian, Inc., Pittsburg,
PA, USA, 2002-2008). The interpretation of EP maps is based on a color scheme, where
regions having higher electronic density distribution are presented as an intense red color
(negatively charged), whereas regions with lower electronic density distribution are shown
as an intense blue color (positively charged). Since the EP property has been calculated onto
the PS3 and PS5 molecular surfaces, their molecular shapes were also assessed. Moreover,
the molecular volume (intrinsic molecular property) of each peptide considering the van
der Waals radii was also calculated employing Discovery Studio Visualizer 4.0 software
(Accelrys Software Inc., 2005-2013). Of note, the molecular shape and electronic properties
are among the primary molecular properties in the ligand-receptor recognition process.

4.2. Antibacterial Activity

The antibacterial activity of the alkylated peptides was tested against Gram-negative
(G—) bacteria (Klebsiella pneumonia, Serratia marcescens, Morganella morganii, Providencia
rettgeri, Citrobacter freundii, Escherichia coli ATCC 25922 and Gram-positive (G+) bacteria
(Micrococcus luteus A270 and Staphylococcus aureus) using microbroth assay [28]. In a 96-well
plate, 90 pL of 10% tryptone soy broth (TSB) with 4 x 10° colony-forming unit (CFU/mL)
were mixed with serial twofold dilutions of 3-defensins duplicate in concentrations from
512 to 1 pg/mL. The derived peptides coded as PS1, PS2, PS3, PS5, and PS6 (Table 1)
were tested against these bacteria in serial twofold dilutions with concentrations bellow
700 ug/mL. After overnight incubation at 37 °C, the turbidity of the bacterial culture was
read at 600 nm (Epoch microplate reader, Biotek). The minimal inhibitory concentration
(MIC) of each peptide was determined as the lowest concentration that results in no visible
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bacterial growth. The MIC resulted from three independent experiments. The bacteria K.
pneumonia, S. marcescens, M. morganii, P. rettgeri, C. freundii, M. luteus A270 and S. aureus
were isolated from Bothrops jararaca buccal flora and kindly provided by Dr. Marcia R.
Franzolin (Laboratory of Bacteriology—Instituto Butantan). M. luteus was kindly provided
by Dr. Pedro L. da Silva Jr. (Laboratory of Applied Toxinology—Instituto Butantan).

4.3. Antifungal Activity

The antifungal activity was evaluated by the microdilution assay as previously de-
scribed [31] on clinical strains of Candida albicans (I0C 4525), Cryptococcus neoformans (I0C
4528), Trichophyton rubrum (10C 4527) and Aspergillus fumigatus (I0C 4526). The fungi
were cultivated in potato dextrose agar at 28 °C according to the Clinical and Laboratory
Standards Institute recommendations [75]. Fungal suspensions were prepared in RPMI
1640 culture media; the CFU/mL was adjusted to 0.5-2.5 x 10° for yeasts (C. albicans and
C. neoformans) and 0.4-5 x 10* CFU/mL for filamentous fungi (T. rubrum e A. fumigatus),
by comparison with a standard curve previously stablished in our laboratory.

The peptides PS1, PS2, PS, PS3, PS4, PS5 and PS6 at 1 mM in acetic acid at 0.01%
were diluted in RPMI 1640 culture media at concentrations ranging from 1 to 250 puM.
Amphotericin B (AMB) at concentrations below 15 ug/mL (16 uM) and acetic acid from
0.0002 to 0.0025% was used as control.

The fungi suspensions were added to a 96 well plate (100 uL/well) and the samples
(100 uL) in different concentrations were added to each well. The plate was incubated
at 28 °C for 24-72 h, and 24 h before the end of the assay 25 uL of the rezazurin dye at 0.02%
were added to each well. The minimal inhibitory concentration (MIC90) was defined as the
lowest concentration that prevents the rezazurin’s change in color from blue to pink due to
the inhibition of at least 90% of the microorganism’s growth. The assays were performed
in three independent experiments.
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Abstract: Hemostatic disorders are caused either by platelet-related dysfunctions, defective blood
coagulation, or by a combination of both, leading to an increased susceptibility to cardiovascular dis-
eases (CVD) and other related illnesses. The unique specificity of anticoagulants from hematophagous
arthropods, such as ticks, suggests that tick saliva holds great promise for discovering new treat-
ments for these life-threatening diseases. In this study, we combined in silico and in vitro analyses to
characterize the first recombinant serpin, herein called Dromaserpin, from the sialotranscriptome
of the Hyalomma dromedarii tick. Our in silico data described Dromaserpin as a secreted protein
of ~43 kDa with high similarities to previously characterized inhibitory serpins. The recombinant
protein (rDromaserpin) was obtained as a well-structured monomer, which was tested using global
blood coagulation and platelet aggregation assays. With this approach, we confirmed rDromaserpin
anticoagulant activity as it significantly delayed plasma clotting in activated partial thromboplastin
time and thrombin time assays. The profiling of proteolytic activity shows its capacity to inhibit
thrombin in the micromolar range (0.2 to 1 uM) and in the presence of heparin this inhibition was
clearly increased. It was also able to inhibit Kallikrein, FXIa and slightly FXIIa, with no significant
effect on other factors. In addition, the rDromaserpin inhibited thrombin-induced platelet aggre-
gation. Taken together, our data suggest that rDromaserpin deserves to be further investigated as
a potential candidate for developing therapeutic compounds targeting disorders related to blood
clotting and/or platelet aggregation.

Keywords: Hyalomma dromedarii; salivary glands; serpin; anticoagulants; thrombin inhibitor
Key Contribution: rDromaserpin is a new anti-hemostatic serpin from the salivary glands of the

H. dromedarii tick. It was able to inhibit blood coagulation mainly through its action on thrombin, in
addition to modulating thrombin activity on platelet aggregation.

1. Introduction

Despite the emergence of new diseases, cardiovascular diseases (CVD) such as stroke,
heart attack, and deep vein thrombosis remain the leading causes of death worldwide [1],
and are increasing exponentially given today’s modern unhealthy lifestyle [2]. They
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are multifactorial and are caused mainly by hemostasis disorders [3]. In a normal state,
hemostasis serves to maintain the fluidity of blood within the veins and arteries, preventing
excessive blood loss after injury through clot formation [4]. This system involves a set of
well-regulated processes, including blood coagulation, platelet aggregation, and vasocon-
striction, led by a complex series of cascade enzymatic reactions [5]. These reactions involve
several serine proteases controlled by endogenous molecules including serine protease
inhibitors (serpins) [6,7]. Several pathogeneses can ensue when serine protease activity
or serpin-mediated regulation becomes unbalanced or dysfunctional [8]. For instance, a
failure in the regulation of the blood coagulation may cause abnormal bleeding, causing
either hemorrhage or thrombosis [9,10]. Anticoagulants and antiplatelet compounds are
commonly used as antithrombotic drugs for the prevention and treatment of many cardio-
vascular disorders [11]. Apart from the CVD, some cases of severe thrombosis and vascular
disorders have been related to the coronavirus disease 2019 (COVID-19) complications [12].
More recently, anticoagulant therapy has been applied to patients with coagulopathy as-
sociated with severe COVID-19, and the treatment has shown a decrease in the mortality
rate [12]. Today’s treatment options for blood clotting dysfunction include naturally de-
rived compounds [13]. With their high target specificity, they are not expected to have
many side effects [13]. The search for alternative anticoagulants is still ongoing. Currently,
several studies have screened natural resources, aiming to find potential antithrombotic
biomolecules, worthy of competition or improvement to those currently available, with
higher target specificity and/or lower side effects [14].

Serine protease inhibitors, termed serpins, are the most widely represented protein
superfamily of protease inhibitors [15]. Admittedly, serpins have a pleiotropic function,
regulating wide spectrums of proteolytic processes from thrombosis, thrombolysis, in-
flammation, and immune response, to cellular invasion in tissue remodeling, hormone
transport, and even tumor growth and development [16]. Despite their multiple functions,
serpins share a structurally conserved fold, including three 3-sheets and seven to nine
a-helices with a reactive center loop (RCL), recognized by target enzymes [17]. The RCL
is a solvent-exposed adjustable stretch of 21-22 amino acid residues in length, which acts
as a target for individual proteases [17]. Structural dynamic studies of serpins have un-
veiled the distinct conformational states adopted by the RCL, including the native intact
RCL [18], the cleaved inactive form [19], the partially inserted RCL forms [20], and the
latent form [21]. These studies have proved that the RCL must change its configuration to
bind successfully to target proteases. While most serpins inhibit serine proteases, some of
them inhibit cysteine proteases as well [17]. They function in a suicide inhibitory mecha-
nism in which, once the serpin binds to the target protease, both molecules are permanently
inactivated [15]. Through this inhibition, serpins toggle between normal physiology and
pathology, guaranteeing normal biological function or leading to diseases, respectively [22].
Indeed, serpinopathies, where genetic mutations lead to inactive or aberrant serpins, and
other disorders where serpin levels become unbalanced, cause thrombotic or thrombolytic
cascades, triggering excess clotting or bleeding, respectively [23]. Restoring overall stability
can be managed through the application of serpin protein treatments as therapeutics [24].
Given their central involvement, both in normal physiology and in pathological condi-
tions, studies are increasing to better understand the roles of serpins in some physiological
processes and to develop new therapeutic approaches.

Hematophagous animals, such as leeches, mosquitoes, and ticks employ serpins as
a weapon to counter the host defense system and guarantee a successful blood meal [25].
These species represent an attractive natural source for the development of novel anti-
hemostatic serpins. Particularly, proteins from tick salivary glands have been proven to
target several blood coagulation components [26]. Several tick serpins have been described
in numerous sequencing projects [27]; however, roughly a dozen of them are functionally
described [28]. More specifically, to our knowledge, there is no previous characterization
of serpins from the sialotranscriptome of H. dromedarii.
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In the present study, we combined bioinformatics analyses and experimental as-
says to characterize a new serpin, named Dromaserpin, from the sialotranscriptome of
H. dromedarii. Its recombinant form (rDromaserpin) was obtained by expression in Es-
cherichia coli, was characterized using biochemical and biophysical tools, and tested in
various in vitro assays. Its anticoagulant effect was demonstrated by its ability to sig-
nificantly prolong the intrinsic coagulation pathway, acting primarily on thrombin and
Kallikrein, two trypsin-like serine proteases central in the processes of hemostasis and
thrombosis. Its antiplatelet activity was proven by inhibiting platelet aggregation induced
by thrombin. Overall, our results suggest that rDromaserpin is a novel protease inhibitor
that deserves further in-depth investigation, primarily its molecular and kinetic mecha-
nism. Further in vivo studies could be the object of future studies initiating a path for the
development of a new potential antithrombotic drug.

2. Results
2.1. Bioinformatic and Phylogenetic Analysis on Dromaserpin Sequence

The composite full-length Dromaserpin cDNA sequence was 1371 nucleotides long
with a single open reading frame (ORF) of 1209 bases. The 5’ non-coding region was 27 bp,
and the 3/ non-coding region was 135 bp (data not shown). The ORF coded for a protein
with 403 amino acid residues, including a 21 residues signal peptide, which suggests the
protein is secreted and acts extracellularly (Figure 1).
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80 " # 2
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Figure 1. Analysis of the predicted amino acid sequence of Dromaserpin. The predicted signal
peptide is underlined. N-glycosylation and O-glycosylation sites are identified by hashtag and
asterisk, respectively. Conserved s3a domain is boxed and conserved reactive center loop (RCL)
domain is indicated between square brackets. A poly-histidine tag and two residues, indicated
in bold, were added to the C-terminal of the sequence. Numbers indicate amino acid residue
positions in the sequence. The rDromaserpin sequence extends from residue 22 to residue 409. In the
rDromaserpin, the signal peptide was removed and changed by a methionine.

The predicted rDromaserpin has 391 amino acid residues, including the histidine tag
sequence, with a theoretical molecular weight of 43,159.27 Da. The predicted protein has
a single potential N-glycosylation site at the position N9, and five O-glycosylation sites
at the positions Togs, S314, S360, S363 and Szee (Figure 1). The predicted protein presents
the serine protease inhibitor-associated domains s3a and RCL (Figure 1) and, indeed, its
membership in the serpin superfamily was confirmed by SMART software (Figure 1).
Since the RCL consensus critical residues for serpin inhibitory activity were previously
described [29], we aligned the predicted RCL of the newly identified serpin with the
corresponding amino acid sequence of inhibitory and non-inhibitory serpins (Figure 2).
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Figure 2. Comparison between RCL sequence in Dromaserpin and inhibitory and non-inhibitory
serpins. RCL amino acid sequences alignment between «-Antitrypsin (Uniprot: P01009) and
Antithrombin-III (P01008) from human, Ovalbumin from chicken (Uniprot: P01012), and Dromaser-
pin was obtained using ClustalW. The consensus critical residues for inhibitory activity have been
described elsewhere [29]. P notation was applied according to a pervious study [30].

The RCL sequence extends from P17 to P4’. P’ residues are numbered from the
cleavage site to the C-terminus. P residues are numbered from the cleavage site to the
N-terminus. Dromaserpin’s RCL was similar to both inhibitory serpins «-1 Antitrypsin
and Antithrombin-III, unlike the non-inhibitory serpin ovalbumin (Figure 2). Particularly,
the consensus restudies described as crucial for the inhibitory activity were present in
Dromaserpin among these: Gluzyy, Glysys, Thrayg, Alazs;, and were perfectly conserved,
except Valzsy. Comparison of the aligned RCLs in Figure 2 hypothesizes that Dromaserpin
may be an inhibitory serpin.

As proteins sharing sequence similarities are quite likely to have similar or close activ-
ity [31], we aligned the Dromaserpin amino acid sequence with 25 tick serpins (Table S1).
These serpins have >30% homology with the Dromaserpin and most have been experi-
mentally proven to act as anti-hemostatic proteins [32]. Sequence comparison showed
that amino acid patterns related to the inhibitory propriety (mainly the RCL domain and
s3a domain) were present in Dromaserpin and were conserved among all the compared
tick serpins (Figure 3b). In the evolutionary analyses, the resulting phylogenetic tree re-
vealed two separate groups of serpins (Figure 3a). Dromaserpin was clustered together
with the larger one, composed of 18 serpins (Figure 3a). Dromaserpin was closer to the
serpins of genus Rhipicephalus. Indeed, the BLASTP search identified two tick serpins, from
Rhipicephalus genus, whose sequences were very similar to the Dromaserpin sequence.

Dromaserpin shares the highest sequence identity 83.33% (99% coverage) with RHS-1
(accession: AFX65224.1), an anticoagulant serpin from Rh. haemaphysaloides presenting
anti-chymotrypsin activity [32]. Dromaserpin presents 81.94% identity (97% coverage)
with RmS5 (accession: AHC98656.1), from Rh. microplus, which has not been functionally
characterized [34]. In the tree, Dromaserpin formed a small branch with RHS-1 and RmS5,
both presenting a basic amino acid (lysine) in the position P1, similar to Dromaserpin
(Figure 3a). The aligned RCLs of the serpins used in the phylogenetic analysis are described
in (Figure 3b). The serpins grouped in the same cluster had highly conserved RCLs
compared to other tick serpins, which showed fewer similarities.
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Figure 3. Molecular phylogenetic analysis of 25 tick serpins and Dromaserpin. (a) The evolutionary phylogenetic tree of
Dromaserpin and the chosen tick serpins. Antithrombin III was utilized as an outgroup. The tree with the highest log
likelihood (—12,179.3074) is shown, drawn to scale, with branch lengths measured in the number of substitutions per site
(next to the branches). Evolutionary analyses were conducted in MEGA7 [33]. (b) Alignment of the RCL regions of the

selected serpins was carried out using MEGA7.

2.2. Expression and Purification of the Recombinant Dromaserpin (rDromaserpin)

rDromaserpin has 391 amino acid residues, including the histidine tag sequence, a
predicted molecular weight of 43,159.27 Da, and a predicted isoelectric point (pI) of 8.03.
These features dictated the purification strategy adopted. rDromaserpin was success-
fully expressed using the E. coli BL21 (DE3) system in the optimal expression condition
(I mM IPTG, 30 °C, 3 h incubation). It was obtained in both soluble and insoluble forms

(Figure 4a).

Although rDromaserpin mostly aggregates as inclusion bodies, it was possible to
use the soluble fraction for the purification procedure and still obtain an acceptable yield
(1.73 mg/L). As expected, purified rDromaserpin migrates at an apparent molecular weight
of ~43 kDa on 12.5% SDS-PAGE (Figure 4b). After the purification steps, rDromaserpin was
obtained with a high level of purity, observed after Coomassie Blue staining. The purified

protein was used for subsequent experiments.
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Figure 4. Expression and purification of rDromaserpin. cDNA coding for rDromaserpin was cloned
into pET28a expression vector and the recombinant protein was expressed in E. coli BL21 (DE3) in
2YT medium. Whole cell lysates of non-induced or induced (IPTG 1 mM, 3 h, 30 °C) cultures were
analyzed by SDS-PAGE (12.5%). (a) Both soluble and insoluble fractions were analyzed. Lanes M,
—IN, +IN, IS, and S represent protein marker, not induced, induced, insoluble and soluble fractions,
respectively; (b) SDS-PAGE of fractions from three chromatography steps. Lanes M, TP, and SP
represent protein marker, total protein and soluble protein respectively. Lanes P1, P2, and P3
represent eluted purified proteins pooled from IMAC chromatography, Q sepharose ion-exchange
chromatography, and size exclusion chromatography, respectively.

2.3. Structural Characterization of the rDromaserpin
2.3.1. Analysis of the Secondary Structure of rDromaserpin

The purified rDromaserpin was obtained as a monomer, according to an analytical gel
filtration analysis (Figure 5). According to the calibration curve obtained with standards,
(Figure 5), the calculated molecular weight of rDromaserpin was 37.025 kDa.

Log MW (kDa)
: L y =-0.1615x + 3.4268
75kDa 15 Yo, R?=0.9954
1
rDromaserpin .
05 Ve (mL)

9 1 13 15 17
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Figure 5. Separation of rDromaserpin and five standard proteins by size exclusion chromatography. Loading of the
100 uL of rDromaserpin (labeled in red) or the following standards (labeled in black): Conalbumin (75 kDa), Ovalbumin
(44 kDa), Carbonic anhydrase (29 kDa), Ribonuclease A (13.7 kDa), Aprotinin (6.5 kDa), as well as blue dextran (for the void
volume V). A calibration curve was obtained with standards to calculate the molecular weight of rDromaserpin using the
equation (log (MW) = —0.1615 Ve + 3.4268).
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Its secondary structure content was investigated by carrying out circular dichroism
(CD) analyses in the Far-UV region, which makes possible estimations of the protein’s
a-helical, 3-sheet and random coil content (Figure 6).
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Figure 6. Far-UV CD spectra obtained for rDromaserpin. The ellipticity was expressed as the
mean-residue molar ellipticity (6) in degree cm? dmol 1.

The Far-UV CD spectrum presented characteristics of a structured protein, and showed
one positive peak at 194 nm and two minimums at 211 nm and 220 nm (Figure 6), a pattern
related to an «/ 3 rich protein [35]. The deconvolution of the CD spectrum, using the BestSel
program, indicates the secondary structure content of rDromaserpin as approximately 54%
a-helices, 21% {3-strands and 25% random coils (Figure S1).

2.3.2. Comparative Modeling

The predicted amino acid sequence of Dromaserpin was used to search for homolo-
gous proteins, with experimentally-solved 3D structures to serve as templates for structure
homology modeling, using the Swiss-Model workspace. Conserpin, which shares 40.62%
identity (92% coverage) with Dromaserpin, was the protein selected as a template, and had
its 3D structure solved in both RCL open/uncleaved (PDB code: 5cdx) and closed/cleaved
(PDB code: 5cdz) conformations. Two three-dimensional model structures of Dromaserpin
were thus constructed using each of the conserpin conformations as templates (Figure 7).

(@) (b)

Figure 7. Cartoon representations of the three-dimensional models of Dromaserpin. (a) A cartoon
representation of Dromaserpin 3D model 1 with an exposed RCL, based on the structure of Conserpin
(PDB: 5cdx). (b) A cartoon representation of the Dromaserpin 3D model 2 with an inserted RCL,
based on the structure of Conserpin (PDB: 5cdz). The RCL (in yellow) is inserted in the 5-sheet
B-strand (in red). Loops are colored grey.
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According to the obtained models, the overall structure of Dromaserpin adopts a
typical serpin fold composed of eight x-helices (Figure S2a) and three large 3-sheets (A,
B, and C) (Figure S2b). An uncleaved RCL model, based on the structure of Conserpin
(5cdx), shows an intact RCL (Figure 7a) (yellow). As observed in other serpins [36], RCL
in this configuration is located as a flexible loop outside the Dromaserpin structure core
and can act as bait for target proteases. Additionally, a second model was built based on
the structure of Conserpin in the latent state (PDB code: 5cdz) (Figure 7b). In this model,
the RCL is cleaved and inserted into the central 3-sheet A (Figure 7b) (S1, S2, S3, S5, and
S6 indicated in red) as a strand, 54 (indicated in yellow on Figure 7b). Thus, according to
Ramachandran plot, 97.6% (5cdz) (Figure S3) and 98.5% (5cdx) (Figure S4) of the residues
from Dromaserpin 3D models are in favored and/or allowed regions. Neither model had
residues located in the disallowed regions of the ®, ¥ angle pairs of the Ramachandran plot,
indicating correct stereochemistry. The percentage of secondary elements in Dromaserpin
models was predicted by STRIDE, and was compared to those obtained experimentally by
analyzing CD spectra, using the BestSel tool (Table 1).

Table 1. Comparison of the secondary structure content obtained theoretically (exposed RCL and
inserted RCL) and experimentally (CD data).

Elements from the Models Elements from CD
Exposed RCL Inserted RCL Data
Total aligned residues (100%) 372 372 391
Helix (%) 29.83 30.11 54.20
Strand (%) 30.65 33.60 21.40
Other (Coil, bridge, Turn) (%) 39.52 36.29 24.40

2.4. Functional Characterization of the rDromaserpin
2.4.1. Global Blood Coagulation Assays

The effect of rDromaserpin was investigated on blood clotting using assays that inde-
pendently target the extrinsic, intrinsic and common coagulation pathways. Prothrombin
Time (PT) assay, designed to monitor the extrinsic coagulation [37], detected no significant
effect upon the addition of 1 tM of rDromaserpin, and only a very slight increase of clotting
time with 5 uM of rDromaserpin (2 s) in the tested conditions (data not shown). Thus,
the protein, under these conditions, has minimal or no effect on the extrinsic coagulation
pathway. As well, the Thrombin Time (TT) assay conducted on PPP (Platelet-poor plasma)
did not show any significant differences under these conditions (data not shown). However,
when tested with prothrombin deficient plasma (FII-DP), 5 uM of rDromaserpin signifi-
cantly increased TT by ~10.97 s, when 2 mU of Flla was added without pre-incubation
(Figure 8a). Similarly, clotting time was increased by ~9.83 s, when rDromaserpin was
pre-incubated with FII-DP for 1 h (Figure 8a). The plasma became incoagulable when
rDromaserpin was pre-complexed with thrombin, preventing thrombin from converting
the fibrinogen to fibrin (Figure 8a).

On the other hand, by using the activated partial thromboplastin time (APTT) assay, a
statistically significant delay was shown in blood clot formation when plasma was treated
during 20 min with 0.5, 1 or 5 uM rDromaserpin, prolonging the intrinsic coagulation
time by 7.4 s, 13.06 s and 42.56 s, respectively (Figure 8b). Our results therefore suggest
that rDromaserpin is probably able to inhibit serine protease(s) involved in the intrinsic
pathway of blood coagulation.
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Figure 8. Effect of rDromaserpin on the intrinsic pathway of blood coagulation. (a) In vitro TT assay performed on FII-DP
in the presence of 5 uM rDromaserpin and 2 mU FIla. The assay was tested without pre-incubation or by pre-incubating
samples in brackets for 1 h at room temperature. (b) In vitro APTT evaluation in isolated human plasma incubated for
20 min with 0.2, 0.5, 1, or 5 uM rDromaserpin. (-) refers to plasma used as control in the experiments containing the same
volume of buffer. The results correspond to the mean 4= SEM values acquired in three independent experiments; the asterisk
indicates a significant difference between groups; * (p < 0.05) ** (p < 0.005) **** (p < 0.0005).

2.4.2. Protease Inhibition Profiling of rDromaserpin

As evidenced by its capacity to prolong the clotting time of human plasma, the ability
of purified rDromaserpin to inhibit different serine proteases derived from human blood
(Flla, Kallikrein, FIXa, FXIa, FXIla and FXa) involved in coagulation pathways was tested

(Figure 9).
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Figure 9. Inhibition of serine proteases by rDromaserpin. The ability of rDromaserpin (1 uM and
5 uM) to inhibit the activity of Flla (2U), Kallikrein (10 nM), FXIa (3.7 nM), EXIla (15 nM), FXa (10 nM),
and FIXa (306 nM), using correspondent synthetic substrates (0.2 uM) was evaluated at 37 °C for
15 min. The results are acquired in three independent experiments. Proteases labelled with an asterisk
were inhibited with statistical significance (p < 0.05).

Residual proteolytic activity of the tested proteases was measured using the appro-
priate synthetic chromogenic substrates (see materials and methods section). Statistically
significant reductions in enzymatic activity among the tested proteases were observed
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only for thrombin (FIla), Kallikrein, and FXIa. At concentrations of 1 uM and 5 uM,
rDromaserpin significantly decreased thrombin catalytic activity by 87% (p < 0.001) and
89% (p < 0.001), respectively. At the concentration of 5 tM, rDromaserpin significantly
decreased Kallikrein catalytic activity by ~76% (p < 0.001), while 1 uM slightly inhibited
the enzyme by ~30% (p < 0.01). Five uM of rDromaserpin inhibited FXlIa (~48%, p < 0.01)
and slightly FXIla (~29%, p = 0.014). However, 1 uM of the inhibitor was unable to affect
the activity of both factors. As opposed to FXa and FIXa which showed no significant
activity in presence of rDromaserpin up to 5 uM. These data suggest that rDromaserpin is
a functional thrombin inhibitor, able to target Kallikrein and FXIa, and it might play multi-
ple roles in the tick-host interface. We further recorded thrombin activity using different
concentrations of the inhibitor (ranging from 0.02 to 1 uM) (Figure 10a).
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Figure 10. The effect of rDromaserpin on thrombin. (a) Residual activity of thrombin in the presence
of increasing concentrations of rDromaserpin. Error bars represents the mean + S.E.M values
registered in three independent experiments. An estimate is given of the half maximal inhibitory
concentration (ICs5p = 0.16 uM). (b) A covalent complex was formed between rDromaserpin and
thrombin. Lanes 1 and 2 represent rDromaserpin and thrombin, respectively. The major band in
lane 2 corresponds to BSA (Bovine Serum Albumin) present in thrombin buffer. Lane 3 corresponds
to rDromaserpin and thrombin loaded after 1 h incubation. Lane M represents the protein marker
(Precision Plus Protein™ Dual Color Standars, BioRad). The covalent complex between rDromaserpin
and thrombin is indicated with red arrow. Proteins were resolved on 5-10% SDS-PAGE and visualized
by Coomasie Blue staining.

We observed a decrease in thrombin residual activity as the amount of rDromaserpin
increased, inferring a dose-dependent inhibition (Figure 10a). At concentrations less
than 0.1 uM, rDromaserpin did not affect thrombin (FIIa) activity. Indeed, it was able to
significantly inhibit thrombin with an ICsy = 0.16 uM.

For a better understanding of its mechanism of action, we investigated the possibility
of forming a covalent inhibitor-enzyme complex. With thrombin (36 kDa), rDromaserpin
forms an SDS- and heat-resistant complex which migrates above 50 kDa (Figure 10b),
proving a mechanism of suicide inhibition.

2.4.3. Effect of Heparin on the Rate of Thrombin Inhibition by rDromaserpin

Glycosaminoglycans are known to improve the inhibitory activity of plasma ser-
pins [38]. We therefore investigated whether heparin, a common serpin activator, is able
to enhance rDromaserpin activity toward thrombin. To locate the heparin binding site
in the Dromaserpin model in its predicted active state (exposed RCL) (Figure 11a), we
examined possible basic residues in revealed binding sites of other heparin-binding ser-
pins. Our in silico analysis showed a single extended basic patch located on the top of
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the 3-sheet A, near p-sheet C, and surrounding the RCL region in the active model of
Dromaserpin (Figure 11a). Under the tested conditions, rDromaserpin did not bind to
the heparin-sepharose resin (Figure 11c). In contrast, when it was pre-complexed with
thrombin, the covalent complex was able to bind to the resin, indicating ternary complex
formation (Figure 11c).
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Figure 11. Effect of heparin on thrombin inhibition by rDromaserpin. (a) Electrostatic surface of Dromaserpin in the
exposed RCL model. Colors relate to the electrostatic surface potential (blue is positive, and red is negative, —2 to 2 kgT)
calculated by APBS (37). The surface charge distribution reveals a prominent basic patch located on top of the (3-sheet
A and in RCL region. Side chains of basic residues located and surrounding the basic path (Argjos_197, Argig9, Argsos,
Argsss and Lysig9) are labeled in green and shown as sticks. (b) Thrombin residual activity was assessed in the presence
of 0.2 uM Dromaserpin and an increased concentration of heparin in uM range. Bar error represents the mean + S.EM
values registered in three independent experiments. (c) Binding of rDromaserpin-thrombin complex to heparin. IN, input.
E, eluted. Proteins eluted with 1 M NaCl are indicated by the red arrows. Antithrombin III was used as control, known to
bind to heparin-sepharose resin.

Experimentally, rDromaserpin induces accelerated thrombin inhibition in the presence
of heparin, as evidenced by a U-shaped dose-response curve (Figure 11b). In the absence of
heparin, thrombin was inhibited by 0.2 uM of rDromaserpin, showing a residual activity of
48.11% (Figure 11b). Using a range of heparin, the rate of inhibition appears to increase by
around 25-fold in an optimal heparin concentration of 2.4 uM, reaching 12.5% of residual
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activity (Figure 11b). However, heparin-mediated acceleration of thrombin inhibition by
rDromaserpin was progressively reduced upon a concentration of 5.6 uM (Figure 11b).

2.4.4. Dromaserpin Inhibits the Function of Thrombin in Activating Platelet Aggregation

Platelet aggregation is one of the host’s first lines of anti-tick defense [5]. Knowing that
ticks use serpins to hijack host hemostasis [39], and after discovering that rDromaserpin is
an efficient inhibitor of thrombin in its action on blood clotting, it was necessary to verify
whether it would also be able to inhibit platelet aggregation when thrombin is the agonist.
Washed platelets were used in platelet aggregation assays in the presence of 1 ug/mL of
thrombin as an agonist, and pre-incubated with 10 uM of rDromaserpin (Figure 12). Our
results showed that rDromaserpin was able to inhibit the platelet aggregation function of
thrombin by reducing platelet aggregation by 88.16% (£2.84%), compared to the control
(Figure 12).
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Figure 12. Effect of rDromaserpin on thrombin-induced platelet aggregation. The platelet aggregation
assay was performed using washed platelet approach described in Material and Methods section.
The trace below (labeled “control”) corresponds to platelet activated by thrombin in the presence
of rDromaserpin buffer. The traces above (labeled “+ rDromaserpin”) correspond to triplicates of
10 uM rDromaserpin pre-incubated with thrombin prior to platelet activation. Data are presented as
mean £ S.E.M. of triplicate platelet aggregation assays.

3. Discussion

Tick serpins attract considerable attention in the field of drug discovery and develop-
ment because of their anti-hemostatic and immunomodulatory properties [27]. The current
study was prompted by our previous investigations describing the sialome of H. dromedarii
tick, highlighting a variety of putative proteins, including serpins, with potentially ther-
apeutic features [40,41]. Our strategy was to combine computational and experimental
analysis to characterize a new serpin that could target and modulate the hemostasis system.

Our bioinformatics analysis described Dromaserpin as a serpin of ~43 kDa and
403 amino acids long with a signal peptide, suggesting its secretion and extracellular
activity in H. dromedarii. The inhibitory activity of serpins is mainly executed by its RCL
domain [36]. Noting that the RCL is not the only region to predict inhibitory serpins,
other consensus sequences that are well preserved during the evolution have been studied
elsewhere [29]. Here, we focus on the RCL region as it is directly involved in the serpin’s
inhibition mechanism. The RCL sequence in Dromaserpin is located near its C-terminus. It
is composed of 21 amino acids, as are most serpins [15]. It is noteworthy that some serpins
do not have classical inhibitory activity [15]. These non-inhibitory serpins contain the RCL
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domain, but there is no evidence that it is involved in their physiological activity. For
instance, they may serve in hormone transport [42] and corticosteroid-binding globulin
production [43]. Given this information, we found it important to compare RCL sequences
in Dromaserpin, inhibitory and non-inhibitory serpins. The RCL of Dromaserpin shares
the highest homology with inhibitory serpins «-1 Antitrypsin and Antithrombin-III. These
in silico predictions lead us to believe that Dromaserpin might act as an inhibitory serpin,
which we subsequently proved with functional assays. While revealing the first high-
resolution structure of the serpin «-1 Antitrypsin, Engh et al. unveiled striking evidence
about residues in RCL that are proposed to interact with target proteases [19]. Interestingly,
Dromaserpin preserves residues essential for inhibitory activity (Figure 2). Moreover, the
RCL sequence includes a cleavable reactive center, defined as the P1-P1’ bond, in which the
protease cleaves and forms a covalent complex with the serpin [15]. Lys-Ser is the scissile
P1-P1’sequence in Dromaserpin. Where the serpin’s target protease may not be accurately
predicted based on their P1 amino acid residue [8], several previous studies have provided
relevant information about the nature of P1 residue in relation to targeted protease [44,45].
Most related investigations report that serpins with inhibitory functions against trypsin or
thrombin have polar basic (Arg and Lys) residues at the P1 site, whereas those with aro-
matic (Phe, Tyr and Trp) residues at the P1 site are more likely to inhibit chymotrypsin [8].
Dromaserpin has a lysine residue at the P1 site, identical to RHS-1 and RmSS5, the closest ser-
pins in the evolutionary tree, which inhibit chymotrypsin, thrombin and FXa [32]. Similar
observations were reported for AAS19, which has Arg at the P1 site, and targets numerous
protease including FXa, FXIIa, thrombin, tryptase, and chymotrypsin [46]. HLserpin-A has
also a basic (Arg) in that position; however, it is reported to inhibit the serine proteases
cathepsin G, and FXa, and the cystein proteases papain and Cathepsin B, with no effect
on thrombin [47]. Experimentally, we proved that rDromaserpin can inhibit thrombin,
Kallikrein and, slightly, FXIla and FXIa, but neither FXa nor FIXa. Overall, we consider
that in silico analyses are not sufficient to predict Dromaserpin targets. Apart from the
P1-P1’ sequence, dynamic studies on serpins demonstrate that the RCL domain changes its
state in order to bind to target proteases [48,49]. Using comparative modeling, we showed
Dromaserpin in two conformations: an exposed RCL and an inserted RCL in the {3 sheet
A. Both conformations have been described for other tick serpins in previous structural
analyses [50,51]. In these analyses, they assume the use of a suicide inhibition mechanism
to inhibit proteases. Experimentally, rDromaserpin forms an SDS and heat-stable complex,
with thrombin proving a suicide inhibition mechanism. Apparently, thrombin cleaves the
RCL of rDromaserpin in its P1 amino acid residue, forming the obtained covalent complex
in the SDS-PAGE gel (Figure 11c). Through this inhibition mechanism Dromaserpin binds
to thrombin, and both molecules are permanently inactivated.

To gain functional insight on this new serpin, a recombinant form (rDromaserpin)
was overexpressed using an E. coli expression system, to prove its potential inhibitory
activity in vitro. The feasibility of serpin interaction with targeted proteases depends on
their 3D structure and conformation in the solution [16]. A serpin’s inhibition mechanism
is defined by their ability to switch between distinct structural configurations and interplay
between kinetic stability and thermodynamic instability [8]. As described above, we
investigated, computationally, the conformational stability of Dromaserpin by predicting
its tertiary structure. Here we consider that active rDromaserpin adopts the conformation
of the model where the RCL is exposed to the solvent, ready to interact with the target
protease. We have deduced from this model 29.83% «-helices, 30.65% {3-strands and 39.52%
random coils. CD spectroscopy was used for secondary structural content analysis of the
predicted models and to determine the rDromaserpin conformation. According to CD data,
the active rDromaserpin is well folded; however, the experimental secondary structural
content findings differed slightly to that from the theoretical prediction. This discrepancy
between the CD results and the model might be explained by the fact that the model was
built based on only 372 residues, while CD measures consider the entire protein sequence
(391 residues). In fact, 4.9% of the recombinant protein (19 residues: 9 C-terminal and
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10 N-terminal) analyzed by CD, were not aligned during the modeling. Moreover, 3.8% of
the model sequence (two inserts of 14 residues) were not modeled by Swiss-MODEL and
were assigned as random coils by the software. These two percentages account for 8.7% of
the residues randomly indicated as coil whereas they may be o helices. This assumption
may explain the observed difference in our results.

Serpins generally function as serine proteinase inhibitors, hence their name. In mam-
mals, serpins participate in the regulation of many complex proteolytic pathways [36].
Arthropod serpins are characterized by their hemostatic and anti-inflammatory effects in
mammalian blood [52]. Accordingly, we investigated the implication of rDromaserpin in
hemostasis. We first tested the effect of rDromaserpin on blood coagulation pathways.
Initially, blood clotting was described as two converging enzymatic cascades, the extrinsic
and the intrinsic coagulation pathways, stimulated either by exposure of blood to a dam-
aged vessel surface or by blood-borne components of the vascular system, respectively [5].
Over the last century, major advances have been made in the field of hemostasis, promot-
ing cell-based models of coagulation and explaining the hemostatic process as it occurs
in vivo [53]. However, the cascade model has helped improve the understanding of coagu-
lation in plasma-based in vitro assays and has allowed for clinically useful interpretations
of laboratory tests for plasma coagulation anomalies [53]. We described our in vitro results
using the cascade model to explain the involvement of rDromaserpin in blood clotting
(Figure 13).
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Figure 13. Schematic representation of rDromaserpin effect on hemostasis in the host interface.

Here, we showed that rDromaserpin significantly prolonged the intrinsic pathway by
7.45,13.06 s, and 42.56 s upon adding 0.5, 1, or 5 uM of inhibitor, respectively. In contrast,
under the same condition, these amounts do not affect the extrinsic coagulation pathway
(data not shown). In TT assay, the rDromaserpin prolonged the common coagulation
pathway and significantly increased clotting time by ~10.97 s. It also increased clotting time
by 9.83 s when pre-incubated with prothrombin deficient plasma. In contrast, the plasma
became incoagulable when rDromaserpin was pre-incubated with thrombin. During the
incubation time, the covalent complex formed and rDromaserpin prevented thrombin
from converting fibrinogen to fibrin. We suggest, therefore, that rDromaserpin is likely
to inhibit serine protease(s) involved in the intrinsic and the common pathway of blood
coagulation. The anti-coagulation property of the camel tick salivary glands is already well
documented [54]. Indeed, in an earlier investigation, five anticoagulants prolonging APTT
were resolved from the salivary gland crude extract of H. dromedarii with no effect on PT [54].
However, the molecular identity of the main anti-coagulant molecules in H. dromedarii
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saliva is not fully known. Given its potential anticoagulant activity, we found it imperative
to identify the rDromaserpin target(s) among certain factors involved in the intrinsic path-
way of blood clotting. Interestingly, in vitro profiling of rDromaserpin’s proteolytic activity
shows its capacity to inhibit thrombin and Kallikrein, to slightly affect FXIa and FXIla
activity without any relevant effect on FIXa or FXa. The intrinsic pathway is triggered by
the activation of FXII when blood comes in contact with a negatively charged surface [6].
FXIla (activated FXII) promotes its own activation in turn by stimulating Kallikrein forma-
tion and activating the upstream factor, FXIa [6]. Under the tested conditions, the effect of
rDromaserpin on Kallikrein, FXIa, and FXIIa activity does not appear to be physiologically
relevant. To verify its effectiveness in vivo, further experiments should be conducted under
various conditions. Once these serine proteases (Kallikrein, FXIla, and FXIa) are shown to
be inhibited in vivo, coagulation time is prolonged, which might assist H. dromedarii in the
initial stages of the feeding process. By targeting plasma Kallikrein, Dromaserpin could
also help the tick avoid the formation of edema by inhibiting local bradykinin releases [55].
Nevertheless, it appears that Dromaserpin has a better efficacy on the common pathway
of blood clotting, as it inhibits thrombin significantly. Indeed, among the serine pro-
teases tested in this study, the strongest inhibition was observed with thrombin where the
ICs509 = 0.16 uM. In hemostasis, thrombin plays a key role in blood clotting, involved in
the last steps of the common pathway, and in activating platelet aggregation. Indeed,
due to its inhibitory activity on thrombin, we investigated whether rDromaserpin would
affect platelet aggregation in addition to plasma clotting. Platelet aggregation is a complex
process stimulated by several agonists including thrombin, cathepsin G, collagen and
ADP [56]. Previous studies considered thrombin to be the most efficient platelet aggre-
gation agonist [57,58]. In the present study, we showed that rDromaserpin significantly
reduced platelet aggregation induced by thrombin.

Overall, these results suggest that Dromaserpin may play a crucial role during the
tick fixation on the camel. Camels have a particularly active hemostatic mechanism with
a short bleeding time and thrombocytosis [59]. They are known for their high level of
FVIII in plasma (eight times more than humans), which is a very resistant factor to high
temperatures [60]. This promotes hypercoagulability, where the intrinsic pathway is
directly involved in high rates of thrombin generation. In this work, we present a tick
molecule whose direct host is the camel. The camel’s parasites are likely to have powerful
compounds in their saliva, such as Dromaserpin, that can keep its blood incoagulable to
ensure successful feeding.

The exact mechanism of thrombin inhibition by Dromaserpin remains unclear. Never-
theless, Dromaserpin seems to damage their target protease after forming a stable complex,
as proven with the rDromaserpin-thrombin covalent complex (Figure 11c). Usually, the
visible consequence of this interaction is a dose-dependent reduction of the enzymatic
activity of candidate proteases [61]. As a suicide inhibitor, rDromaserpin reduced residual
enzyme activity of thrombin in a dose-dependent manner. On the other hand, serpin
activity can be enhanced by cofactors, mainly glycosaminoglycans [38]. For several serpins,
heparin interacts and modulates their activity by increasing the level of inhibition toward
the targeted proteases [62]. Accordingly, we found it necessary to study whether heparin
modulates the activity of Dromaserpin towards thrombin. Structurally, these interactions
are mediated by defined and specific amino acid residues present in most heparin-binding
proteins (BPH) [63]. In our in silico analysis, the Dromaserpin active model (exposed
RCL) reveals an important basic patch located on top of the 3-sheet A, near 3-sheet C,
and surrounding the RCL region. Indeed, electrostatic interactions play a major role in
the binding process of heparin to serpins [63]. Molecular docking and computational
approaches have revealed the usual consensus sequences, rich of basic residues, suitable to
bind heparin [64-66]. As heparin is highly anionic, the basic amino acids, such as Argjgs-197,
Argig9, Argsog, Argszs and Lysygg (respecting the numbering in the model), in the region of
the basic patch in Dromaserpin could be included in the heparin-binding site. It important
to emphasize that these data are not sufficient to confirm the exact heparin-binding site

49



Toxins 2021, 13, 913

in Dromaserpin, but the presence of this basic patch might support our hypotheses. Our
preliminary investigations have shown that rDromaserpin alone is not able to bind heparin
under the conditions tested. However, when complexed with thrombin, heparin-sepharose
resin could capture the complex, proving the possibility of forming a ternary complex.
The structural aspect of this interaction between rDromaserpin, thrombin, and heparin is
under investigation.

The in vitro effect of heparin on thrombin inhibition by rDromaserpin was demon-
strated by the increased inhibition rate in a certain range of heparin concentrations. Two
mechanisms have been suggested to explain how heparin enhances protease activity and
whether or not it binds to serpin only [38]. When only serpin binds to heparin, a saturation
effect is usually observed with a range of heparin concentrations [38]. In contrast to our
case, at high heparin concentrations, the curve obtained (Figure 11b) is probably consistent
with the formation of a ternary complex (Figure 13). Heparin enhances several plasma
serpins by using this template mechanism, such as SCCA1 [38], nexin-1 [67], and An-
tithrombin III [68]. By binding to antithrombin III, heparin acts as an anticoagulant, causing
a conformational change in serpin which acts more effectively on coagulation factors and
thrombin [68]. Similarly, a tertiary complex, including heparin, is probably formed when
thrombin is inhibited by rDromaserpin. However, in-depth structural investigations are
necessary to verify this hypothesis.

4. Conclusions

Gathering computational and experimental results, we were able to characterize a
novel anti-hemostatic serpin, Dromaserpin, from the salivary glands of H. dromedarii. We
believe that this is the first recombinant serpin identified from the Hyalomma genus which
inhibits thrombin in both blood coagulation and platelet aggregation. We also suggested
an inhibition mechanism implicating heparin as a cofactor. Future research will explore its
molecular mechanisms and kinetics as an anticoagulant candidate. Besides, its effectiveness
must be verified in vivo to testify its feasibility as a potential of medicinal applications
mainly in treatment of blood clotting disorders.

5. Materials and Methods
5.1. Reagents and Chemicals

All chemicals and reagents were purchased from Sigma-Aldrich, Merck or Fisher,
unless otherwise indicated, and were analytical grade or better. Human thrombin and
factor Xa were purchased from Promega (Madison, WI, USA), human Kallikrein plasma
was purchased from Sigma Aldrich (Saint Louis, MO, USA), and factor XIla was purchased
from HTI (Haematologic Technologies, Essex Junction, VT, USA). The activity of both factor
Xla and factor IXa was tested using BIOPHENTM factor XIa (HYPHEN biomed, Neuville-
sur-Oise, France) and BIOPHEN factor IXa, respectively. The chromogenic substrates S-
2238 (H-D-Phe-Pip-Arg-pNAe2HCI) for thrombin, S-2765 (Z-D-Arg-Gly-Arg-pNAe2HCI)
for factor Xa and S-2302 (H-D-Pro-Phe-Arg-pNAe2HCI) for FXIla and Kallikrein were
purchased from Chromogenix (Chromogenix, Milano, Italy). All solutions and buffers
were prepared with Milli-Q water (Merck Millipore, Darmstadt, Germany).

5.2. Bioinformatics Analysis on Pedicted Dromaserpin Sequence

The sialotranscriptome of the H. dromedarii tick was recently described and anno-
tated [41]. Among the deposited sequences, a cDNA sequence that codes for Dromaserpin
was selected for expression. The nucleotide sequence was translated into an amino acid
sequence using a TransDecoder, confirmed later with Expasy translate (https://web.expasy.
org/translate/ (accessed on 1 April 2020)), and the predicted sequence was used for the
following in silico analysis. A homologous search of the full-length Dromaserpin sequence
was performed using BLAST programs (https:/ /blast.ncbinlm.nih.gov/Blast.cgi (accessed
on 5 October 2021)), through which the conserved domain was also identified. Localization
of the identified RCL domain was done by SMART software (http://smart.embl-heidelberg.
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de/ (accessed on 1 April 2020)). Later, we performed a comparison between the RCL
amino acid sequence in Dromaserpin and the RCL sequence of the inhibitory serpins o-1-
antitrypsin (P01009) and Antithrombin-III (P01008), and a non-inhibitory serpin Ovalbumin
(P01012), available in Uniprot. Full-length amino acid sequence was submitted to the signal
4.1 server (http://www.cbs.dtu.dk/services/SignalP-4.1/ (accessed on 1 April 2020)) and
the signal peptide was removed from the protein sequence for subsequent analysis. The pre-
dicted molecular weight (MW) and isoelectric point (pI) were determined using ProtParam
tools from ExPASy server (https://web.expasy.org/protparam/ (accessed on 1 April 2020)).
To determine potential N- or O-linked glycosylation sites, Dromaserpin amino acid was
scanned using NetNGlyc 1.0 (http:/ /www.cbs.dtu.dk/services/NetNGlyc/ (accessed on
1 April 2020)) and NetOGlyc 4.0 servers (http://www.cbs.dtu.dk/services/NetOGlyc/
(accessed on 1 April 2020)). For phylogenetic analysis, protein sequences of 25 serpins from
tick species and one human serpin were retrieved from GenBank. Accession numbers of
these sequences, the percentage of identity and coverage with Dromaserpin are described
in Supplementary Table S1. Multiple sequence alignments were performed using Clustal W
algorithm (https:/ /www.genome.jp/tools-bin/clustalw (accessed on 5 October 2021)) and
sequences were edited manually. The evolutionary history was inferred by using the Maxi-
mum Likelihood method based on the JTT matrix-based model [69]. Human Antithrombin
III was utilized as outgroup to root the tree. The initial tree was obtained automatically by
applying Neighbor-Join and BioN]J algorithms to a matrix of pairwise distances, estimated
using a JTT model, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per
site. Evolutionary analyses were conducted in MEGA?7 [33].

5.3. Plasmid Construction-Expression and Purification of the Recombinant Dromaserpin

All manipulation of microorganisms was developed in the BSL-2 area, as authorized
by CIBio-IBu (Internal Biosafety Committee of Butantan Institute, Brazil) and CTNBio
(National Technical Biosafety Commission, Brazil) (Registration number CQB-039/98 of 13
February 2014). The chosen full coding cDNA sequence was used for plasmid construction
after the deletion of the sequence coding for signal peptide. Codon optimization, gene
synthesis and molecular cloning of rDromaserpin coding sequence into plasmid pET28a
(Novagen/EMD Millipore, Darmstadt, Hesse, Germany) were conducted by GenOne
(GenOne Inc. Rio de Janeiro, R], Brazil). Recombinant pET28a_Dromaserpin plasmid,
coding for the C-terminal His-tagged protein, was transformed into chemically competent
E. coli BL21 (DE3) strain. The E. coli cultures were inoculated in 1 L of 2 YT culture medium
(supplemented with 20 pug/mL kanamycin) at 30 °C with 250 rpm agitation. Protein expres-
sion was induced with 1 mM isopropyl 3-D-Thiogalactoside (IPTG), at ODgg 0.6, and cells
remained incubated for 3 h at 30 °C following the induction. Expression was confirmed
by resolving samples on a 12.5% SDS-PAGE. Bacterial cells were harvested, washed with
150 mM NaCl and re-suspended in lysis buffer (50 mM Tris-HCl pH = 8; 500 mM NaCl,
1% Triton; 10 mM B-mercaptoethanol). Whole cell extracts were obtained through a Panda
Plus 2000 (GEA NIRO, Erie, PA, USA) high pressure homogenizer disrupter, three times at
1000 bars, and the suspension was clarified through centrifugation at 16,000x g rpm for 1 h
at 4 °C. Histidine tagged protein was subsequently purified from the soluble fraction using
a HisTrap HP (5 mL; GE Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) column
of Immobilized Metal Affinity Chromatography (IMAC) (AKTA AVANT; GE Healthcare
GE Healthcare, Uppsala, Uppland, Sweden). Fractions containing the eluted protein were
pooled and subjected to Q-sepharose ion-exchange chromatography (AKTA AVANT; GE
Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) using a HiTrap Q FF (1 mL; GE
Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) column. The purified protein
was applied to a Superdex 75 (1 mL; GE Healthcare, GE Healthcare, Uppsala, Uppland,
Sweden) column used to exchange the buffer to 1 x Phosphate-buffered saline (PBS), pH
7.4 supplied with 10% glycerol. To evaluate its purity, the purified protein was resolved on
a 12.5% SDS-PAGE and stained with Coomassie Brilliant Blue. Finally, rDromaserpin con-
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centration was determined by its absorbance at 280 nm using a Biodrop spectrophotometer
(Biochrom™ BioDrop pLite Micro-Volume, Braeside, Australia).

5.4. Structural Characterization of the rDromaserpin
5.4.1. Determination of Molecular Size by Gel Filtration

Gel Filtration experiments were performed with purified rDromaserpin using Su-
perdex™ 75 HR 10/300 column (GE Healthcare, Uppsala, Uppland, Sweden) on an AKTA
purifier liquid-chromatography system. Chromatography was carried out at 4 °C in
1x PBS pH 7.4 and 10% glycerol, at a flow of 0.5 mL/min. Protein elution was monitored
by measuring absorbance at 280 nm. Apparent molecular masses of protein eluted from
the column were deduced from a calibration curve obtained by loading 100 uL of the
following standards: Conalbumin (75,000 Da), Ovalbumin (44,000 Da, 30.5 A), Carbonic
anhydrase (29,000 Da), Ribonuclease A (13,700 Da, 16.4 A), Aprotinin (6500 Da), as well
as blue dextran (for the void volume Vj). According to the calibration curve obtained
with standards, we calculated the molecular weight of rDromaserpin as described in the
Equation (1).

log(MW) = —0.1615 Ve + 3.4268 1)

5.4.2. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded on a JASCO J-810 spectropolarimeter, equipped with a
thermoelectric sample temperature controller (Peltier system) equilibrated to 20 °C. The
rDromaserpin samples at 0.73 uM were diluted 10 x in Milli-Q water. The diluted buffer
without protein was used to calibrate the equipment. The scans were collected at Far-UV
region (from A = 190 nm to A = 260 nm) after seven accumulations, using a pathlength quartz
cuvette of 1.0 mm. Spectra were corrected by subtracting a buffer blank, normalized to
residue molar absorption, measured in mdeg (M~! cm™!), and adjusted to the input buffer.
The mean molar residual ellipticity OA (deg cm? dmol~1) was calculated as described in
the Equation (2), based on a molecular mass of 43,159.27 Da, where 087 is ellipticity in
millidegrees, C is molar rDromaserpin concentration in M, N is number of amino acid
residues, and 1 is the path length of the cuvette in mm.

6Raw 106

= Cx N <L

@

The estimation of secondary structure was performed by BeStSel website algorithm
(http:/ /bestsel.elte.hu/index.php (accessed on 9 April 2021)) using the CD spectra values
ranging from 190 nm to 250 nm.

5.4.3. Comparative Modeling and Structural Analysis of Dromaserpin

The three-dimensional structure (3D) model of Dromaserpin was predicted using a
comparative modeling approach. Using its predicted amino acid sequence, we performed
a homology search among the 3D structures available in PDB database (https://www.
resb.org/ (accessed on 22 March 2020)) using BLAST from NCBI (https:/ /blast.ncbi.nlm.
nih.gov/Blast.cgi (accessed on 22 March 2020)). For homology modeling, we selected
the crystal structure of Conserpin in an uncleaved (PDB code: 5cdx) and a latent (PDB
code: 5cdz) state, which presents 40.62% identity with Dromaserpin, covering 94% of the
sequence. Aligned regions were selected using 5cdx as template on Swiss-Model online
tool (https://swissmodel.expasy.org/ (accessed on 22 March 2020)). A 3D model was
generated by PyMOL software (http://www.pymol.org/ (accessed on 22 March 2020)).
Subsequently, the overall quality of the Serpin 3D-structure models was evaluated by
analyzing each correspondent Ramachandran plot, calculated by MolProbity program
(http://molprobity.biochem.duke.edu/ (accessed on 30 September 2021)). From these
generated models, we determined the content of the secondary structure using Stride
(http:/ /webclu.bio.wzw.tum.de/cgi-bin/stride /stridecgi.py (accessed on 22 March 2020)).
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5.5. Functional Characterization of the rDromaserpin
5.5.1. Global blood Coagulation Assays

All experimental procedures were conducted as per the guidelines for the care and
use of laboratory subjects of the Butantan Institute. The study on human blood was
approved by the National Human Research Ethics Committee, Plataforma Brasil, CAAE:
33013220.4.0000.0086. Informed consent was obtained from the volunteers conferring to
the declaration of Helsinki Convention and the Brazilian Department of Health. Blood
was drawn from healthy human volunteers and collected in a test tube preloaded with
3.2% sodium citrate. Plasma was harvested immediately by centrifugation of blood at
3000x g rpm at 19 °C for 15 min. APTT, PT, and TT assays were performed by incubating
rDromaserpin with the plasma for 20 min as described elsewhere [70]. These assays
were performed using commercially available kits (STA-PTT Automate 5 for APTT, STA-
Neoplastine® CI Plus for PT and STA-Thrombin 2 for TT-STAGO, Asniéres-sur-Seine,
France), using Semi-automatic coagulation analyzer START STAGO®. Alternatively, TT
assay was also performed using FII-DP (Haematologic Technologies, Essex Junction, VT,
USA). TT was measured after pre-incubating rDromaserpin with the plasma or with 2 mU
thrombin for 1 h at room temperature. Clotting times were determined in triplicate in the
absence or presence of 0.2, 0.5, 1, and 5 uM of rDromaserpin for APTT assay and 1 and
5 uM of rDromaserpin for PT and TT assays.

5.5.2. Protease Inhibition Assays

Inhibitory activity of rDromaserpin was tested against six mammalian serine proteases
related to host defense pathways against tick feeding. The mammalian proteases tested
(per reaction) included: human factor XlIla (15 nM), human thrombin (2U), human factor
Xa (10 nM), human plasma Kallikrein (10 nM), human factor XIa (3.7 nM) and human
factor IXa (306 nM) (Enzyme Research Laboratories). Substrates were used at 0.2 mM
final concentration, including 5-2238 for thrombin, 5-2302 for factor XIla and Kallikrein,
and substrate S-2765 for factor Xa. Reagents were mixed at room temperature in technical
triplicates. Two concentrations of rDromaserpin (1 uM and 5 uM) were pre-incubated
separately with indicated amounts of the proteases listed above for 15 min at 37 °C in
20 mM Tris-HCl, 150 mM NaCl, BSA 0.1%, pH 7.4 buffer. The corresponding substrate
for each protease was added in a 100 pL final reaction volume, and substrate hydrolysis
was measured at ODyps nm every 11 s for 15 min at 37 °C using Epoch™ Microplate
Spectrophotometer (BioTeck). The inhibitory activity on factor Xla and factor IXa was
tested according to the guidelines of their correspondent kits (HYPHEN biomed, Neuville-
sur-Oise, France). Acquired ODyg5 nm data are subjected to one-phase decay analysis in
Prism 8 software to determine plateau values as proxies for initial velocity of substrate
hydrolysis Vmax or residual enzyme activity. The percent enzyme activity inhibition level
is determined using the Equation (3), where Vmaxy; is activity in presence of rDromaserpin
and Vmaxy, is activity in absence of rDromaserpin. Data are presented as mean + S.EM
of three independent replicate readings.

Vmaxy;
100 (m) x 100 3)

As thrombin was the most strongly inhibited protease, its activity was later tested
with rDromaserpin at different concentrations (1, 0.5, 0.25, 0.2, 0.1, 0.05, and 0.02 uM)
using the protocol described above. The covalent complex was visualized by incubating
1.7 uM rDromaserpin and 2U Thrombin for 1 h at room temperature. After one hour of
incubation, 10 puL of 5 x loading buffer (62.5 mM Tris -HCl pH 6.8, 3% SDS, 10% glycerol,
1.25% B-mercaptoethanol, 0.001% blue of bromophenol) were added to the mixture, and
samples were boiled for 10 min. Finally, samples were resolved on a 5-10% SDS-PAGE and
stained with Coomassie Brilliant Blue.

53



Toxins 2021, 13, 913

5.5.3. Thrombin Inhibition by rDromaserpin in the Presence of Heparin

For assays in the absence or presence of heparin, the concentration of thrombin was
held at 2U, and the concentration of rDromaserpin was maintained at 0.2 M. The stock
of unfractionated heparin concentration of 10 ug/mL used in this assay represents a
concentration of ~400 uM (taking an average molecular mass of 25,000 g/mol). Heparin
was added to the reaction in a range of 0.8-7.2 uM. Reactions were incubated for 15 min
at 37 °C in thrombin assay buffer. The chromogenic substrate S-2238 was used at a final
concentration of 0.2 mM, and residual activity was followed at OD4p5 nm.

5.5.4. Evaluation of Binding to Heparin-Sepharose Resin

The ability of rDromaserpin, thrombin and the covalent complex to bind to heparin
was evaluated using Heparin-Sepharose 6 Fast Flow affinity resin (Cytiva, Marlborough,
MA, USA). First, 50 pL of the resin was equilibrated with 200 uL of buffer A (20 mM Tris
pH 7.4, 150 mM NaCl, 0.1% BSA). In four different tubes, 32 pug rDromaserpin, 133 U
thrombin, rDromaserpin-thrombin complex, or 50 ug antithrombin III were added to the
resins in a final volume of 250 pL. The samples were incubated for 30 min with gentle
shaking. The resins were washed three times with 200 uL of buffer A to remove unbound
proteins. For elution, 1 M NaCl was added and incubated for 10 min. The resins were
pelleted by centrifugation at 1000x ¢ rpm for 5 min, and the supernatants were analyzed
by 10% SDS-PAGE.

5.5.5. Effect of rDromaserpin on Platelet Aggregation

The effect of rDromaserpin on the function of thrombin in platelets was also investi-
gated on washed platelets. To prepare washed platelets, approximately 20 mL of freshly
human blood collected from healthy donors, in a tube containing 3.8% sodium citrate,
was centrifuged at 900x g rpm for 20 min at room temperature. Platelet rich plasma
(PRP) was recuperated and 2% EDTA was added at a ratio of 1:100, followed by 2000 rpm
centrifugation for 15 min at room temperature. The pellet containing platelets was resus-
pended in 10 mL of wash buffer (140 mM NaCl, 10 mM NaHCO3, 2.5 mM KCl, 0.49 mM
NayHPOy4, 1 mM MgCly, 22 mM Sodium Citrate, 52.23 mM BSA-dissolved in 100 mL
of water, pH adjusted to 6.5 with HCI), and centrifuged at 2000x g rpm for 15 min at
room temperature. The wash step was repeated twice under the same conditions. The
supernatant was discarded and the pellet resuspended in 2 mL of Tyrode buffer (1 mM
CaCly, 134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na,HPOy4, 1 mM MgCl,,
10 mM HEPES-pH adjusted to 7.4 with HCl. Add glucose 1% at the time of use). The
aggregometer (CHRONO-LOG® Model 700, Havertown, PA, USA), was calibrated with
Tyrode buffer containing glucose. To determine the effect of rDromaserpin on platelet ag-
gregation, 10 uM rDromaserpin or equal volume of 1 x PBS buffer pH 7.4, 1, 10% glycerol
were pre-incubated for 10 min at 37 °C, with agonist 1 ug /mL NIH-U thrombin in a 50 pL
reaction. Platelet aggregation was induced following the addition of pre-warmed washed
platelets in a final volume of 500 uL. Platelet aggregation was monitored for 6 min and the
percentage of platelet aggregation inhibition was deduced using The AGGRO/LINK®8
program. Data are presented as mean 4 S.E.M. of triplicate platelet aggregation assays.

5.6. Statistical Analysis

Data are presented as the mean + S.E.M unless indicated otherwise and statistical
significance was calculated for at least three independent experiments employing the
Student’s t-test, using GraphPad Prism 8.0 software (GraphPad Software, Inc., San Diego,
CA, USA). p-values < 0.05 were considered to be statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13120913/s1. Table S1: GenBank accession numbers of serpins used in the phylogenetic
analysis; Figure S1: CD spectrum analysis by the BesSel program; Figure S2: Cartoon represen-
tations of the secondary elements in the active model of Dromaserpin; Figure S3: Ramachandran
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plot of Dromaserpin Model with an exposed RCL, generated by MolProbity program; Figure S4:
Ramachandran plot of Dromaserpin Model with an inserted RCL, generated by MolProbity program.
References [32,34,47,50,71-78] are cited in the supplementary materials.
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Abstract: Crotalphine (CRP) is a structural analogue to a peptide that was first identified in the
crude venom from the South American rattlesnake Crotalus durissus terrificus. This peptide induces a
potent and long-lasting antinociceptive effect that is mediated by the activation of peripheral opioid
receptors. The opioid receptor activation regulates a variety of intracellular signaling, including
the mitogen-activated protein kinase (MAPK) pathway. Using primary cultures of sensory neurons,
it was demonstrated that crotalphine increases the level of activated ERK1/2 and JNK-MAPKSs
and this increase is dependent on the activation of protein kinase C¢ (PKC(). However, whether
PKC(-MAPK signaling is critical for crotalphine-induced antinociception is unknown. Here, we
biochemically demonstrated that the systemic crotalphine activates ERK1/2 and JNK and decreases
the phosphorylation of p38 in the lumbar spinal cord. The in vivo pharmacological inhibition of
spinal ERK1/2 and JNK, but not of p38, blocks the antinociceptive effect of crotalphine. Of interest,
the administration of a PKC( pseudosubstrate (PKC( inhibitor) prevents crotalphine-induced ERK
activation in the spinal cord, followed by the abolishment of crotalphine-induced analgesia. Together,
our results demonstrate that the PKC(-ERK signaling pathway is involved in crotalphine-induced
analgesia. Our study opens a perspective for the PKC(-MAPK axis as a target for pain control.

Keywords: analgesic peptide; protein kinase C; hyperalgesia; cell-signaling

Key Contribution: Crotalphine-induced analgesia is mediated by down-regulation of p38-MAPK
and up-regulation of PKC(-MAPK signaling pathway.

1. Introduction

Crotalphine, a structural analogue to an antinociceptive peptide that was first identi-
fied in the crude venom from the South American rattlesnake Crotalus durissus terrificus,
induces a potent and long-lasting antinociceptive effect, mediated by the activation of
peripheral opioid receptors [1]. Unlike opioids, treatment with crotalphine for several days
does not induce tolerance and withdrawal symptoms. Crotalphine is not an opioid receptor
agonist, however, this peptide induces the release of dynorphin A that activates peripheral
kappa opioid receptors (KOR) [2]. More recently, attempting to identify the direct molecu-
lar targets of crotalphine in pain pathways, it was demonstrated that this peptide partially
activates and desensitizes the TRPA1 ion channel at subnanomolar concentrations and this
effect is critical for the peptide’s analgesic effect [3].

Mitogen-activated protein kinases (MAPKSs) transduce a multiple extracellular stim-
ulus into intracellular effects by modifying the transcription, as well as inducing post-
translational changes in target proteins. There are three major members in the MAPK
family: extracellular signal-regulated kinases (ERK) 1/2, C-Jun N-terminal kinase (JNK)
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and p38, which represent three different signaling pathways [4]. The emerging evidence
suggests that MAPKs are involved in nociception and in the development of side effects
of drugs, such as morphine. In this regard, peripheral inflammation or nerve injury are
followed by spinal activation of ERK1/2, JNK and p38 that seems to increase neuronal
excitability and up-regulate transcriptional factors involved in nociception [5]. However,
the ERK1/2-signaling activation is essential for morphine and KOR agonists-mediated
analgesia in rodents, suggesting that ERK activation may also positively affect the pain
outcome [6,7].

It is known that crotalphine increases the level of activated ERK and JNK in cultured
sensory neurons from the dorsal root ganglia (DRG) and the ERK levels increase is depen-
dent on the activation of KOR and the protein kinase C¢ (PKCJ() [8]. However, whether the
PKC(-MAPK signaling pathway is involved in crotalphine-induced antinociception has
not yet been evaluated in vivo. Considering that crotalphine has a potent and long-lasting
analgesic effect in rodents, identifying the intracellular signaling mechanisms responsible
for the peptide effects may provide insights to guide the development of better analgesics.
Thus, using biochemical and pharmacological strategies, we sought to investigate the role
of MAPK in crotalphine-induced antinociception.

2. Results
2.1. PGE; Is Responsible for the Long-Lasting Antinociceptive Effect Induced by Crotalphine

The data show that the magnitude of the crotalphine antinociceptive effect depends on
tissue inflammation [8]. Therefore, we first characterized the effect of one single systemic
administration of crotalphine on naive rats and rats sensitized with an intraplantar injection
of Prostaglandin E; (PGE,) at day one. The mechanical threshold was assessed 1 h after
crotalphine (3 h after PGE;) and every day for 8 days (192 h) (Figure 1A). The intraplantar
injection of PGE, (100 ng/paw) induced a significant decrease in the mechanical threshold
with a peak response occurring 3 h after the administration, compared with the basal
values obtained before any treatment, which characterize hypersensitivity. The systemic
administration of crotalphine (20 ng/kg or 1 ug/kg, p.o.) blocked the PGE;-induced
hypersensitivity and increased the nociceptive threshold of the animals when compared
with the basal values (analgesia). This effect is detected at 3 h and lasts until 120 h (5 days)
after one single administration of crotalphine (Figure 1B). Next, we tested the crotalphine
effect in non-sensitized (naive) rats. A single administration of crotalphine (20 ng/kg
and 1 pg/kg, p.o.) induces a significant increase in the mechanical nociceptive threshold
(analgesia), starting at 3 h and lasting until 5 h after treatment, when compared with the
baseline. A lower dose of crotalphine (8 pg/kg, p.o.) did not change the mechanical
threshold (Figure 1C). As expected, no difference in the nociceptive threshold was detected
in rats treated with saline (control). Together, these results demonstrate that a single
administration of PGE,; enhances and prolongs crotalphine-induced analgesia.

2.2. Crotalphine Increases the Spinal ERK and [NK and Decreases p38 Activation

In order to investigate the potential mechanisms involved in the antinociception
induced by systemic crotalphine, we sought to determine whether crotalphine interferes
with the expression and phosphorylation of ERK, JNK and p38 (Figure 2A). Importantly,
since the inhibition of MEK, an up-stream MAPK kinase, blocks PGE; induced hyperalgesia,
the following experiments were conducted in naive rats, i.e., without sensitization to focus
on the mechanism involved in crotalphine-induced analgesia [7]. Moreover, we selected
the 1 nug/kg dose of crotalphine for the next experiments.
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Figure 1. Effect of crotalphine in the mechanical nociceptive threshold of sensitized and non-sensitized rats. (A) Schematic
representation of treatment and rat paw pressure test. (B) PGE, (100 ng/paw) was injected 2 h before the oral crotalphine
administration and nociceptive threshold was assessed before (0) and 3, 24, 48, 72, 96, 120, 144, 168 and 198 h after the PGE,
injection. Data are presented as mean & SEM. * significantly different from baseline. # significantly different from the saline
+ PGE, group, n = 6 per group (p < 0.05). (C) Nociceptive threshold was obtained before (0) and 1, 3, 5, 24, 48, 72, 96, 120,
144, 168 and 198 h after the oral administration of crotalphine. Data are presented as mean + SEM. * significantly different
from the saline group, n = 5 per group (p < 0.05). The observer was blinded to the experimental conditions.
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Figure 2. Systemic crotalphine administration increases ERK1/2 and JNK and decreases p38 phosphorylation levels
in the spinal cord. (A) Schematic representation of treatment and immunoblot. (B) Representative blots showing the
phosphorylated and total ERK1/2, JNK and p38 levels in the total lysate of spinal cord. Changes in protein expression of
ERK 1/2 (C), JNK (D) and p38 (E) MAPKs at different time points were determined by Western blot analysis in lumbar
spinal cord extracts from crotalphine or saline-treated rats. Graphs represent the ratio between the phosphorylated protein
and the total amount of the targeted protein. Data are presented as mean + SEM and expressed as % of control (saline)
animals. * significantly different from mean values of saline treated animals, n = 6 per group (p < 0.05). ** significantly
different from mean values of saline treated animals, 1 = 6 per group (p < 0.01). *** significantly different from mean values
of saline treated animals, 1 = 6 per group (p < 0.001). The observer was blinded to the experimental conditions.
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Crotalphine increases the activation of ERK1/2 in the lumbar spinal cord at 1, 3 and
5 h after administration, when compared with saline-treated rats (Figure 2B,C). Crotalphine
also increases the levels of JNK phosphorylation at 1 and 5 h (Figure 2B,D). Conversely,
crotalphine decreased the phosphorylation of p38 for up to 96 h after administration
(Figure 2B,E). Together, these data indicate that ERK1/2 and JNK are activated in the period
in which crotalphine is inducing analgesia, whereas p38 is repressed for a longer period.

2.3. Spinal ERK and JNK Activation Participates in Crotalphine-Induced Analgesia

To evaluate the functional significance of the increased MAPKSs activation in the
antinociceptive effect of crotalphine, we used a pharmacological MEK inhibitor (MAPK-I,
PD98059) (Figure 3A). First, to investigate whether the peripheral MAPKSs participate in
crotalphine-induced analgesia, the inhibitor was injected by an intraplantar route in two
different doses (15 and 30 pg/paw). MAPK-I did not interfere with crotalphine-induced
antinociception (Figure 3B). However, the intrathecal MAPK-I injection (30 ug) completely
reversed crotalphine-induced mechanical analgesia, showing that spinal MAPKs, but not
intraplantar, are involved in crotalphine’s beneficial effects (Figure 3C). We next examined
which MAPK would be responsible for the crotalphine effects.
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Figure 3. Spinal MAPKs are involved in crotalphine-induced analgesia. (A) Schematic representation of treatment
and behavior assay. Nociceptive threshold was obtained in the rat paw pressure test before (0) and 3 h after systemic
administration of crotalphine (CRP, 1 ug/kg). MEK inhibitor (MAPK-I) was administered immediately after crotalphine (B)
intraplantarly or (C) intrathecally. Data represent mean values + SEM. * significantly different from baseline (dotted line),
n =6 per group (p < 0.05). The observer was blinded to the experimental conditions.

The ERK-T and JNK-I intrathecal administration prevented the antinociceptive effect of
crotalphine. Nevertheless, the p38 inhibitor did not interfere with crotalphine-induced analgesia
(Figure 4B). The control animals injected with the inhibitors alone did not display changes in
the nociceptive threshold [7]. Together, these results indicate that crotalphine-induced ERK and
JNK activation is responsible, at least in part, for the analgesic effect of this peptide.

2.4. Spinal PKC{ Is Involved in the Antinociceptive Effect of Crotalphine

The activation of the k-opioid receptor increases the phosphorylation of MAPKs
(ERK1/2 and JNK) in neuronal and non-neuronal cells [6,9]. In addition, pretreatment of
sensory neurons (DRG cells) with a PKC( pseudosubstrate abolishes crotalphine-mediated
ERK1/2 and JNK phosphorylation [8]. Based on this data and on the results showing
that spinal ERK1/2 and JNK are involved in crotalphine-induced analgesia, we further
investigated whether PKC( plays a role in crotalphine effects. To examine the PKC(
participation on the mechanical nociceptive threshold, we used the PKC( pseudosubstrate,
which selectively inhibits the atypical PKC( isozyme [8,10]. The PKC( pseudosubstrate
was injected by an intrathecal route (3 ng) [11] before the crotalphine administration
(Figure 5A). As shown in Figure 5B, the analgesia induced by crotalphine was completely
abolished by the PKC( pseudosubstrate.
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Figure 4. ERK1/2 and JNK inhibitors prevent crotalphine-induced analgesia. (A) Schematic representation of the experi-
mental procedure. (B) Nociceptive threshold was assessed in the rat paw pressure test before (0) and 3 h after systemic
administration of crotalphine (1 ug/kg) with concomitant intrathecal injection of the ERK inhibitor (ERK-I, 30 pg/30 puL),
JNK inhibitor (JNK-I, 30 pg/30 uL) or p38 inhibitor (p38-I, 30 ng/30 uL). Data represents mean values 4= SEM. * significantly
different from baseline (dotted line), 1 = 6 per group (p < 0.05). The observer was blinded to the experimental conditions.
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Figure 5. PKC( mediates crotalphine-induced ERK1/2 activation and antinociception. (A) Schematic representation of
paw pressure test and experimental procedure. (B) PKC( pseudosubstrate (C¥ substrate; 3 ug/30 pL) was intrathecally
injected 15 min before systemic crotalphine administration (1 ng/kg) and nociceptive threshold was assessed before PKC(
pseudosubstrate injection and 1 h after crotalphine treatment. Data represents mean values 4+ SEM. *significantly different
from baseline (dotted line), n = 6 per group (p < 0.05). (C) Representative blots showing the phosphorylated and total
ERK1/2 and JNK levels in the total lysate of the spinal cord. ERK1/2 (D) and JNK (E) MAPKSs were determined by Western
blot analysis in lumbar spinal cord extracts from rats treated with crotalphine and the PKC( pseudosubstrate. Graphs
represent the ratio between the phosphorylated protein and the total amount of the targeted protein. Data are presented as
mean £ SEM and expressed as % of control (TAT + saline) animals. * significantly different from mean values of TAT + saline
treated animals, 1 = 6 per group (p < 0.05). ** significantly different from mean values of TAT + saline treated animals, 1 = 6
per group (p < 0.01). The observer was blinded to the experimental conditions.
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Finally, to examine the direct role that PKC( plays in the activation of the MAPKSs by
crotalphine, we used the PKC( pseudosubstrate and performed the biochemical studies.
Our results show that PKC( inhibition prevents crotalphine-induced ERK1/2 activation
(Figure 5D), without interfering with the JNK (Figure 5E). These data suggest that spinal PKC(
activation mediates crotalphine-induced ERK1/2 activation that culminates in analgesia.

3. Discussion

Crotalphine, a 14-amino acid peptide isolated from C. d. terrificus venom, has a potent,
long-lasting and KOR-mediated antinociceptive effect [1,8,12,13]. In the present study, we
showed that a single systemic administration of crotalphine induces analgesia for 5 h in
non-sensitized rats. Moreover, when the peptide is administered in PGE; sensitized rats, a
potent antinociceptive effect is detected for 5 days. Importantly, the peptide did not induce
delayed hypersensitivity, which is a decrease in the nociceptive threshold that follows the
analgesic effect, a side effect frequently produced by systemic morphine [7,14]. Together,
these results confirm the previous finding showing that a peripheral sensitization enhances
the antinociceptive effects of opioid-like drugs [8].

Several preclinical studies have shown that opioids activate the MAPK pathway [9,15-17]
and this activation is usually associated with cellular stress, inflammation and activation of
the sensory neuron that ultimately contribute to nociception [18,19]. However, the use of
MAPK inhibitors as analgesics in humans is controversial [20] and the clinical trials involve
mainly p38 inhibitors [21,22]. Here, we revealed that spinal ERK1/2 and JNK are activated
at the same time period that crotalphine induces analgesia. Importantly, the pharmacologi-
cal disruption of these kinases is sufficient to blunt the antinociceptive effect. Although
several studies have shown that the activation of opioid receptors leads to ERK1/2 and
JNK activation [23,24], there are few studies correlating the MAPK pathway with analgesia.
Recently, Abraham and co-workers (2018) showed that the ERK1/2 signaling is required
by KOR agonists to induce analgesia, since the agonist efficacy was reduced in females
with estrogen-induced ERK1/2 impairment [6]. Of interest, one systemic dose of morphine
in rats promotes analgesia through spinal ERK activation [7], however, whether this effect
is mediated by KOR is unknown. Together, these studies suggest that regardless of its
up-stream signaling, the same MAPK can activate different signaling pathways simultane-
ously (essential and detrimental) and therefore affects the effectiveness of MAPK inhibitor
as analgesics.

As mentioned before, crotalphine activates ERK1/2 and JNK in cultured sensory
neurons mediated by KOR since the selective opioid receptor antagonist, Nor-BNI, pre-
vents this effect [8]. In the present study, we did not check whether KOR is involved in
crotalphine-induced ERK1/2 and JNK activation; however, crotalphine induces the release
of dynorphin A that activates KOR in vivo [2].

Unlike what was observed for ERK and JNK, the basal levels of spinal p38 phospho-
rylation were decreased for at least 96 h after crotalphine administration. As expected,
the p38 inhibitor did not interfere with the peptide effect. The phosphorylation of p38 is
crucial for the activation of the transcription factors that are involved with the synthesis of
pro-inflammatory cytokines and neuromediators, such as calcitonin gene-related peptide
(CGRP) and substance P [25-27]. Aiming to investigate the mechanisms involved in the
crotalphine long-lasting effect, we tracked the MAPK levels in the spinal cord for 96 h.
Our biochemical data confirm the behavioral results showing that crotalphine may have
a prolonged inhibitory effect that lasts up to 96 h. However, there is a limitation in our
study since the phosphorylation levels in PGE;-sensitized animals was not determined.
However, we can speculate from the results obtained with naive rats that p38 inhibition
may contribute to the long-lasting crotalphine-induced analgesia in sensitized rats. Further
studies are needed to address this interesting effect.

PKC activation represents an early signaling element in the opioid pathways to
ERK and the PKC( isoform is responsible for mediating KOR-induced ERK phospho-
rylation [9,15,28]. Additionally, cell culture assays have shown that crotalphine-induced
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phosphorylation of ERK1/2 and JNK requires PKC( activation [8]. Thus, to confirm the con-
tribution of PKC( in crotalphine-induced antinociception, we injected the PKC( pseudosub-
strate intrathecally, which selectively inhibits the atypical PKC( isozyme, in non-sensitized
rats. Our results demonstrate that PKC( activation is involved in crotalphine-induced
analgesia since the PKC( pseudosubstrate prevented the antinociception. Moreover, West-
ern blot analyses showed that the PKC( pseudosubstrate decreased the levels of ERK1/2
phosphorylation, but not of JNK, which was increased in the lumbar spinal cord of rats
treated with crotalphine. These results are consistent with the previous data showing that
crotalphine activates ERK via PKC( in cultured sensory neurons [8]. The absence of effect
on JNK phosphorylation does not exclude that this pathway is modulated by PKC(, since
in sensitized sensory neuron cultures this kinase is inhibited by crotalphine. Moreover, it
is important to mention that, given the short half-life of the PKC( pseudosubstrate, the
crotalphine effects were assessed at 1h after treatment.

Additional studies are required to understand which molecules and/or signaling
pathways are being modulated by these kinases. However, it is possible that crotalphine
and maybe KOR-agonists use PKC(/ERK1/2 signaling pathway to regulate transcription
factors that are essential for the expression of receptors/channels and/or activation of
others signaling pathways, which are involved with antinociception [19,23,29,30]. For
example, MAPK phosphorylation activates transcription factors, such as cAMP responsive
element binding protein (CREB), which regulates dynorphin gene expression [30,31].

A number of limitations to our study should be noted; for example, we did not
investigate whether crotalphine crosses the blood-brain barrier and directly acts on the
spinal cord. We also did not demonstrate whether the effect detected in spinal cord
tissue is a consequence of a peripheral action, for example, the peptide acting on sensory
fiber synapses with the spinal cord neurons. Further studies are necessary to address
these questions.

Taken together, our findings show that crotalphine induces analgesia by down-
regulating p38 signaling pathways and activating ERK and JNK in the spinal cord via
PKCC. These results contribute to the understanding of the molecular mechanisms that are
involved in the analgesic effect of drugs with opioid activity and opens a perspective for
the PKC(-MAPK axis as a target for pain control.

4. Conclusions

In conclusion, our findings demonstrate that a single analgesic dose of crotalphine
results in activation of ERK and JNK, and this phenomenon is mediated by PKC( activation.
Targeting the PKC(-MAPK axis may become an interesting therapeutic alternative to
induce analgesia.

5. Materials and Methods
5.1. Animals

In this study, we used male Wistar rats weighting between 170 and 190 g. The rats
were housed in an environment with temperatures of 21 + 2 °C, and light-controlled with
a 12 h/12 h light/dark cycle. Standard food and water were available ad libitum. The
procedures were performed according to the guidelines for the ethical use of conscious
animals in pain research, following the International Association for the Study of Pain [32].
This study was approved by the Institutional Animal Care Committee of the Butantan
Institute (CEUAIB, protocol number 9766020419 (date of approval 19 March 2014) and
1245/14 (date of approval 17 April 2019)). The ARRIVE guidelines was followed while
conducting the study.

5.2. Chemicals and DrugAadministration

Crotalphine (<E-F-S-P-E-N-C-Q-G-E-S-Q-P-C, where <E is pyroglutamic acid and a
disulfide bond between 7C-14C) was synthesized as described by Konno et al. (2008) [1]
by the American Peptide Co. (Sunnyvale, CA, USA). The peptide was stored lyophilized
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at —20 °C until use. For the stock solutions, the peptide was dissolved in sterile distilled
water and then diluted in sterile saline immediately before the experiments. Crotalphine
at doses of 8 pg/kg, 20 ng/kg or 1ug/kg (oral route) was administered 60 min before the
first nociceptive evaluation. PGE, was purchased from Sigma Chemical Co. (St. Louis,
MO, USA) and was prepared as previously described [7]. The PGE, was injected (100
ng/paw) in a volume of 100 uL with 0.2% of ethanol [8]. ERK inhibitor (ERK-I), p38
inhibitor (SB20358; p38-I) and JNK inhibitor (SP660125; JNK-I), were dissolved in 5%
dimethyl sulfoxide (DMSO) and administered intrathecally (i.t.) at the dose of 30 ug.
PD98059, a MEK inhibitor, was dissolved in 5% DMSO and administered intraplantarly
(i.pl) (10 or 30 pg/paw) or intrathecally (30 ug) [33]. The peptide (-pseudosubstrate
([CISIYRRGARRWRKLYRAN; amino acids 105-121 in ¢-PKC) was synthesized by Zhejiang
Ontores Biotechnologies Co. (Hangzhou, Zhejiang, China) and fused to the cell permeable
TAT peptide (YGRKKRRQRRR) transduction domain peptide. The control group received
the TAT peptide (American Peptide Co., Sunnyvale, CA, USA). Stock solutions were made
in sterile distilled water and diluted in sterile saline. This peptide was administered
intrathecally at the dose of 3 ug. In summary, for these intrathecal injections, the animals
were anesthetized with 2% isoflurane and the needle was placed in the subarachnoid space
on the midline between L4 and L5 vertebrae [34], with a maximum volume of 50 pL. The
animals recovered consciousness approximately 1 min after discontinuing the anesthetic.

5.3. Behavioral Assessment
Evaluation of the Antinociceptive Effect

The behavioral tests were performed between 9:00 am and 4:00 pm. To assess the
mechanical nociceptive threshold, we used the rat paw pressure test [35] (Ugo Basile, VA,
Italy). The pressure was recorded before and for up to 192 h after the crotalphine treatment
or PGE; injection. Testing was conducted blind to the group designation. To reduce stress,
the rats were habituated to the testing procedure a day before experimentation. In this test,
an increasing amount of force (measured in g) was applied to the hind paw of the rat and
interrupted when the animal withdrew the paw. The force necessary to induce this reaction
was recorded as the mechanical nociceptive threshold. A maximum pressure of 250 g (i.e.,
cut-off) was established to avoid damage to the paw.

5.4. Biochemical Studies
Western Blot Analysis

Spinal cord tissues (L4-L6) were collected and homogenized in a lysis buffer contain-
ing a protease and phosphatase inhibitor cocktail (Sigma-Aldrich). Protein concentrations
of the samples were determined using a Bradford assay [36]. Total protein of 30 ug was
separated on SDS-PAGE gel (10% gradient gel) and transferred to nitrocellulose membranes
(BioRad, Santo Amaro, SP, Brazil). The membranes were blocked for 120 min with 5%
bovine serum albumin (BSA) or non-fatty milk and incubated overnight at 4 °C with a pri-
mary antibody against phospho-ERK, phospho-JNK, phospho-p38 or non-phosphorylated
forms of these proteins (1:1000; Cell Signaling Technology, Danvers, MA, USA). The
membranes were then incubated in the correspondent peroxidase-conjugated secondary
antibody (1:5000; antirabbit or antimouse, Sigma-Aldrich, St. Louis, MO, USA, cat. num-
bers A0545 and A8919, respectively) for 120 min at room temperature. The enhanced
chemiluminescence method was used to develop the filters (Amersham GE Healthcare
Bio-Sciences Corp.; Piscataway, NJ, USA). The densitometric data were analyzed using the
UVITEC Cambridge software (UVITEC Cambridge, Cambridge, UK) and normalized to
the total protein (not phosphorylated).

5.5. Statistical Analyses

Statistical analysis was performed using GraphPad Prism 8 program (GraphPad
Software Inc., San Diego, CA, USA). The results are presented as the mean + SEM. The sta-
tistical evaluation of the data was performed using two-way analysis of variance (ANOVA)
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with post hoc testing by Tukey for Figures 1, 3, 4 and 5B. Figures 2 and 5D,E were ana-
lyzed using One-way ANOVA followed by Tukey’s post hoc test. A value of p < 0.05 was
considered significant.
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Abstract: Bitis arietans is a snake of medical importance found throughout sub-Saharan Africa and in
savannas and pastures of Morocco and western Arabia. The effects of its venom are characterized by
local and systemic alterations, such as inflammation and cardiovascular and hemostatic disturbances,
which can lead to victims’ death or permanent disability. To better characterize the inflammatory
process induced by this snake’s venom, the participation of eicosanoids and PAF (platelet- activating
factor) in this response were demonstrated in a previous study. In addition, edema and early
increased vascular permeability followed by an accumulation of polymorphonuclear (PMN) cells
in the peritoneal cavity were accompanied by the production of the eicosanoids LTB4, LTCy4, TXB,,
and PGE,, and local and systemic production of IL-6 and MCP-1. In this context, the present study
focused on the identification of inflammatory mediators produced by human macrophages derived
from THP-1 cells in response to Bitis arietans venom (BaV), and Kn-Ba, a serine protease purified
from this venom. Here, we show that Kn-Ba, and even the less intensive BaV, induced the production
of the cytokine TNF and the chemokines RANTES and IL-8. Only Kn-Ba was able to induce the
production of IL-6, MCP-1, and IP-10, whereas PGE; was produced only in response to BaV. Finally,
the release of IL-1f in culture supernatants suggests the activation of the inflammasomes by the
venom of Bitis arietans and by Kn-Ba, which will be investigated in more detail in future studies.

Keywords: Bitis arietans venom (BaV); Kn-Ba; inflammation; cytokines and chemokines; PGE;;
THP-1 macrophages

Key Contribution: Inflammation is closely related to the development of local and systemic delete-
rious effects due to snake envenomation. Therefore, comprehension of the molecular mechanisms
involved in this process is a valuable tool to establish efficient complementary therapies. In this
context, this study showed, for the first time, that BaV and Kn-Ba induced the production of different
inflammatory mediators, such as cytokines, chemokines, and lipid mediators by THP-1 macrophages.
Among these mediators, the production and release of the cytokine IL-13 must be highlighted, as it
indicates the possible involvement of inflammasomes in Bitis arietans envenomation.

1. Introduction

The global burden of snake envenoming is estimated at around 400,000 cases/year,
with 20,000 deaths/year. Due to poor notifications, 1,800,000 envenomations/year and
94,000 deaths/year may occur [1]. It is estimated that, on the African continent, more
than 60% of these accidents happen in sub-Saharan Africa, of which 95% occur in rural
regions, leading to about 12,000 to 32,000 deaths and more than 9000 amputations related
to post-envenoming complications [1,2].
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Except in some islands, at high altitudes, and in regions with long-lasting snow sea-
sons, venomous snake species are distributed worldwide, living naturally in intimate
contact with human populations [3]. In the different global regions, the number of ven-
omous snake species is large and varied. In the Middle East and North Africa, 17 snake
species are found, and in sub-Saharan Africa, encompassing the Central, East, South, and
West regions of the African continent, 26 species are found. Among these snakes, the
Bitis genus includes six species, which, due to the number and severity of envenomation
incidents, are important: B. arietans, B. somalica, B. parviocula, B. gabonica, B. rhinoceros,
and B. nasicornis [4-6]. B. arietans is found in North Africa and in all sub-Saharan regions
and is considered one of the most relevant snakes of medical importance in the African
continent [4,7-9].

Local and systemic symptoms are observed in human victims of Bitis arietans bite.
Intense pain, blistering, edema, ecchymosis, hemorrhage, draining lymph node hyper-
trophy, and necrosis are the common local symptoms. The systemic symptoms are fever,
neutrophilic leukocytosis, thrombocytopenia, hemolysis, and bleeding. These systemic
symptoms result in anemia, lower resistance to infections, diffuse hemorrhages, myocardial
injury, coagulopathy, blood hypotension, and sometimes permanent injury of the affected
body regions. All of these can cause death [9-13].

The Bitis arietans venom (BaV) is a complex mixture of proteins (90-95%), peptides,
carbohydrates, nucleic-acid-derived segments, metallic cations, biogenic amines, lipids,
and free amino acids. Among the proteins, there are substantial quantities of enzymes,
such as snake venom serine proteases (SVSPs), snake venom metalloproteases (SVMPs),
and phospholipase-A,. Aside from some non-enzymatic proteins such as disintegrins,
type-C lectins, cystatins, and type-Kunitz protease inhibitors are also found [14-17]. More
recently, our group showed the presence of some new and already known proline-rich
peptides in BaV, also known as bradykinin-potentiating peptides (BPPs) [18].

Among the most common components of BaV are proteases, specially SVSPs and
SVMPs, which represent 58% of the venom composition [15-17]. These two protease
classes, already studied in other snake venoms, such as Bothrops atrox [19-21] and Bothrops
jararaca [22-24], have been identified as important toxins for the local and systemic effects
observed in envenomation.

Due to the importance of these molecules, our group has been working on the purifi-
cation and characterization of SVSPs and SVMPs present in the BaV. Thus, initially, a serine
protease with fibrinogenolytic and kinin-releasing activities, named Kn-Ba, was purified
and characterized in vitro. Kn-Ba is also recognized by antibodies (Abs) present in the
horse-serum anti-Bitis spp. venoms [25].

Based on the importance of the inflammatory process in snake envenomation [11,23,26-29],
the in vivo inflammation induced by BaV was studied in mice peritoneal cavities. BaV
induced local tissue vessel dilatation followed by plasma infiltration; erythrocytes and
neutrophils accumulation with simultaneous production of the eicosanoids LTBy, LTCy,
TXB;, and PGEy; as well as the local and systemic production of IL-6 and MCP-1. In general,
this study demonstrated that the BaV contains toxins that trigger the inflammatory process,
which is partially dependent on lipid mediators [30].

In this context, aiming to better understand the inflammatory mechanisms involved in
Bitis arietans envenomation, the present study focused on the identification of inflammatory
mediators induced by BaV and Kn-Ba in human macrophages differentiated from THP-1
cells (THP-1 macrophages).

2. Results
2.1. THP-1 Macrophage Differentiation

Human non-adherent pre-monocytes of the THP-1 lineage were cultured in supple-
mented RPMI medium at a density of 2-8 x 10° cells/mL (Supplementary Figure S1A).
In these conditions, the cells grew in clumps and showed a high rate of proliferation,
doubling the number of cells within 2-3 days. When the cells reached high concentra-
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tions, not exceeding 1 x 10° cells/mL, live cells were differentiated in macrophages using
PMA (Supplementary Figure S1B). In contrast to monocytes, differentiated macrophages
become adherent and relatively larger than undifferentiated cells, stopping proliferation
and spreading.

To confirm the differentiation, the expression of CD11b was evaluated by flow cytom-
etry. CD11b, which together with CD18 forms the inactive C3b (iC3b) receptor, known
as CR3 receptor, has been reported to be induced during differentiation of monocytes
into macrophages. CR3 has important functions both as an adhesion molecule and a
membrane receptor mediating recognition of different ligands [31-33]. As showed in
Supplementary Figure S1C, only differentiated macrophages expressed CD11b, confirming
the differentiation of these cells for further treatments.

2.2. Total Protein and Endotoxin Contents Determination in BaV and Kn-Ba

For THP-1 macrophage treatments, stimuli stock solutions were prepared at a concen-
tration of 5 mg/mL (BaV) and 26 pg/mL (Kn-Ba) in sterile PBS, pH 7.2. The determined
endotoxin concentrations were <0.1 UE/ g in both samples, which can be considered as
an acceptable endotoxin level [34].

2.3. Effects of BaV and Kn-Ba on THP-1 Macrophage Viabilities

To evaluate the cytotoxic effects caused by treatments with BaV and Kn-Ba, the
release of lactate dehydrogenase (LDH) in culture supernatants was evaluated. After the
incubation with 0.5-15 ug of BaV and 0.5-1 ug of Kn-Ba for 24 h, 48 h, and 72 h, cell viability
was greater than 90% (Supplementary Figure S2).

2.4. BaV Induces the Production of TNF and IL-1p in THP-1 Macrophages

The concentration of cytokines IL-1f3, IL-6, IL-10, IL-12, and TNF were evaluated
on cell-free supernatants by CBA (Cytometric Bead Array) after 24 h, 48 h, and 72 h of
treatments with BaV. As shown in Figure 1, BaV induced the production of TNF and IL-1(3
in a concentration-dependent manner. The production of TNF was detected only after 24 h
in response to the two highest doses of BaV (10 ug and 15 pg/well). On the other hand,
the maximum production of IL-1§3, also in response to the two highest doses of BaV, was
reached in 24 h, then decreased after 48 h and 72 h of treatment. BaV did not induce the
production of IL-6, IL-10, or IL-12.
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Figure 1. Cytokine production in THP-1 macrophages induced by BaV. THP-1 macrophages (2 x 10° cells/well) were
treated with different concentrations of BaV (0.5 to 15 ug/well) to induce cytokine production. Cells incubated only
with culture medium were used as control. After 24 h, 48 h, and 72 h, the cytokine production was evaluated in culture
supernatant by CBA. (a) TNF and (b) IL-1§3. Results expressed as mean of duplicates & SEM and analyzed by one-way

ANOVA followed by Tukey’s post-test (each period compared with respective control) or two-way ANOVA followed by
Tukey’s post-test (comparison between different periods of treatment). (*) Significant difference in relation to the respective
control. (#) Significant difference between concentrations of BaV on each period. Symbols indicate differences between
periods of treatment: (x) difference of 48 h or 72 h compared to 24 h; () difference from 72 h to 48 h. p < 0.01 (**);
p <0.001 (**); and p < 0.0001 (**** and ####).

2.5. BaV Induces the Production of RANTES and IL-8 in THP-1 Macrophages

As the two highest doses of BaV (10 and 15 ug/well) were able to induce the cytokines
production without affecting the cell viability, these doses were selected to evaluate the
production of chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/MCP-1,
and CXCL10/TP-10 in cell-free supernatants by CBA after 24 h, 48 h, and 72 h of treatments
with BaV. BaV induced the production of RANTES and IL-8. RANTES was produced
in a dose-dependent manner after 24 h, decaying thereafter. IL-8, in contrast, started to
be produced—also in a dose-dependent manner—mainly after 48 h and continuing after
72 h (Figure 2). BaV did not induce the production of CXCL9/MIG, CCL2/MCP-1, and
CXCL10/1P-10.

2.6. Kn-Ba Induces the Production of TNF, IL-6, and IL-1p in THP-1 Macrophages

The concentrations of cytokines IL-1f3, IL-6, IL-10, IL-12, and TNF were evaluated on
cell-free supernatants by CBA after 24 h, 48 h, and 72 h of treatments with Kn-Ba. Kn-Ba
induced the production of TNF and IL-1f3, and, unlike BaV, it was also able to induce IL-6
production. At the two doses used (0.5 and 1 pug), Kn-Ba induced the production of these
chemokines in concentration-dependent manners. The TNF and IL-6 production were
detected after 24 h, decreasing thereafter, whereas the production of IL-1 3 was accentuated
after 48 h and maintained after 72 h (Figure 3). Kn-Ba did not induce the production of
IL-10 or IL-12.

2.7. Kn-Ba Induces the Production of IP-10, MCP-1, RANTES, and IL-8 in THP-1 Macrophages

The concentrations of chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/
MCP-1, and CXCL10/IP-10 were evaluated in cell-free supernatants by CBA after 24 h,
48 h, and 72 h of treatments with Kn-Ba (0.5 and 1 pg). Just like BaV, Kn-Ba induced the
production of RANTES and IL-8, but was also able to induce the production of IP-10 and
MCP-1, in time- and concentration-dependent manners (Figure 4).
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Figure 2. Chemokine productions in THP-1 macrophages induced by BaV. THP-1 macrophages
(2 x 10° cells /well) were treated with two concentrations of BaV (10 and 15 pg/well). Cells incubated
only with culture medium were used as control. After 24 h, 48 h, and 72 h, the production of
chemokines were evaluated in culture supernatant by CBA. (a) RANTES and (b) IL-8. Results
expressed as mean of duplicates + SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation
to the respective control. (#) Significant difference between concentrations of BaV on each period.
Symbols indicate differences between periods of treatment: («) difference of 48 h or 72 h compared
to 24 h; (B) difference from 72 h to 48 h. p < 0.05 (*); p < 0.01 (*); p < 0.001 (*** and ##); and
p <0.0001 (**** and ####),
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Figure 3. Cytokine production in THP-1 macrophages induced by Kn-Ba. THP-1 macrophages
(2 x 10° cells/well) were treated with two concentrations of Kn-Ba (0.5 and 1 ug/well). Cells incu-
bated only with culture medium were used as control. After 24 h, 48 h, and 72 h the production of
cytokines were evaluated in culture supernatant by CBA. (a) TNE, (b) IL-6 and (c) IL-1f. Results
expressed as mean of duplicates + SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation
to the respective control. (#) Significant difference between concentrations of Kn-Ba on each period.
Symbols indicate differences between periods of treatment: (c) difference of 48 h or 72 h compared to
24 h; (B) difference from 72 h to 48 h. p < 0.01 (** and ##); p < 0.001 (*#); and p < 0.0001 (**** and ####).
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Figure 4. Chemokine productions in THP-1 macrophages induced by Kn-Ba. THP-1 macrophages (2 x 10° cells/well) were
treated with two concentrations of Kn-Ba (0.5 and 1 pug/well). Cells incubated only with culture medium were used as
control. After 24 h, 48 h, and 72 h, the production of chemokines were evaluated in culture supernatant by CBA. (a) IP-10,
(b) MCP-1, (c) RANTES and (d) IL-8. Results expressed as mean of duplicates = SEM and analyzed by one-way ANOVA
followed by Tukey’s post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation to the respective control.
(#) Significant difference between concentrations of Kn-Ba on each period. Symbols indicate differences between periods of
treatment: (o) difference of 48 h or 72 h compared to 24 h; (B) difference from 72 h to 48 h. p < 0.01 (**); p < 0.001 (*#); and
p < 0.0001 (**** and ####),

2.8. Kn-Ba Induced High Levels of TNF and IL-6, Whereas BaV Is Involved in the IL-1
Production in THP-1 Macrophages

The cytokine concentrations produced in response to highest doses of BaV (15 ug/well)
and Kn-Ba (1 ug/well) were compared. As shown in Figure 5, the increased productions of
TNF and IL-6 in response to Kn-Ba were evident. However, the highest concentration of
IL-13 was detected mainly in response to BaV, suggesting that this important inflammatory
cytokine is produced in response to other components present in BaV.
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Figure 5. Comparison between cytokine productions induced by higher doses of BaV and Kn-Ba.
THP-1 macrophages (2 x 10° cells/well) were treated with higher concentrations of BaV (15 g/ well)
and Kn-Ba (1 ug/well). Cells incubated only with culture medium were used as control. After
24 h, 48 h, and 72 h, the production of cytokines was evaluated in culture supernatant by CBA.
(a) TNE, (b) IL-6 and (c) IL-1p3. Results expressed as mean of duplicates & SEM and analyzed by
one-way ANOVA followed by Tukey’s post-test (each period compared with respective control) or
two-way ANOVA followed by Tukey’s post-test (comparison between different periods of treatment).
(*) Significant difference in relation to the respective control. (#) Significant difference between stimuli
on each period. Symbols indicate differences between periods of treatment: («) difference of 48 h or
72 h compared to 24 h; () difference from 72 h to 48 h. p < 0.01 (**); and p < 0.0001 (**** and #i),

2.9. Kn-Ba Induced the Production of Highest Levels of all Evaluated Chemokines in
THP-1 Macrophages

The chemokine concentrations produced in response to the highest doses of BaV
(15 pg/well) and Kn-Ba (1 pug/well) were compared. As depicted in Figure 6, the higher
productions of the chemokines IP-10, MCP-1, RANTES, and IL-8 were detected in response
to Kn-Ba.
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Figure 6. Comparison between chemokine productions induced by higher doses of BaV and Kn-Ba.
THP-1 macrophages (2 x 10° cells/well) were treated with higher concentrations of BaV (15 pg/well)
and Kn-Ba (1 ug/well). Cells incubated only with culture medium were used as control. After 24 h,
48 h, and 72 h, the production of chemokines was evaluated in culture supernatant by CBA. (a) IP-10,
(b) MCP-1, (c) RANTES and (d) IL-8. Results expressed as mean of duplicates = SEM and analyzed
by one-way ANOVA followed by Tukey’s post-test (each period compared with respective control) or
two-way ANOVA followed by Tukey’s post-test (comparison between different periods of treatment).
(*) Significant difference in relation to the respective control. (#) Significant difference between stimuli
on each period. Symbols indicate differences between periods of treatment: («) difference of 48 h or
72 h compared to 24 h; (B) difference from 72 h to 48 h. p < 0.001 (***); and p < 0.0001 (**** and ####).

2.10. BaV, But Not Kn-Ba, Induced the Production of PGE;

The concentrations of the eicosanoids PGE; and LTB, were evaluated in cell-free
supernatants by competitive ELISA after 30 min of treatments with higher doses of BaV
(15 pg/well) and Kn-Ba (1 pg/well). BaV, but not Kn-Ba, induced the production of PGE,
(Figure 7). No stimulus was able to induce the production of LTB4 (data not shown).
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Figure 7. Production of PGE,. THP-1 macrophages (2 x 10° cells/well) were treated with higher
concentrations of BaV (15 pg/well) and Kn-Ba (1 ug/well). Cells incubated only with culture
medium were used as control. After 30 min, the production of PGE, was evaluated by ELISA. Results
expressed as mean of duplicates = SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test. (Asterisk) Significant difference from control and Kn-Ba. p < 0.01 (**).
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3. Discussion

Inflammation is the hallmark of envenomation by snakes in the Viperidae family.
The activation of the inflammatory process and its cascade of events play an important
role in the pathogenesis of envenomation, in the clinical picture, and in the outcome of
the accident. In this sense, the envenomation by Bothrops asper [35,36], B. atrox [37,38],
and B. jararaca [39,40], which, among other characteristic changes such as hemostatic and
cardiovascular disorders, induce a prominent inflammatory response, which has been
associated not only with local damage but also with systemic disturbances caused by
Viperidae venoms [11,29]. Therefore, given the importance in understanding the inflam-
matory response induced by the BaV as a tool for the development of complementary
therapies, or the improvement of B. arietans antivenoms, we show that this venom was
capable of inducing, in vitro, the production of several inflammatory mediators, including
cytokines, chemokines, and lipid medjiators.

Our previous in vivo results demonstrated that BaV induces inflammation with the
participation of diverse endogenous inflammatory mediators produced by residents or
derivatives of recently migrated blood cells [30]. Among these cells, macrophages became
candidates for target cells in the present study of cell inflammation induced by BaV and
Kn-Ba, since macrophages play a key role in inflammation [41] and also participate in
the inflammatory response related to other snake envenomations [22,23,42]. In this sense,
studies have shown that in the absence of macrophages, the recruitment of immune cells to
the site of inflammation, especially neutrophils, is impaired [22,23].

Macrophages express, on their cell surface, receptors named pattern-recognizing recep-
tors (PRRs), which recognize the molecular domains such as pathogen-associated molecular
patterns (PAMPs) expressed by pathogens, virus, fungus, bacteria; and damage-associated
molecular patterns (DAMPs), which are expressed by host-damaged molecules [43-45]. In
addition, the PRRs can also recognize venom-associated molecular patterns, also known as
VAMPs. The term VAMP was coined by Brazilian researchers, who showed that mice defi-
cient in TLR (Toll-like receptor)-2 and TLR-4, two important PRRs, as well as the adapter
molecule CD14, produce fewer inflammatory mediators in response to the Tityus serrulatus
scorpion venom, including decreased levels of IL-6 and TNF-« [46].

In view of the important role of macrophages in the inflammatory process, we used
THP-1 macrophages to evaluate the in vitro pro-inflammatory properties of BaV and
Kn-Ba. To support the homogeneity of the experiments, the human monocytes of the
THP-1 lineage were differentiated in vitro into macrophages with PMA, as described in
the literature [33,47]. There are different protocols using PMA for the differentiation
of THP-1 monocytes to macrophages, but in some cases the differentiation profile may
be not comparable to primary monocyte-derived macrophages [48]. To overcome this
inconvenience, macrophages treated with PMA were kept at rest for 4 days in culture media
without PMA, which was shown to be a good alternative to induce a differentiation pattern
similar to primary monocyte-derived macrophages [33]. This differentiation was evaluated
by morphological analyzes such as adhesion to the support surface, spreading and emission
of pseudopods, and loss of proliferation. In addition to the morphological alterations, the
differentiated macrophages, but no undifferentiated THP-1 monocytes, expressed CD11b,
an important surface marker of monocyte-to-macrophage maturation [31-33]. CD11b
forms the molecular complex CD11b-CD18, known as CR3 receptor, which is expressed in
macrophages and in other leucocytes and binds to several ligands, such as iC3b adhered to
pathogens. These promote phagocytosis [49] and expanding the macrophages’ biological
activities [33]. After differentiation, the THP-1 macrophages were used as target cells in the
studies with BaV and its purified serine protease, Kn-Ba.

In sequence, the effects of BaV and Kn-Ba as inflammation-inducers were demon-
strated by the production of the cytokines TNF, IL-6, IL-1f3; and the chemokines IP-10,
MCP-1, RANTES, and IL-8; besides the lipid mediator PGE,.

The role of purified SVSP on the inflammation induced by snake venoms has been
extensively studied [50-52]. However, although SVSPs presents a high degree of similarity
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between their amino acids sequences, their functions may differ [53], so that not all are
involved with the inflammatory response. In this sense, two SVSPs purified from Bothrops
pirajai venom, named BpirSP27 and BpirSP41, seem to be not involved in the inflammatory
events related to B. pirajai envenomation, such as edema, pain, and leukocyte recruit-
ment [54]. In contrast, it was showed that SVSPs from the venoms of Bothrops alternatus
and B. moojeni are able to promote edema and pain, two classic signs of inflammation [50].
SVSPs from Bothrops asper can also activate endogenous matrix metalloproteases [51], while
SVSPs from Crotalus durissus terrificus venom induced edema and the increased expression
of COX-2 and PGE, production [52]. In agreement with these finds, here we show that Kn-
Ba induces the production of inflammatory cytokines and chemokines by THP-1-derived
human macrophages, indicating its participation in BaV-induced inflammation.

Our results show differences between the type and concentration of some inflamma-
tory mediators produced in response to treatments with BaV or purified Kn-Ba. In this
sense, it can be suggested that the mediators produced only after stimuli with BaV, but not
with Kn-Ba, as in the case of PGE;, were generated by other components present in the
venom. However, here we also show that some mediators, more precisely IL-6, IP-10, and
MCP-1, were produced only after stimulation with Kn-Ba. This is a complex issue involving
both the composition of the venom itself and the immune response triggered against the
components of the whole venom. It is well known that BaV is a complex mixture of proteins
(£90-95%), which includes, besides enzymes such as SVSP and SVMPs, non-enzymatic
proteins as Kunitz-type proteases inhibitors [14-17]. Therefore, it can be suggested that
the activity of some proteases could be hindered by endogenous inhibitors present in the
venom itself. Thus, it is possible that purified Kn-Ba inducing the production of different
inflammatory mediators, in a greater degree than BaV, may be due to the absence of these
inhibitors. In addition, the different components of BaV can act in a different way in
immune cells, making the inflammatory response diverse from the one developed only
against purified Kn-Ba.

Among the inflammatory mediators produced in response to BaV and Kn-Ba, the cy-
tokine IL-1f3 is noteworthy. According to literature data, after the activation of macrophages
via TLRs, a cascade of intracellular signaling begins. This cascade may culminate in the
activation of an important transcription factor named NF-«kB, which is responsible for
the expression of diverse inflammatory genes, including TNF-«, IL-6, iNOS, and also pro
IL-1p [45,55,56]. Pro IL-1§3 is a zymogen whose activation and later secretion depends on
the inflammasomes’ activation, a multiprotein complex formed due to cell activation by the
recognition of patterns via cytosolic PRRs of the NLR family (NOD-like receptors) [57,58].
An important subfamily of NLRs, called NALDP, is involved in the induction of the in-
flammatory response via cytokines of the IL-1 family, including IL-1§3, IL-8, and IL-33.
Recognition via NALP promotes the formation of inflammasomes, which are responsible
for the activation of inflammatory caspases 1, 4, and 5 in humans, and caspases-1, 11,
and 12 in mice, which can convert pro-IL-1f into mature IL-1f [59,60]. IL-1 is a highly
inflammatory cytokine produced during various inflammatory conditions, which mediates
innate and adaptative immune responses by promoting acute phase response and recruit-
ing inflammatory cells [61,62]. The overproduction of IL-1f is harmful and can trigger
autoimmune diseases [63,64].

Here, we show that both BaV and Kn-Ba induced the production and secretion of IL-13
in the supernatant of macrophage cultures, suggesting the participation of inflammasomes
in the inflammatory process related to the Bitis arietans envenomation. In addition, as
higher concentrations of this cytokine were detected after treatment with BaV, our results
indicate there are other components present in BaV, besides Kn-Ba, which may be involved
in the possible inflammasome activation.

IL-1B can act synergistically with other cytokines produced by human macrophages
to amplify Bitis-arietans-related inflammations, such as with TNF-«, activating the en-
dothelium and inducing vasodilation and increased vascular permeability, and, with IL-6,
activating hepatocytes and inducing the production of acute phase proteins, which can acti-
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vate the complement system and act as opsonins, facilitating phagocytosis by macrophages
and neutrophils [45].

Summing up, our study showed that BaV and Kn-Ba are able to induce the activation
and the production of inflammatory mediators in THP-1-derived human macrophages,
and this is the first suggestion that the inflammasomes may play a role in Bitis arietans
envenomation.

4. Conclusions

Our study showed, for the first time, the pro-inflammatory effects of BaV and Kn-Ba
upon THP-1 derived human macrophages. Both stimuli are responsible for the production
of the cytokines TNF and the chemokines RANTES and IL-8. However, the significant
production of these mediators occurred in response to Kn-Ba. Only Kn-Ba was able to
induce the production of IL-6, MCP-1, and IP-10, whereas PGE; was produced only in
response to BaV. Finally, although both stimuli induced the production of IL-1f3, suggesting
that the inflammasomes may play a role in BaV envenomation, the highest production of
this cytokine in response to BaV suggests the participation of other venom components in
this process (Figure 8). These results together with previous data published by our group
describing the biological actions of Kn-Ba and BaV-induced inflammation in vivo help us
to better understand the inflammatory mechanisms involved in this envenomation, and to
list important toxins for the future development of antivenoms.

BaV Kn-Ba
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=
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Figure 8. Comparative overview of the inflammatory profiles induced by BaV and Kn-Ba in THP-1 macrophages. THP-1

macrophages were treated with BaV (left; blue) and Kn-Ba (right; red) resulting in the synthesis and secretion of the

indicated cytokines, chemokines, and PGE,. The mediators highlighted in larger size were produced by both stimuli, but at

higher levels at the evidenced side. Both stimuli induced the production and release of IL-1§3, indicating the inflammasomes

pathway activation during BaV envenomation. However, the highest production of this cytokine in response to BaV

indicated the participation of other venom components in this process. The schematic art pieces used in this figure were

provided by Servier Medical art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 4.0

Unported License.
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5. Materials and Methods
5.1. BaV

Lyophilized B. arietans venom (BaV) was purchased from Venom Supplies, Tanunda,
Australia. The venoms were obtained from male and female snakes of different ages,
captured in South Africa and maintained in captivity. Stock solutions were prepared in
sterile phosphate-buffered saline (PBS, 8.1 mM Nap,HPOj; 1.5 mM KH,POy; 137 mM NaCl;
2.7 mM KCl, pH 7.2) and stored at —80 °C.

5.2. Kn-Ba

Kn-Ba was purified from BaV as previously described [25]. Purified Kn-Ba was diluted
in sterile PBS pH 7.2 and stored at —80 °C.

5.3. Total Protein Quantification

Total protein concentration of BaV and Kn-Ba were measured by the bicinchoninic
acid method [65] using the Pierce BCA Protein Assay kit (Pierce Biotechnology, Waltham,
IL, USA), according to manufacture instructions. A standard curve was prepared using
increased concentrations (0-2000 ug/mL) of pure bovine serum albumin (BSA, Sigma
Aldrich, St. Louis, MO, USA) diluted in sterile PBS pH 7.4. Absorbances were obtained in
the plate spectrophotometer (ELX 800, Biotek Instruments, Winooski, VT, USA) at 2540 nm.

5.4. Endotoxin Contents Determination

Samples of BaV (20 pg/mL) and Kn-Ba (1 ng/mL) were diluted in sterile PBS, pH 7.2,
and the endotoxin presence was analyzed by the Microbiological Quality Control of Butan-
tan Foundation using the PYROGENT TM Gel clot LAL Assays kit (Lonza, Walkersville,
MD, USA), according to manufacture instructions. Endotoxin concentration was estimated
by comparing with an Escherichia coli LPS standard (0.125 UE/mL).

5.5. Human THP-1 Pre-Monocyte Culture

The non-adherent human pre-monocyte of the THP-1 cell lineage was acquired from
the Rio de Janeiro Cell Bank (Rio de Janeiro, R], Brazil, cat.: BCRJ: 0234) and cultured
according to the manufacture instructions. The suspension cells were cultured in 75 cm?
culture flasks (Corning Inc., New York, NY, USA) with RPMI-1640 medium (Gibco, Invitro-
gen Corp., Waltham, MA, USA) supplemented with 23 mM NaHCO3, 13 mM CgH;,0,
10 mM Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 10% FBS (Fetal Bovine Serum,
Cultilab, Sao Paulo, SP, Brazil), 100 U/mL of penicillin, and 100 pg/mL of streptomycin
(Gibco, Invitrogen Corp., Waltham, MA, USA). The cell was maintained at 37 °C in an
atmosphere containing 5% CO, at a density of 2-8 x 10° cells/mL, not exceeding the
concentration of 1 x 10° cells/mL. Total cell number and cell viability were periodically
monitored in a Neubauer chamber by Trypan blue exclusion (Trypan blue 0.4% in PBS
pH7.2;1:1;0/v).

5.6. Human THP-1 Pre-Monocyte Differentiation into THP-1 Macrophages

Human pre-monocytes were differentiated into macrophages using Phorbol 12-
Myristate 13-Acetate (PMA, Sigma Aldrich, St. Louis, MO, USA), according to proto-
col described by Daigneault and colleagues (2010) [33]. Briefly, live cells were transferred to
24 culture wells plates containing 1 mL/well of supplemented RPMI medium containing
PMA (100 ng/mL) at a density of 2 x 10° cells/well. The cell was incubated at 37 °C in
an atmosphere containing 5% CO; during 72 h. After the fourth day, PMA-containing
medium was replaced by medium without PMA (2 mL/well), and the cells were kept at
rest for 4 more days. At the end of the rest period, macrophage adhesion was visualized
under a phase contrast microscope (Leica DM2500, Wetzlar, Germany) and photographed.
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5.7. CD11b Expression in Differentiated THP-1 Macrophages

The CD11b expression by differentiated THP-1 macrophages was evaluated by flow
cytometry, according to the literature [32], with some modifications, as described be-
low. THP-1 monocytes were cultured in 75 cm? culture flasks until reaching a density of
8 x 10° cells/mL, according to what is described in 5.5. At this time, the culture medium
was replaced with medium containing 100 ng/mL of PMA, and differentiation was con-
ducted as described in 5.6. The adherent macrophages were carefully detached with cell
scraper and centrifuged (260x g) for 10 min at 10 °C. Contents of viable cells were de-
termined by Trypan blue exclusion, and the cell pellet was resuspended in FACS buffer
(PBS with 1% BSA and 0.01% sodium azide) at the density of 20 x 10° cells/mL. Cells
were transferred to 96 round-well-bottom microplates (50 uL/well) and were incubated
protected from light for 30 min at 4 °C with anti-CD11b PE-labelled antibody (IgG1k PE,
Clone VIM 12, BD, Becton Dickinson, San Jose, CA, USA) or with isotypic control (IgG1k
PE, BD) diluted at 1:5 (v/v) in FACS buffer. After incubation, the cell suspensions were
centrifuged (305x g) for 5 min at 4 °C, washed three times with FACS buffer and resus-
pended in 300 L /well of FACS buffer with 1% paraformaldehyde. The data acquisition
was performed in flow cytometer (FACS Aria III, Becton Dickinson, San Jose, CA, USA). In
parallel, the CD11b expression was also evaluated in THP-1 monocytes as control.

5.8. Incubation of THP-1 Macrophages with BaV and Kn-Ba

THP-1 differentiated in 24-well plates, according to what is described in 5.4, were
treated with BaV (0.5 ug, 1 pg, 10 nug, and 15 ug/well) or with Kn-Ba (0.5 ug and 1 ng/well)
diluted in 500 uL/well of supplemented RPMI medium without FBS and incubated at 37 °C
in an atmosphere containing 5% CO, during 24 h, 48 h, and 72 h [66]. The supernatants
were collected, centrifuged (405x g) for 5 min at 4 °C for removal of cell debris, aliquoted,
and stored at —80 °C.

5.9. Release of Lactate Dehydrogenase (LDH)

The cytotoxic effects after BaV and Kn-Ba treatments were evaluated by the quantifica-
tion of lactate dehydrogenase (LDH) enzyme in cell-free supernatants using the kit CytoTox
96® Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) [67], according
to the manufacturer’s instructions. Cell-free supernatants of THP-1 macrophages treated
during 45 min with lysis buffer were used as a positive control of LDH release, and cells
treated only with culture medium were used as LDH release background.

5.10. Quantification of Cytokines and Chemokines Produced by THP-1 Macrophages

The cytokines and chemokines produced by THP-1 macrophages in response to the
treatments with BaV and Kn-Ba were evaluated in cell-free supernatants. For quantifi-
cation of inflammatory cytokines IL-1f3, IL-6, IL-10, IL-12, and TNF-«, the CBA Human
Inflammatory Cytokines kit was used (BD, Bioscience, Franklin Lakes, NJ, USA), and for
quantification of the chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/MCP-
1, and CXCL10/1P-10, the CBA Human Chemokines kit was used (BD, Bioscience, Franklin
Lakes, NJ, USA), according to the manufacturer’s instructions. The data acquisition was
performed in a flow cytometer (FACS Aria III, Becton Dickinson, San Jose, CA, USA) and
analyzed by the software FACS Diva, version 6.1.3.

5.11. Quantification of Lipid Inflammatory Mediators Produced by THP-1 Macrophages

The concentration of the lipid mediators LTB; and PGE; in cell-free supernatants was
quantified by competitive ELISA using specific kits (EIA, Cayman Chemical, Ann Arbor,
MI, USA), according to the manufacturer’s instructions. The absorbances were determined
in a spectrophotometer at A 405/420 nm (VersaMax, Molecular Devices, San Jose, CA,
USA). The eicosanoids concentrations were calculated by the interpolation on the kits’
standard curve.
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5.12. Statistical Analysis

Data are presented as means + standard error (SEM) and analyzed by Graph Pad
Prism, version 6.0 for Windows (Graph Pad Software, San Diego, CA, USA). One-way
ANOVA test and multiple comparisons by Tukey HSD were used for comparisons of
one variable in more than two groups. For comparisons of two or more variables, two-
way ANOVA followed by Tukey HSD were used. For all tests, the values p < 0.05 were
considered significant. The assays were conducted in duplicate and repeated at least twice
in independent days.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxins13120906/s1, Figure S1. Differentiation of THP-1 macrophages. (A) Human pre-
monocytes of the THP-1 lineage were cultured in 75 cm® bottles containing supplemented RPMI
medium. The cells were kept in an incubator at 37 °C and 5% CO,, at a concentration of
2-8 x 10° cells/mL. (B) Macrophages were differentiated from THP-1 pre-monocytes with 100 ng/mL
PMA for 3 days, followed by a 4-day rest period in the absence of PMA. 200 x magnification. (C)
CD11b expression in differentiated THP-1 macrophages. Adherent THP-1 macrophages differentiated
with PMA and pre-monocytes in suspension were analyzed for CD11b expression by flow cytometry.
Result expressed as mean of duplicates == SEM and analyzed by two-way ANOVA followed by
Tukey’s post-test. (*) Significant difference in relation to the respective controls (p < 0.0001). Figure S2.
Cell cytotoxicity. Differentiated THP-1 macrophages was treated with 0.5-15 pg/well of BaV or with
0.5and 1 ug/well Kn-Ba for 24 h, 48 h, and 72 h, and cell viability was evaluated by the quantification
of lactate dehydrogenase (LDH) enzyme in cell-free supernatants. Results expressed as mean of
duplicates == SEM and analyzed by one-way ANOVA followed by Tukey’s post-test. (*) Significant
difference in relation to the respective control. p < 0.01 (**), and p < 0.0001 (****).
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Abstract: Oral tolerance is defined as a specific suppression of cellular and humoral immune re-
sponses to a particular antigen through prior oral administration of an antigen. It has unique
immunological importance since it is a natural and continuous event driven by external antigens. It is
characterized by low levels of IgG in the serum of animals after immunization with the antigen. There
is no report of induction of oral tolerance to Bothrops jararaca venom. Here, we induced oral tolerance
to B. jararaca venom in BALB/c mice and evaluated the specific tolerance and cross-reactivity with the
toxins of other Bothrops species after immunization with the snake venoms adsorbed to/encapsulated
in nanostructured SBA-15 silica. Animals that received a high dose of B. jararaca venom (1.8 mg)
orally responded by showing antibody titers similar to those of immunized animals. On the other
hand, mice tolerized orally with three doses of 1 ug of B. jararaca venom showed low antibody
titers. In animals that received a low dose of B. jararaca venom and were immunized with B. atrox or
B. jararacussu venom, tolerance was null or only partial. Immunoblot analysis against the venom of
different Bothrops species provided details about the main tolerogenic epitopes and clearly showed a
difference compared to antiserum of immunized animals.

Keywords: oral tolerance; Bothrops jararaca; snake venom; ELISA
Key Contribution: We describe the induction of oral tolerance by administration of Bothrops jararaca

venom through an original approach, showing the main tolerogenic epitopes in B. jararaca venom
and other species of Bothrops.

1. Introduction

Snake venoms are composed of a high diversity of proteins and peptides with biologi-
cal activities, allowing these animals to defend themselves and immobilize their prey [1].
The composition of snake venoms among species displays high variability, both in qualita-
tive and quantitative aspects and complexity [2]. Accidents with snakebite envenoming
cause local and systemic effects and represent a public health problem in developing
countries, where they reach lower socio-economic segments and kill >100,000 people each
year [3]. The primary treatment for the systemic effects of snake envenoming is the in-
travenous administration of antivenom against specific venoms. Antivenoms specifically
neutralize the venoms used in their production and those of related species, which means
that antivenoms are produced regionally depending on demand [3]. Indeed, there is a crisis
related to the supply of antivenoms, especially in sub-Saharan Africa and parts of Asia;
the development of new treatments for patients with snakebite envenoming should be
promoted on the basis of recent scientific knowledge related to snake venoms [3]. Recently,
several studies have reported that antivenom serum antibodies, generated against specific
snake venoms, are cross-reactive with venoms from other species, considering homologous
and heterologous snake venoms [4-7].
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Most snakebites in Brazil occur because of the genus Bothrops and are considered a
serious public health problem. Bothrops venom components mainly cause local damage
and systemic effects targeting blood hemostasis, endothelial microcirculation, extracellular
matrix, and the cardiovascular system [1,8].

Oral tolerance is the induction of peripheral immune tolerance by the oral admin-
istration of the antigen and is characterized by the inhibition of the specific immune
response to this antigen due to prior oral exposure [9-14]. It is a natural and continuous
process driven by external antigens. It has a unique immunological importance, as it
develops unresponsiveness to ingested food and potential insults from the environment
to maintain host homeostasis by protecting against food allergies and colitis caused by
autoimmunity [12,13,15]. The gut is regularly exposed to multiple types of antigens, and
the associated immune system has specialized immune cells and lymph nodes to balance
responses to commensal bacteria (microbiome), innocuous antigens, and harmful microor-
ganisms [11]. Depending on the properties of the antigen, such as size and solubility, the
orally administrated antigen that reaches the intestinal epithelium is transported by differ-
ent routes and can lead to the induction of tolerance or immunity [14]. The oral tolerance
induction mechanism has been extensively studied using animal models, mainly for food
allergens [11]. It involves multiple factors, and it is known that the dose of the administered
antigen and the consumption time are decisive. Administration of a single high dose of
antigen leads to the mechanisms of anergy or depletion, whereas exposure to multiple
low doses favors the development of regulatory T cells [11,16]. Anergy induction means
obtaining antigen-unresponsive T cells, while depletion induction refers to apoptosis of
antigen-specific T cells [14]. Previous studies have shown that genetic and environmental
factors are involved in the induction of oral tolerance, demonstrating that this characteristic
is a process under the influence of multiple factors [17-19].

Oral tolerance induction by the administration of one kind of antigen/allergen has
been extensively investigated, as has been the mechanism of this process involving immune
cells and pathways [11,13,20]. This process has not been explored by the administration
of a complex mixture of proteins. Snake envenomation by the oral route does not occur
in nature; instead, snakes inject their venoms when there is a dangerous situation and/or
they need to defend themselves. Oral antigen application of this kind to induce oral
tolerance represents a novel experimental approach. To our knowledge, there is no report
of oral tolerance induction using B. jararaca venom as an antigen. We propose a method for
inducing oral tolerance to B. jararaca venom in mice, followed by evaluation of serum cross-
reactivity with the toxins from other Bothrops species compared to the serum generated by
the immunization process.

2. Results
2.1. Induction of Oral Tolerance by B. jararaca Venom Is Dependent on Dose Administed

Oral tolerance is characterized by low IgG levels in the antiserum of animals after
immunization with the antigen previously administered orally. Initially, the induction of
oral tolerance by administering B. jararaca venom was tested using two conditions and
the results are summarized in Figure 1. Group I did not receive venom orally. Briefly, one
group of mice orally received a single dose of 1.8 mg of the venom (Group II) and other
groups received 1 ug of snake venom on the first, third and fifth day (Groups III and IV).
At 12 days after the last low dose of 1 ug, all groups were immunized with snake venom
combined with silica adjuvant. Groups I, II and III received venom from B. jararaca, while
Group IV was challenged with venom from B. atrox. Antisera corresponding to 7 days after
immunization were analyzed, and no difference in antibody titers between all groups of
mice was observed (data not shown). Antisera were then collected on the 35th day after
immunization and titers determined (Figure 1), followed by analysis based on ANOVA.
According to our results, animals that received high doses of B. jararaca venom orally were
not tolerized (Group II), with antibody titers being similar to those of mice immunized
only (Group I). No statistically significant differences were found between Groups I and II
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and Groups I and IV. Interestingly, mice given a low dose of venom orally and immunized
with the same antigen (Group III) had the lowest antibody titer showing the induction of
oral tolerance with a statistically significant difference compared to other groups. On the
other hand, animals that received a low oral dose of B. jararaca and were immunized with
B. atrox venom (Group IV) showed no tolerance induction. Our results suggest that oral
tolerance to snake venom appears to be dose-dependent and is specific for the venom of
each snake species.
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Group lIl: mice orally tolerized with 3 doses of 1 g of B. jararaca venom and immunized with 1 pg of B. jararaca venom
Group [V: mice orally tolerized with 3 doses of 1 pg of B. jararaca and immunized with 1 pg of B. atrox venom

Figure 1. Induction of oral tolerance by administration of B. jararaca venom evaluated by antibody
titer of mouse antiserum after immunization. Group I was not subjected to oral tolerance. The mice
were orally tolerized with a single high dose of venom (Group II) or with low doses of venom on the
first, third and fifth day (Group III and IV). Twelve days after receiving the last oral dose, Groups
I, Il and IIT were immunized with B. jararaca venom, and group IV received B. atrox venom. Serum
antibody titers corresponding to 35 days after immunization were determined by ELISA. Error bars
represent the standard deviation of an experiment (1 = 3). ANOVA with 95% confidence intervals was
used to determine significant differences between each group of mice. ns: not significant; ****: p-value
was <0.0001.

2.2. Characterization of Antisera from Orally Tolerized Animals Reveals Specificity for Other
Snake Venoms

To characterize the specificity and cross-reactivity of the antiserum after induction of
oral tolerance with B. jararaca venom, another experiment was carried out with induction
of oral tolerance by administering three doses of 1 ug of the B. jararaca venom (Groups I
and III). Eight days after the last dose, all groups of mice were immunized intraperitoneally
with snake venom combined to adjuvant. Groups I and II were immunized with B. jararaca,
while Groups III and IV received B. jararacussu venom. Antiserum was collected 12, 25
and 45 days after immunization to analyze the specificity of response to B. jararaca and
B. jararacussu venoms. The specificity of antiserum for the venom of B. jararaca, using this
venom as the antigen is shown in Figure 2, while Figure 3 shows the specificity for the
venom of B. jararacussu. Our results showed that Group I, orally tolerized and immunized
with B. jararaca venom, was tolerized for snake venom in view of the low IgG level in all
analyzed antisera (Figures 2A and 3A). Group III was tolerized orally and immunized
with B. jararacussu venom and the antibody titer increased on the 45th day after venom
injection when specificity for B. jararaca venom was evaluated (Figure 2C), while the
same phenomenon was observed on day 25 for the specificity of B. jararacussu venom
(Figure 3C). Antiserum from groups of mice immunized with snake venom only (Groups
II and IV) had high antibody titers for both snake venoms 25 days after immunization
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(Figures 2B,D and 3B,D). Furthermore, antisera from mice immunized with B. jararacussu
venom (Group IV) showed reactivity with B. jararaca venom (Figure 2B) and antisera from
mice immunized with B. jararaca venom (Group II) showed reactivity with B. jararacussu
venom (Figure 3B). In the case of specificity for B. jararacussu venom, mice immunized
with B. jararaca venom (Group II) showed a reduction in antibody titer 45 days after
immunization (Figure 3B).
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Figure 2. Antiserum specificity for B. jararaca venom from mice subjected or not to oral tolerance
followed by immunization with snake venom. Microplate wells were coated with 1 ug of B. jararaca
venom, and serial dilutions of antiserum of Groups I-IV corresponding to 12, 25 and 45 days after
snake venom immunization were applied; antibody titer was determined by ELISA. (A) Group I: mice
tolerized with B. jararaca venom and immunized with the same snake venom; (B) Group II: mice
immunized with B. jararaca venom; (C) Group III: mice tolerized with B. jararaca venom and immu-
nized with B. jararacussu venom; (D) Group IV: mice immunized with B. jararacussu venom. The
mean and standard deviation (1 = 5) of each antibody titer obtained were plotted. ANOVA with 95%
confidence intervals was used to determine significant differences between each group of mice group.
ns: not significant; *: p-value was 0.01-0.05; **: p-value was 0.001-0.01; ****: p-value was <0.0001.

IgG1 and IgG2a titers were determined for antisera obtained 45 days after immuniza-
tion for Groups I, I, IIl and IV (Figure 4). Orally tolerized mice had lower antibody titers
than immunized mice and no difference between IgG1 and IgG2a titers was observed.
IgG1 antibody titers from mice immunized with snake venoms (B. jararaca or B. jararacussu
venom) were higher than IgG2a titers. IgE was not found in any of the four groups (data
not shown).
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Figure 3. Antiserum specificity for B. jararacussu venom from mice subjected or not to oral toler-
ance followed by immunization with snake venom. Microplate wells were coated with 1 ug of
B. jararacussu venom, and serial dilutions of antiserum of Groups I-IV corresponding to 12, 25 and
45 days after snake venom immunization were applied; antibody titer was determined by ELISA.
(A) Group I: mice tolerized with B. jararaca venom and immunized with the same snake venom;
(B) Group II: mice immunized with B. jararaca venom; (C) Group III: mice tolerized with B. jararaca
venom and immunized with B. jararacussu venom; (D) Group IV: mice immunized with B. jararacussu
venom. The mean and standard deviation (n = 5) of each antibody titer obtained were plotted.
ANOVA with 95% confidence intervals was used to determine significant differences between each
mice group. ns: not significant; *: p-value was 0.01-0.05; **: p-value was 0.001-0.01; ***: p-value was
0.0001-0.001; ****: p-value was <0.0001.

Next, we evaluated the reactivity of antisera from mice subjected to oral tolerance with
venoms of some Bothrops species and Bitis anetans by Western blotting. Protein profiles of
the snake venoms under non-reducing conditions are shown in Figure 5; venoms differed
in composition and band intensity.

Snake venoms subjected to electrophoresis were transferred to PVDF membranes,
the membrane was incubated with a pool of antisera corresponding to 45 days after
the immunization of Groups I, II, IIT and IV and revealed by chemiluminescent reagent
(Figure 6). Antisera from orally tolerized animals showed lower reactivity with snake
venom proteins compared to antisera obtained from mice immunized with snake venom.
Antisera of mice tolerized with B. jararaca venom and immunized with the same snake
venom (Group I) recognized some proteins from the venom of B. jararaca, and a protein band
from the venom of B. alternatus, B. jararacussu and B. atrox amazonia (Figure 6A). On the other
hand, the antisera from mice immunized with the venom of B. jararaca recognized venom
proteins of the Bothrops species analyzed (Bothrops jararaca, B. alternatus, B. jararacussu and
B. atrox amazonia), and a wide range of reactivity was found for the venoms of B. jararaca
and B. alternatus (Figure 6B). Interestingly, some protein bands recognized by both tolerized
and non-tolerized mouse antisera (Groups I and II) were very similar (Figure 6A,B). When
antisera from mice orally tolerized or not and immunized with B. jararacussu venom
(Groups III and IV) were evaluated, at least one protein of the snake venom was recognized
by antisera from Group III (Figure 6C), and antisera from immunized mice (Group 1V)
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showed higher reactivity with B. jararacussu and B. jararaca venoms and low reactivity with
other snake venoms (Figure 6D). The reactivity of Groups IIl and IV antisera was tested for
Bitis anetans venom, and antisera from tolerized or not mice showed reactivity with this
venom. Each antiserum recognized a distinct protein (Figure 6C,D). Our results showed
that antisera from mice tolerized orally with B. jararaca venom and immunized with snake
venoms had reactivity with venoms from other species at different levels. Interestingly,
antisera from orally tolerized mice demonstrated cross-reactivity with different venom
epitopes in comparison to the antisera of immunized animals.
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B. jararaca venom followed by immunization. Microplate wells were coated with 1 ug of B. jararaca
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responding to 45 days after immunization with snake venom, were applied; antibody titer was
determined by ELISA using mouse anti-IgG1 or anti-IgG2a antibodies conjugated to HRP. Error bars
represent the standard deviation of one experiment (n = 5). 2-way ANOVA with 95% confidence
intervals was used to determine significant difference between IgG1 and IgG2a antibody titers for
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snake venom from 1: B. jararaca; 2: B. alternatus; 3: B. jararacussu; 4: B. atrox amazonia; 5: Bitis anetans.
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Figure 6. Analysis of the reactivity of the pool of antisera from animals subjected or not to oral tolerance induction with
B. jararaca venom followed by immunization with snake venom. Snake venoms were subjected to electrophoresis and
transferred to PVDF membrane according to Figure 5. The membrane was incubated with a pool of antisera correspond-
ing to 45 days after immunization. (A): 1/400 dilution of Group I antisera; (B): 1/1000 dilution of Group II antisera;
(C): 1/400 dilution of Group III antisera; (D) 1/1500 dilution of Group IV antisera. Peroxidase-conjugated anti-mouse IgG
was then added, and the membrane was revealed with ECL reagent.

3. Discussion

Oral tolerance is an immunological process in which the specific immune response
is inhibited by prior oral administration of antigen. The induction of this process can be
assessed after antigen immunization and measured by determination of antibody titer or
by the decrease in allergic symptoms after allergen challenge [14].

The ability of the immune system to adapt to dietary antigens and commensal bac-
teria is important and prevents the development of food allergies, celiac disease, and
autoimmune diseases [20]. Most studies related to oral tolerance have been carried out in
animal models to establish the safe dose and duration of the process and to understand the
immune cells and pathways involved, because of the risk of testing in humans [20]. These
studies are of crucial importance for understanding the mechanisms involved and can
promote strategies for the development of natural oral tolerance and prevent intoxication,
allergies, and autoimmune diseases.

There is a report of daily oral administration for 14 days of Crotalus durissus terri-
ficus snake venom (200 pg/kg) in male Swiss mice (17-21 g) that induced tolerance to
the antinociceptive effect, and no antibody titers were measurable after prolonged treat-
ment [21]. The expected effect was obtained by administering a dose of venom higher than
that in our study, and mice were not immunized after receiving the oral dose. The cited
study had a different purpose in relation to the present work and a different approach
was taken.

93



Toxins 2021, 13, 865

Most incidences of snakebites in Brazil, considering all regions, are related to Bothrops
species [22] and, therefore, constituted the objective of this study. They are also extensively
investigated because they are responsible for more fatality cases in Central and South
America than other groups of snakes [1]. So far, oral tolerance by administering B. jararaca
venom in animal models has not been published and we have successfully established
a protocol in BALB/c mice. The antibody titers were measured in the antisera after
immunization with snake venoms to understand the mechanism involved.

We observed that mice receiving a single dose of 1.8 mg of B. jararaca venom orally
did not develop tolerance and that the antibody titer was similar to that of the group of
mice that was only immunized (Figure 1). These results are in agreement with those found
in the literature for other antigens [11,16]. We have shown that repeated exposure to a dose
of 1 ug of B. jararaca venom induced tolerance (Figure 1). We also found that tolerance
was more effectively induced when animals received the same snake venom during oral
administration and immunization (Figures 1-3), showing that it is specific for one type of
antigen, even when the antiserum showed cross-reactivity with venom from other snakes.

There was no reference concerning an immunization protocol with snake venom after
oral administration, and we established that immunization would be performed about
7 days after the last dose. In the first protocol, mice were immunized 12 days after the last
dose, while in the second protocol it was 8 days, and under both conditions, the oral toler-
ance induction was verified by low antibody titer. We think that the immunization protocol
could be applied in this period of time to induce oral tolerance with B. jararaca venom.

In the first protocol of oral tolerance induction, mice received a low dose of B. jararaca
venom and were immunized with B. atrox venom, and no tolerance induction was ob-
served (Figure 1). On the basis of this result, we excluded this condition in the next
protocol of oral tolerance induction and challenged the immunization with the venom of
another Bothrops species (B. jararacussu). Partial oral tolerance induction was observed
(Figures 2 and 3) with B. jararacussu venom immunization, showing that this tolerance can
be induced with another Bothrops venom. Variations in venom composition and biological
activities of Brazilian snakes from Bothrops genus were observed [23] and these differences
could be influenced on oral tolerance induction when immunization with heterologous
venom was applied. Further studies involving different conditions for establishing oral
tolerance induction with B. jararaca venom and other Bothrops species could elucidate
these observations.

We also performed immunoblot analysis of the venom of different species of Bothrops
incubating with antisera from animals tolerized with administration of B. jararaca venom
or only immunized with snake venom. The epitopes recognized by each antiserum were
clearly different (Figure 6), showing that the reactivity profile of antisera in relation to
venom components changed according to the protocol used to induce tolerance. To see if
proteins in snake venom from species other than Bothrops are recognized by antisera from
mice orally tolerized or not, reactivity with Bitis anetans venom was evaluated. Antisera
from mice partially tolerized (Group III) and from animals immunized with B. jararacussu
venom (Group IV) were tested and each antiserum recognized different proteins in Bitis
anetans venom, showing that reactivity with other snake venoms could be explored in
future studies.

The application of oral tolerance has advantages because it is non invasive and uses a
simple route. New knowledge and in-depth understanding of this process could contribute
to the application of oral tolerance in prophylaxis and treatment of diseases [20].

Most of the studies related to oral tolerance induction involve the administration
of one antigen [11,13,20]. The present work is an experimental study of oral tolerance
induction developed with B. jararaca venom that is composed of a complex of proteins with
biological activity. This process does not happen in the nature, and thus, the observation
of oral tolerance induction represented a novel experimental approach. To demonstrate
oral tolerance induction in our approach, the immune response was evaluated by the
determination of the antibody titer, and then, the epitopes recognized by antiserum from
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orally tolerized or not tolerized mice were compared. Our results showed that it is possible
to induce oral tolerance by administration of the complex mixture of the proteins, such
as B. jararaca venom. Investigations related to the modulation of immune response and
the mechanisms involved in this process were not part of the scope of the present work.
The administration of a single high dose of B. jararaca venom was not lethal to the animals
but did not induce oral tolerance. Further experimental studies should be conducted
with other snake venoms to confirm this phenomenon as this approach would be used
to develop vaccines by oral administration. The protocol established for oral tolerance
induction should also be applied to other snake venoms in future studies together with
the investigation of the mechanisms involved in this process. Therefore, the present work
opened new perspectives to explore the process of oral tolerance induction.

4. Materials and Methods
4.1. Animals

BALB/c mice, female, aged 2—4 months, were used and maintained at the ani-
mal facilities of the Immunochemistry Laboratory, Butantan Institute, and they were
caged and handled according to the International Animal Welfare Recommendations and
in line with the guidelines for the use of animals in biomedical research [24]. Ethics
Committee on Animal Use of the Butantan Institute approved the experiment protocol
(Protocol IBU 454/08; 9 April 2008).

4.2. Snake Venoms

Lyophilized venoms (Bothrops jararaca, B. alternatus, B. jararacussu, B. atrox amazonia
and Bitis anetans) were obtained from the Laboratory of Herpetology, Butantan Institute,
Sao Paulo, Brazil, and stored at —20 °C. Venoms were resuspended in phosphate-buffered
saline (PBS).

4.3. Protein Quantification

Protein concentration of the snake venom samples was determined by a microtiter-
based Bradford Protein Assay (BioRad) in microplates using bovine serum albumin
(BSA—Sigma-Aldrich, St. Louis, MO, USA) for the standard curve [25].

4.4. Induction of Oral Tolerance and Immunization

To establish the oral tolerance induction protocol, BALB/c mice were subdivided
into 4 groups of animals (1 = 3). Group I did not receive venom orally. Oral tolerance
was induced by gavage administration of B. jararaca venom, and the mice received a
single high dose of 1.8 mg (Group II) or 3 doses of 1 ug on the first, third and fifth day
(Groups IIT and 1V). At 12 days after the last low dose (Groups III and IV), all groups
were intraperitoneally immunized with 1 ug of snake venom adsorbed to/encapsulated in
nanostructured SBA-15 silica [26]. Groups I, II and III received B. jararaca venom, while
Group IV was immunized with B. afrox venom. Antiserum corresponding to the 7th and
35th day after immunization was collected by bleeding from the retroorbital plexus and
the antibody titer was determined by ELISA. Animals that did not undergo any procedure
(n = 3) were considered the control group, and sera were added to the antibody titer assay.

Another oral tolerance induction protocol was then carried out. BALB/c mice were
subdivided into 4 groups of animals (1 = 5). Oral tolerance was induced by gavage
administration of 1 ug of the B. jararaca venom on the first, third and fifth day (Groups I
and III). Groups II and IV did not receive venom orally. Eight days after the last dose, mice
were intraperitoneally immunized with 1 ug of snake venom adsorbed to/encapsulated
in nanostructured SBA-15 silica. Groups I and II were immunized with B. jararaca, while
Groups III and IV received B. jararacussu venom. Antiserum was collected by bleeding from
the retroorbital plexus at 12, 25 and 45 days after immunization, and the antibody titers
were determined by ELISA. Sera from mice of control group were also added. The cross-
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reactivity of serum after induction of oral tolerance with B. jararaca venom was analyzed
by Western blotting.

4.5. ELISA Procedure

IgG titer of mouse sera was determined by ELISA. B. jararaca or B. jararacussu venom
was diluted to 10 pg/mL in carbonate buffer (50 mM NayCO3/NaHCO3, pH 9.6), and
100 uL/well were added to a 96-well EIA /RIA Clear Flat Bottom Polystyrene High Bind
Microplate (3590, Corning, NY, USA). The plate was incubated at 4 °C overnight, washed
3 times with PBS/0.05% Tween and then incubated with the PBS/5% BSA blocking solution
at 37 °C for 2 h. The blocking solution was replaced with a serial twofold dilution of anti-
serum in PBS/1% BSA, starting at an appropriate dilution for each one. Sera from animals
that did not receive any venom was used as negative control, and samples were incubated
at 37 °C for 1 h. Wells were washed 5 times with PBS/0.05% Tween to remove unbound
antibodies. HRP-conjugated anti-mouse IgG (H + L) (Promega, Madison, WI, USA) was
used as secondary antibody at 1/2500 dilution, and incubation was at 37 °C for 1 h. The
plate was washed again, and the substrate used was OPD (o-phenylenediamine) (Sigma-—
Aldrich) in phosphate-citrate buffer with HyO,. After 5 min incubation, the reaction was
stopped by adding 0.2 M citric acid. The absorbance at 450 nm was measured with a
microplate reader. Antibody titers were expressed as log2 maximum serum dilution giving
a positive reaction at which the absorbance was equal to two times the control value of the
control serum.

Immunoglobulin isotypes, IgG1 and IgG2a, were evaluated in mouse antisera. For this
purpose, HRP rat anti-mouse IgG1 (BD Biosciences, San Jose, CA, USA) at 1/400 dilution
and HRP rat anti-mouse IgG2a (BD Biosciences) at 1/1000 dilution were used as secondary
antibody. Antibody titer was determined as described above.

4.6. Electrophoresis and Western Blotting

Venom samples of 5 g were prepared by adding non-reducing sample buffer and
were separated by electrophoresis on 12% SDS-PAGE gel. Amersham ECL High-Range
Rainbow Molecular Weight Markers (Cytiva, Marlborough, MA, USA) was also included.
The gel was stained with Coomassie Blue or transferred to Amersham Hybond-P PVDF
Membrane (Cytiva) for 1 h at 10 V using a BioRad Trans-blot SD semi-dry transfer cell.
The membranes were stained with 0.5% Ponceau S, washed with ultrapure water and then
blocked with PBS/5% BSA at 37 °C for 2 h. Next, the membranes were washed twice with
PBS/0.1% Tween 20 for 20 s and were incubated overnight with an appropriate dilution
of pooled antisera (Groups I, II, IIl and IV corresponding to 45 days after immunization)
at 4 °C. The membranes were washed 4 times for 5 min and incubated with anti-mouse
IgG (whole molecule)-HRP (Sigma) at 1/30,000 dilution in PBS/1% BSA for 1 h at room
temperature. After washing, the blots were developed using Amersham ECL Prime
Western Blotting Detection Reagent (Cytiva).

4.7. Statistical Analysis

Statistical analysis was performed by GraphPad Prism software. ANOVA (Tukey’s
multiple comparison test) was used to compare average antibody titer obtained between
antisera of animal groups, orally tolerized or not with B. jararaca venom. The sera obtained
at different times after immunization were submitted to analyses. Two-way ANOVA with
95% confidence intervals was used to determine significant differences between IgG1 and
IgG2a antibody titers for each mouse group.
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Abstract: Among the Chilopoda class of centipede, the Cryptops genus is one of the most associated
with envenomation in humans in the metropolitan region of the state of Sao Paulo. To date, there is
no study in the literature about the toxins present in its venom. Thus, in this work, a transcriptomic
characterization of the Cryptops iheringi venom gland, as well as a proteomic analysis of its venom,
were performed to obtain a toxin profile of this species. These methods indicated that 57.9% of the
sequences showed to be putative toxins unknown in public databases; among them, we pointed out a
novel putative toxin named Cryptoxin-1. The recombinant form of this new toxin was able to promote
edema in mice footpads with massive neutrophils infiltration, linking this toxin to envenomation
symptoms observed in accidents with humans. Our findings may elucidate the role of this toxin in
the venom, as well as the possibility to explore other proteins found in this work.

Keywords: Cryptops iheringi; centipede; venom; toxin; transcriptome; proteome; recombinant protein;
venomics; chilopoda

Key Contribution: The first transcriptome profile of the venom gland of Cryptops iheringi species and
the characterization of a new recombinant toxin named Cryptoxin-1, which may play an important
role in envenomation.

1. Introduction

The Centipedes of the Chilopoda class are venomous arthropods that are widely
distributed throughout the world [1-3]. The pair of glands, located in each jaw, produce
venom that is used to kill or immobilize its prey by inoculation [4-6]. These animals
are well adapted to urban areas and are commonly found in backyards and other home
areas, and because of this, they often pose a danger to humans by injecting their venom
as a defense [2]. The symptoms and complications induced by the envenomation caused
by centipedes indicate that its venom comprises a natural set of proteins, peptides, and
enzymes with a rich diversity of biological activities [7]. Most of the recent studies of the
genus Scolopendra have indicated that the venom of a single centipede contains more than
500 proteins [8-10].

Centipedes’ venoms have been used for hundreds of years in traditional Chinese
medicine, as well as in Korea and other countries in East Asia to treat many disorders
such as stroke, hemiplegia, epilepsy, cough, tetanus, burns, cardiovascular diseases, and
myocutaneous disease, among others [11,12]. These historical and ethnopharmacological
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practices indicate that these animals’ toxins could be explored for therapeutic uses and
drug development. Despite this, the pharmacological properties of the toxins and the
accidental envenomation of humans have not been studied extensively.

In Brazil, epidemiological data on accidents with centipedes are also very scarce.
However, two retrospective studies that include occurrences recorded at the Vital Brazil
Hospital of the Butantan Institute, Sao Paulo, Brazil, showed that the majority of accidents
with centipedes were caused by the Cryptops and Otostigmus genus, with the first being
responsible for more than 60% of the cases reported [2,13]. The envenomation symptoms are
characterized by burning pain, paresthesia, edema, and local hemorrhage, and can develop
into superficial necrosis [2,13,14]. A systemic reaction, although rare, may occur [15-20].

The toxicology of centipede venom has been understudied in Brazil, and the scarce
literature that does exist generally refers to species of the Scolopendridae family, especially
the genus Scolopendra [21-23]; this is mainly due to the difficulties of obtaining sufficient
amounts of venom to conduct biological activities. In this context, the extraction of cen-
tipede venom can be time-consuming, and the yields are typically very low, even when it
is extracted through electrostimulation [24].

To date, only Malta, et al. (2008) [25] have explored this class of venom in the literature,
demonstrating nociception induction, edema, and myotoxicity in mice. However, this
study was unable to further characterize the venom due to the difficulty of isolating the
venom'’s toxins. Therefore, the identification of proteins and peptides responsible for the
symptoms in human envenomation is highly important for the development of better
treatments. In addition, these molecules may have applications in toxinology, immunology,
ecology, agriculture, and pharmacy. Thus, the present study, based on the transcriptome
and proteome approaches, reports the gene expression profile of the venom gland, identifies
novel toxins and characterizes a new toxin that has been named Cryptoxin-1.

2. Results
2.1. Identification of Toxins from Transcriptomic and Proteomic Analysis

In this study, we used a proteotranscriptomic approach to characterize the venom
from C. iheringi, since no protein or gene sequence was available in public databases.
Therefore, the venom was submitted for proteome analysis while the venom gland mRNA
was extracted and submitted for transcriptome investigation.

The C. iheringi’s venom gland mRNA was extracted and sequenced by Illumina
HiSeq 1500 technology (Figures S1 and S2 of the supplementary material). A total of
15,904,398 paired-end reads were generated. The relevant pre-processing quality control,
filtering, and trimming steps were applied, resulting in 14,964,551 (94.1%) high-quality
reads. The transcriptomic profile of the C. iheringi venom gland generated 88,774 assembled
transcripts with an average length of 766 bp, a Transcript N50 of 1104 and contained
16,266 (18.3%) transcripts with a length of greater than 1 Kb (Table 1). We evaluated
the completeness of the C. iheringi transcriptome assembly using BUSCO (Benchmarking
Universal Single-Copy Orthologs), searching against the 954 metazoa ortholog groups, and
identified 934 (97.8%) of the conserved groups in metazoa; of these, 885 (92.7% of total)
were complete, and 49 (5.1%) genes were fragmented.

For the alignment of C. iheringi transcriptome assembly against the 106,197 transcripts
from 10 species from the Scolopendromorpha orders (Table 2) (C. anomalans, H. marginata,
S. alternans, S. cingulata, S. dehaani, S. morsitans, S. subspinipes, S. virirdis, S. rubiginosus,
S. sexspinosus) we obtained a total of 5328 (6%) C. iheringi hits, with the Cryptops anomalans
having the highest rate of identification, of 4272 (4.83%). The sequence similarity surveys,
by BLASTx alignment, resulted in 71.4% of unknown transcripts. Therefore only 28.6% of all
transcripts presented at least one protein homolog against the Uniprot and TSA databases.

To further characterize the toxins sequences, the crude venom was analyzed by LC-
MS/MS, and then, we performed automatic peptide matching against the predicted pro-
teins from the C. ihering’s transcriptome. The sequences identified by this approach were
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labeled as putative known toxins if they were present in a public database, and if not, they
were referred to as putative unknown toxins.

Table 1. Description of Transcriptome sequencing and Assembly of Cryptops iheringi and the tran-
scriptome completeness analysis by BUSCO.

Description Number (%)
Total Raw Paird-end Reads 15,904,398
Total High-quality Paird-end Reads 14,964,551
Total transcripts 88,774
Percent GC Content 42.76%
Transcript N50 1104
Median transcript length 416
Average transcript length 766.27
Longest transcript length 23,855
Number of transcripts >1 kb 16,266 (18.3%)
Shortest transcript length 209
Total assembled bases 68,024,656
Complete BUSCOs 885 (92.7%)
Complete and single-copy BUSCOs 713 (74.7%)
Complete and duplicated BUSCOs 172 (18%)
Fragmented BUSCOs 49 (5.1%)
Missing BUSCOs 20 (2.2%)
Total BUSCO groups searched 954 (100%)

Table 2. The number of transcripts from TSA /NCBI for each species from Scolopendromorpha orders
and the number of hits from C. iheringi transcriptome assembly against the orders.

Description Total Transcripts Number (%)
Total Cryptops iheringi Hits - 5328 (6%)

Cryptops anomalans 33,662 4272
Scolopocryptops rubiginosus 28,965 575
Scolopendra cingulata 23,301 283
Scolopocryptops sexspinosus 1540 117
Scolopendra subspinipes 648 32
Scolopendra viridis 520 29
Hemiscolopendra marginata 764 17
Scolopendra morsitans 662 3
Scolopendra alternans 51 0

Scolopendra dehaani 16,084 0

Furthermore, the predicted proteins from the C. ihering’s transcriptome that were
not identified in the approach above were labeled as non-toxins, aligned with the Gene
Ontology (GO) database, and classified according to their main biological category, in
accordance with the GO nomenclature. The remaining sequences that were not identified
as a match within the searched databases, and which were not identified through the
association between the transcriptome and total venom proteome, were called unknown
transcripts and they were no longer explored.

Among the non-toxins transcripts, around 6877.9 transcripts (27%) belong to the
Biological Process, 10,953.7 transcripts (43%) to the Cellular Component, and 7642.12 tran-
scripts (30%) to the Molecular Function, the five most representative categories for each
GO term were represented as the percentage of transcripts in Figure 1.

The proteomic analysis of the crude venom revealed that 454 predicted proteins of the
transcriptome could be classified as unknown venom components or as putative venom
toxins, which were further classified into 24 different protein families (Figure 2). In terms of
relative expression in TPM (transcript per million), putative unknown toxins and putative
known toxins represented 24.97% of the transcriptome.
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Figure 1. Non-toxins distribution of the five most representative categories of ontologies in the total number of transcripts
from the transcriptome analysis of C. ihering’s venom gland. Annotation was performed according to the Gene Ontology

terms for cellular component, biological process, and molecular function categories.
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Figure 2. Distribution of the diversity of transcripts encoding putative known toxins found in the proteotranscriptomic
approach of the venom gland of C. iheringi. Percentages correspond to the relative expression in TPM of each category.
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2.2. Novel Toxins Identified by the Mass Spectrometry

In order to identify the major proteins of C. ihering’s venom, their approximate molec-
ular masses, and relative abundances, the crude venom was submitted for an SDS-PAGE,
followed by a mass spectrometry analysis of the selected gel bands. The results revealed
bands with apparent molecular masses ranging from 15 to 200 kDa, with proteins of the
high molecular mass showing a higher intensity (Figure 3).

Figure 3. SDS-PAGE of the crude venom extracted from C. iheringi. Venom proteins were separated
on a 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue. The molecular mass (kDa)
marker is shown on the right. The Selected groups of bands (from 1 to 6, on the left) were excised
from the gel and processed for LC/MS-MS analysis.

Six groups of protein bands were selected and removed from the gel to be analyzed.
The proteins were identified by matching the resulting mass spectra peptides to the deduced
molecular masses of tryptic peptides, derived from full-length proteins as predicted from
the transcriptome assembly. Matches of at least three peptides were considered valid.
To identify a robust set of abundant venom toxins we focused on those sequences that
exceeded the threshold value of 100 TPM. This allowed us to generate a list of 11 putative
venom toxins that are highly abundant and likely play an important role in the venom
(Table 3 and supplementary material Excel Table S1).

Table 3. Toxin identification of the major bands of C. iheringi venom based on the transcriptome and proteomic data. The

numerical identifications correspond to the group of bands where the protein was found.

Accession Unique Proteome Molecular . . Identity and
Band Group Number Peptides Coverage Weigth Best Hit Species Acession Number
L o uncharacterized Centruroides 25.07%
1 Ciheringi01366 32 53% 152 kDa protein sculpturatus XP_023226371.1
I o . Scolopendra 55.99%
2 Ciheringi05450 78 77% 76 kDa Hemocyanin dehaani SMH67860.1
3 Ciheringil1581 10 36% 37 kDa No hit - -
o . Centruroides 29.74%
o
3 Ciheringil4246 8 29% 27 kDa Lipase sculpturatus XP_023229615.1
L Venom Scolopendra 42.92%
o
3 Ciheringil6405 4 14% 28 kDa allergen subspinipes QEF04219.1
3 Ciheringi21566 5 34% 22 kDa No hit - -
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Table 3. Cont.

Accession

Band Group

Number

Unique Proteome Molecular Best Hit Species Identity and
Peptides Coverage Weigth 3 Acession Number

4

Ciheringi38643

12 56% 11 kDa No hit - -

Ciheringil0323

Branchiostoma 37.39%

4 53% 10kDa Lipase floridae XP_035699465.1

Ciheringi24930

3 22% 15 kDa No hit - -

Cryptoxin-1

12 68% 12 kDa No hit - -

Ciheringi05125

Orussus 80.95%

7 74% 14 kDa Profilin abietinus XP_012283556.1
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2.3. Cloning and Expression of Cryptoxin-1

After the venom proteotranscriptomic analysis, three putative unknown toxins that
showed best proteome coverage (Ciheringil4246, Ciheringi38643, and Cryptoxin-1) were
selected to be cloned and expressed in the recombinant form to study their biological
activities. However, after initial evaluations, only the protein Cryptoxin-1 was obtained in
a soluble form and with a satisfactory yield (8.5 mg/L of culture) after its expression in
E. coli. This putative toxin, Cryptoxin-1, was characterized as described below.

Cryptoxin-1 is composed of 119 amino acids (Figure 4), with a predicted molecular
mass of 12,769.33 Da, and a theoretical pI of 5.76. It also showed a predicted signal peptide,
indicating that this toxin is secreted. In addition, it showed a GRAVY (Grand average of
hydropathicity) index of —0.392, indicating its hydrophilic characteristics and the absence
of a predicted glycosylation site.
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Figure 4. Nucleotide sequence of Cryptoxin-1 found in the transcriptome and its amino acid translation. The nucleotides in

bold were changed to optimize expression in E. coli. The coverage of peptides found in the proteome is highlighted in grey.

Underlined amino acids indicate the predicted signal peptide (SignalP-5.0), (*) indicates the stop codon.

The ¢cDNA of Cryptoxin-1 was codon-optimized and cloned into the pET-24b (+)
expression vector and then transformed into E. coli BL21 (DE3). The SDS-PAGE protein
expression analysis revealed a single major band at around 16 kDa (Figure 5a, line 3). The

104



Toxins 2021, 13, 858

mass spectrometry analysis (MALDI-TOF-MS) of purified Cryptoxin-1 showed a molecular
mass of 14,138.5 Da (Figure 5c), which corresponds to the combination of Cryptoxin-1
(12,769.33 Da), a C-terminal tail of six histidines for IMAC purification, and additional
residues encoded by the cloning vector (1360.67 Da). Its expression was also confirmed by
polyclonal anti-histidine antibody immunoblotting, as shown in Figure 5b.
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Figure 5. (a) 12% SDS-PAGE gel stained with Coomassie Brilliant blue. MW—Molecular mass marker in kDa; 1—E. coli
sediment before IPTG induction; 2—E. coli sediment after IPTG induction; 3—Cryptoxin-1 purified by nickel-sepharose’s
affinity. (b) Recognition of the recombinant protein by immunoblotting using the polyclonal antibody anti-histidine (Sigma—
Aldrich, St. Louis, MO, USA). Arrow indicates protein height; (¢) MALDI-TOF—Mass spectrometry analysis of purified
Cryptoxin-1 showing its molecular mass of 14,138.51 Da. (d) ELISA, IgG anti—C. iheringi venom against crude venom,
Cryptoxin-1, and GST (unrelated recombinant protein). Fixed antibody dilution used was 1:200 (7.5 ug/mL) versus serial
protein dilution starting at 1 pg/mL.

To further confirm the presence of Cryptoxin-1 in the venom, its recombinant form,
as well as the whole venom and a recombinant non-related protein (negative control)
glutathione protein S-Transferase (GST) from Schistosoma mansoni were tested by ELISA,
using a purified polyclonal IgG anti- C. ihering’s venom. As can be seen in Figure 5d, the
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anti-venom IgG recognized both the venom and Cryptoxin-1, while the negative control
(GST) was not recognized.

2.4. Crypotoxin-1 Induces Edema in Mice Footpad

As previously demonstrated, local tissue inflammation is one of the deleterious ef-
fects in C. iheringi envenomation [25]. Thus, we evaluated the local injury induced by
Cryptoxin-1 injection in the footpad of BALB/c mice.

Mice were injected, through the right footpad, with either PBS (negative control),
45 uM of recombinant proteins Cyptoxin-1, or GST (negative protein control). The edema
was measured through the thickness of the footpad at different time intervals, including: 1,
24,48, and 72 h. The group injected with Cryptoxin-1 experienced a marked presence of
edema during all the measurement times with a statistical difference when compared to
the control groups (Figure 6a).
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Figure 6. (a) Cryptoxin-1 induced footpad edema in mice. Groups of BALB/c mice were injected
with 30 pL (45 uM) of Cryptoxin-1, GST (negative protein control), or 30 uL PBS (negative control).
Edema was determined by thickness difference, at times 1, 24, 48, and 72 h. The results represent the
=+ S.E.M compared with the negative control group (Cryptoxin-1 vs PBS and Cryptoxin-1 vs GST), (n
=5). Statistical analysis was performed by ANOVA, followed by the Bonferroni test, *** p < 0.0001.
(b) Histological analysis of the footpad of mice at 24 h after protein injection or PBS. All samples
were analyzed with hematoxylin and eosin staining. 1. and 2.: Cryptoxin-1, bar 20 um (40 x) and 10
um (100 x) respectively; 3. and 4.: GST, bar 20 and 10 um respectively; 5. and 6.: PBS, bar 20 and 10
um, respectively. Neutrophilic inflammatory infiltrates (arrow). The images are representative of five
mice/groups.
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The cellular infiltration was then analyzed using the histological sections. Twenty-four
hours after the injection, the GST and PBS groups presented normal tissue without an
excess of inflammatory infiltration (Figure 6b, images 3, 4, 5, and 6). In contrast, 24 h after
the Cryptoxin-1 injection, we observed the predominance of neutrophilic inflammatory
infiltration (Figure 6b, images 1. and 2.).

2.5. Cryptoxin-1 Induces Potent Neutrophil Migration in Mice Footpad

Since we verified the peak of the edema induced by Cryptoxin-1 injection, as well
as neutrophil infiltration in the histological analysis at 24 h, we confirmed this cellular
profile by flow cytometry. Thus, at the peak of the edema (24 h), cellular suspensions
were prepared from the footpad of the different mice groups and stained with anti-CD45,
anti-CD11b, and anti-Ly6G mAbs conjugated to fluorochromes followed by flow cytometry.
As shown in Figure 7, Cryptoxin-1 induced a significant level of neutrophils infiltration
compared to that achieved in the other groups.
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Figure 7. Neutrophil migration in the footpad of BALB/c mice injected with Cryptoxin-1, GST (45 uM), or PBS. (a) Flow
cytometry gate strategy. Cells suspensions were prepared from footpad macerates after 24 h of the injection. Samples of cells
(1 x 10° cells) were incubated with anti-CD 45- APC, anti-CD 11b-PE-Cy7, and anti-Ly6G (PE) antibodies followed by flow
cytometry analysis. (b) The mean of the percentage of CD45"CD11b*Ly6G™" cells of individual mice/group (1 = 5) & S.EM.
Statistical analyses was performed by ANOVA, followed by Bonferroni test, *** p < 0.05 Cryptoxin-1 group compared with
PBS or GST groups.

3. Discussion

Centipedes are well adapted to urban areas and are very commonly found in gardens
and other residential areas. As a consequence, there is a great risk of accidents occurring
for humans [2,13,26]. Although their venom may cause undesirable effects, centipedes
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have been used in traditional eastern medicine for centuries [11]. However, individual
substances have rarely been refined [27,28].

The vast majority of studies of centipede venom are restricted to the Scolopendra
genus [8-10,27,29-33]. In addition, some studies use the whole centipede instead of the
whole venom for their proteomics analyses, making a more specified comparison invi-
able [34,35]. Five comparative studies have demonstrated that centipede venoms are
complex cocktails, encompassing more than 60 phylogenetically distinct protein fami-
lies [10,32,36-38]. Among them, there exist, enzymes, protease inhibitors, a great diversity
of cysteine-rich proteins, and unknown proteins that are yet to be functionally character-
ized. Therefore, in this study, we aimed to contribute to the understanding of the toxin
genes present in centipedes by generating a gene expression profile of the venom gland of
Cryptops iheringi species.

Since literature for this species is scarce, we followed the transcriptome and proteomic
approaches that were effective to identify toxins for other related species. In this regard,
Ward, et al. (2018) [33], using these techniques, were able to identify 39 new toxins in the
venom gland of the Scolopendra viridis, while Liu, et al. (2020) [8] found more than 400 toxin-
like unknown sequences in the venom gland of Scolopendra mojiangica. Similarly, we found
as high as 57.9% of the proteins to be uncharacterized from the C. iheringi centipede and
454 protein sequences that could only be characterized as putative unknown toxins or
known toxins due to the proteomic approach. Among them, 263 proteins showed no
similarity with the available sequences in public databases, indicating a great diversity of
components with an unknown structure and function.

The putative venom toxins of C. iheringi revealed diversely distributed proteins with
novel structures and biological activities that need to be further investigated. The majority
of the venom proteins are putatively functional enzymes. Most notably, lipases and other
hydrolases (8.8%), which include a large group of different proteins, such as phospholi-
pases, are frequently reported as venom components of several other arthropods, such as
centipedes, spiders, and scorpions [25,34,39-43], contributing to prey digestion and venom
toxicity [42].

Trypsin domain proteins were also found in this venom (5.8%). Food protein degra-
dation is crucial for digestion and is catalyzed by trypsin enzymes. Trypsin appeared
early in evolution, and it became the most abundant proteinase in the digestive systems of
invertebrates [44]. Trypsin performs two main functions, namely, the hydrolysis of protein
and the activation of other digestive proteases, although it also plays a role in the innate
immunity of these animals [45]. Some trypsin domains proteins have also been found in
the centipede S. subspinipes dehaani venom gland transcriptome [29].

Peptidases (4.6%) were found to be another relevant group, comprised of endopepti-
dases, carboxypeptidases, and esterases that are among the reported protein components
of some centipedes [30]. These kinds of proteins have an effect on amino acid production
for digestive purposes and may be responsible for the tissue deleterious effects of the
envenomation [46]. Several classes of peptidases, for which activities were not yet clarified,
have also been found in the venom proteome and transcriptome of the scorpion Hadrurus
spadix [47].

Putative neuron cell adhesion toxins were also present in this venom (4%). Findings
on black widow spider venom indicate that such toxins can modulate a neuronal adhesion
receptor, which stimulates strong neuronal exocytosis in vertebrates, and, interestingly,
may perform functions in synapse development [48,49]. In the context of venom activity,
interesting studies exist showing that a toxin from the snakes Bothrops atrox and Bothrops
moojeni is capable of improving spatial memory disorder in temporal ischemic rats through
its effects on the neural cell adhesion molecule [50]. Regarding the other putative venom
toxin found here, more studies are necessary to propose and define its function in the
venom of arthropods, especially from C. iheringi.

In addition to the whole venom proteome, C. ihering’s crude venom was subjected to
a protein separation by SDS-PAGE to better visualize the main bands and their relative
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expression. In this gel, the venom showed an electrophoretic profile with a wide range
of proteins between 15 and 200 kDa, with a large amount located above 70 kDa. The
main bands of the venom were excised from the gel and subjected to LC-MS/MS mass
spectrometry, in a strategy successfully utilized for the proteome decomplexation of other
venoms [51]. The proteomic analysis returned several peptides with good spectra quality,
which allowed us to classify 11 toxins, five of which ranged in size between 17 and 37 kDa,
whose sequences did not show any similarity to the public databases, and therefore, repre-
sent new C. iheringi specific toxins. In order to unravel the function of unknown putative
toxins, one, named Cryptoxin-1, was cloned and expressed in E. coli. The presence of this
toxin in the venom was further confirmed by ELISA, where it was strongly recognized by
IgG anti- C. iheringi’s venom, indicating its presence in the venom.

As it is known from the literature, envenomation by centipedes usually causes pain,
erythema, and edema formation in humans and mice [13]. However, the characterization of
the inflammatory activities induced by the venom is poorly described in the literature. For
the centipede C. iheringi, there is only one published article showing that the venom induces
strong pro-inflammatory activity able to induce edema and nociception, in addition to
being myotoxic for mice [25]. Similarly, previous studies showed that the crude venom of
the centipede species S. viridicornis, and O. pradoi induced edema in mice’s footpads, which
progressively diminished by 72 h [25,52]. In this respect, the injection of Cryptoxin-1 into
mice’s footpads was able to cause an edema of rapid evolution and progressive decay after
72 h. In addition, the injected animals were prostrate, bristly, with low temperature, and
showed erythema at the injection site (data not shown).

After considering the results obtained with the edematogenic activity, we performed
a histological analysis of the mice footpad injected with Cryptoxin-1 to characterize the
cellular influx in the peak of the edema. The histological sections demonstrated the pre-
dominance of neutrophil infiltration, and flow cytometry analysis confirmed this result.
Following these findings, Fung et al. (2011) [26] reported that 40% of patients who have
been admitted to Hong Kong Emergency Hospital with centipede bites (species not speci-
fied), showed an increased neutrophil-predominant leukocytosis in their blood tests with
an edema and erythema at the bite site, and strong pain. We also observed that the neu-
trophil infiltration lasted up to 72 h, which was also reported for the crude venom of
S. viridicornis [53]. Taking these observations together, the results indicate that Cryptoxin-1
may contribute to the symptoms observed in envenomation. It is important to point out
that in all the experiments, the recombinant GST, which was subjected to the same expres-
sion and purification procedures as Cryptoxin-1, was used as a non-related protein control
to exclude any effect related to the protein purification steps.

Kinetics cellular infiltrate studies show that neutrophils are the first inflammatory cells
to reach the lesion site and that edematogenic activity may occur due to the neutrophils
release of cytokines, prostaglandin, myeloperoxidase, bradykinin, and histamine, causing
increased vasodilation and the permeability of small vessels, resulting in the migration
of other cells to the local tissue [54,55]. Although it is already known that innate immune
cells participate in the local inflammatory response [27], the correlation between the local
edema induced by C. iheringi venom and cellular infiltration is not completely understood.
Therefore, further investigation is necessary to elucidate the complex interplay of the toxins
present in its venom.

In this work, we described the profile of toxins present in the C. iheringi venom gland
using transcriptome and proteome approaches that may contribute to understanding the
venom composition and its effects in envenomation. In addition, new toxin genes were
identified that may allow for the characterization of their role in this venom, and possibly
for other toxins in related species. Furthermore, a new recombinant toxin named Cryptoxin-
1 was also characterized as showing a proinflammatory activity, suggesting that it is likely
to be one of the components responsible for the envenomation symptoms observed in
accidents with humans. Additional studies are being conducted with this toxin as well
as the other unknown toxins to understand their role in envenomation. Keeping this in
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mind, we understand the potential of novel developments for further studies concerning
this centipede species and its venom.

4. Materials and Methods
4.1. Specimen Collection and Venom Extraction

Seven C. iheringi adult specimens were collected in the metropolitan area of the city
of Sao Paulo, Brazil with the permission of SISBIO (15222-2) and kept in the Arthropod
Laboratory of the Butantan Institute. To obtain the venom, the animals were anesthetized
by anoxia, and the venom was extracted through electrical discharges (12 V) in the ventral
region of the head (coxo sternum) with an electroshock device. The venom obtained
through the forcipules was aspirated with an automatic micropipette and deposited in
a microcentrifuge tube in an ice bath. The venom obtained was stored at —80 °C for a
subsequent proteome analysis. The extraction was performed every 30 days.

4.2. RNA Isolation, Library Preparation, and Illumina Sequencing

The heads of seven specimens of Cryptops iheringi were submitted for the dissection
the of venom glands for transcriptomics. The total RNA was extracted with TRIZOL
Reagent (Invitrogen, Life Technologies Corp., Carlsbad, CA, USA), a method based on
the procedure described by Chomczynski et al. (1987) [56]. The total RNA was quantified
by its absorbance at a wavelength of 260 nm in a NanoDrop 2000 device (Thermo Fisher
Scientific, Waltham, MA, USA). Beginning with an amount of total RNA ranging from 75
to 77 ug for each sample, the purification of mRNA was performed through an affinity to
magnetic microspheres containing oligo (dT), using the protocol of the Dynabeads® mRNA
DIRECT kit (Invitrogen, Life Technologies Corp.), with reagents to reduce the number of
ribosomal RNA (rRNA). The quantification of mRNA was performed using the Quant-iT
RiboGreen® reagent (Invitrogen, Life Technologies Corp.), according to the manufacturer’s
specifications. All RNA procedures were performed using RNAse-free tubes and tips
with a filter and water, treated with diethylpyrocarbonate (DEPC, Sigma-Aldrich, St.
Louis, MO, USA). After the extraction of mRNA, its integrity was assessed using the
2100 Bioanalyzer, pico chip series (Agilent Technologies Inc. Santa Clara, CA, USA). The
mRNA was then subjected to a purification and concentration step using the MinElute®
PCR Purification Kit (Qiagen) protocol. To confirm that mRNA was not lost of during this
purification and concentration step, a further quantification of the mRNA was performed
through its absorbance at a wavelength of 260 nm in a NanoDrop 2000 device (Thermo
Fisher Scientific, Waltham, MA, USA).

A cDNA library was generated by TruSeq RNA Sample Prep Kit protocol (Illumina,
San Diego, CA, USA). The cDNA was synthesized from fragmented mRNA using ran-
dom hexamer primers, followed by ligation with appropriate sequencing adaptors. The
size distribution of the cDNA libraries was measured with a 2100 Bioanalyzer using
DNA1000 assay (Agilent Technologies Inc. Santa Clara, CA, USA). An ABI StepOnePlus
Real-Time PCR System with KAPA Library Quantification was used for library sample
quantification before sequencing. The ¢cDNA library was then sequenced on Illumina
HiSeq 1500 System, in a Rapid Run mode in a 2-lane paired-end flowcell, run for 300 cycles,
generating 2 x 151 bp paired-end reads for each fragment, according to the manufacturer’s
protocol (Illumina).

4.3. RNA-Seq Raw Data Pre-Processing, De Novo Assembly, and Functional Annotation

After large-scale sequencing of the cDNA, using Illumina HiSeq1500 equipment,
bioinformatics analyses were performed. Thus, the sequencing platform generated se-
quencing images, which were converted to BCL format, after the CASAVA software was
used to demultiplex the samples through the identification of the indexes (barcodes). The
demultiplexing step generates the FASTQ file format, with a quality control of Q30.

For the pre-processing of the reads, an in-house pipeline was used to analyze the raw
reads with a read filter by quality, eliminating reads with homopolymer and low complexity
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regions, poly-A/T/N tails, removal of adapters, indexes, and low-quality edges using the
software FASTQ-mcf, [57] and bowtie2 [58]. The criteria used for filtering were as follows:
the removal of homopolymer regions and a low complexity above 90% of the sequence,
trimming tip regions with an average quality lower than 25. Only reads at a minimum size
of 40 bp were kept. The raw reads were filtered by PhiX contaminants using the software
Bowtie2 [58] standard parameters.

The transcriptome was assembled using the rnaSPAdes [59] with a K-mer size of 55.

The TransDecoder software version 3.0.1 (http:/ /transdecoder.sourceforge.net/; ac-
cessed on 15 January 2018) was used to identify Open Reading Frames (ORFs) from the
assembled transcripts with protein lengths higher than 60 amino acids. The program
SignalP version 5.0 [60] was used for signal peptide predictions.

The completeness of the transcriptome was also estimated by the presence of se-
quences belonging to the set of ultraconserved eukaryotic proteins, tested using the BUSCO
approach based on metazoa database [61].

Using TSA/NCBI, we downloaded the transcriptome assemblies from 10 species
from the Scolopendromorpha orders (Table 2) (Cryptops anomalans (GERT01.1), Hemis-
colopendra marginata (GHBY01.1), Scolopendra alternans (GASKO01.1), Scolopendra cingulate
(GCAPO01.1), Scolopendra dehaani (GBIMO01.1), Scolopendra morsitans (GHKQO01.1), Scolopen-
dra subspinipes (GGDWO01.1), Scolopendra virirdis (GGNEO1.1, Scolopocryptops rubiginosus
(GCIY01.1), Scolopocryptops sexspinosus (GHBZ01.1)) summarizing 106197 transcripts used
to create the database for Blast alignment. The C. iheringi were aligned against the Scolopen-
dromorpha database using the BlastN alignment tool with a cutoff of 1 x 10715,

The predicted amino acid sequences were aligned using the BLASTx and BLASTp
programs [62] against NCBI's Uniprot/Swissprot protein databases, and Transcriptome
Shotgun Assembly (TSA), to access sequence similarity with proteins in other species
with a cutoff e-value of 1 x 10~>. The hmm search tool [63] allowed us to identify the
conserved PFAM domains [64], with a cut-off e-value < 1 x 1073. The priority order of
the UniProt/Swissprot, PFAM, and TSA-NCBI protein hits was used to select the best
candidate for each transcript.

The sequencing reads were aligned against the C. iheringi transcriptome with the
bowtie2 program [58]. The method was used to estimate the transcript abundance. Further
computing of the abundance for each transcript was performed by RSEM [65], along
with a Maximum Likelihood abundance estimate, using the Expectation-Maximization
algorithm for its statistical model. Final abundance estimates were calculated as Expected
counts, Fragments Per Kilobase of exons per Million fragments mapped (FPKM) and
Transcripts Per Million (TPM) values. Functional annotation was performed using the
Blast2GO program [66], which is a tool used for analyzing a set of sequencing tags that
makes it possible to understand the physiological meaning of a large number of genes.
Transcript sequences were used as input sequences for the Blast2GO program. BLASTx
was used to find counterparts in the NCBI database NR with a cut-off value of 1 x 107°.
Furthermore, the analysis was performed using the first 20 hits, a minimum alignment
length of 33 amino acids, and a low complexity filter activation. The program then extracted
the Gene Ontology (GO) terms for each hit obtained by mapping the existing annotation
associations, after an annotation rule assigns the GO term to the sequence in question.
After the BLAST, mapping, and annotation steps, the graphs, tables, and organization
charts provided by the program were analyzed. For the distribution data of the GO terms
provided by the program, tables with raw data were used instead of the graphs provided,
since this allowed for greater formatting flexibility for the presentation of the data.

Bioinformatics analyses were performed using the computational infrastructure of
the Center of Toxin, Immune response and cell signaling (CeTICS), and the Bioinformatics
and Computational Biology Core in the Butantan Institute. The raw data generated in
this project was deposited in the NCBI BioProject section under the accession code PR-
JNA763193, BioSample SAMN21432369 and SRA SRR1608688.This Transcriptome Shotgun
Assembly was deposited in NCBI TSA under the accession GJOG00000000.
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4.4. SDS-PAGE and LC-MS/MS Analysis of C. iheringi

C. iheringi venom was analyzed by SDS-PAGE (12% acrylamide resolution and Pierce,
USA) under reducing conditions [67]. After protein separation by electrophoresis, the gels
were stained with Coomassie Brilliant Blue R-250 (GE Healthcare) (0.1% coomassie R-250,
40% ethanol; 10% acetic acid) and bleached with a bleach solution (20% methanol, 5% acetic
acid) for which a molecular weight standard for proteins (Middle Range protein Ladder,
ready-to-use—Thermo Fisher Scientific, Waltham, MA, USA) was used. Electrophoresis
occurred at room temperature, using a voltage of 150 V and a current of 40 mA per gel. The
regions of interest were cut out from the gel manually with the aid of a sterile scalpel on a
clean surface and placed in Eppendorf tubes washed with methanol and Milli-Q water. To
remove the Coomassie dye, the gel bands containing the venom proteins were incubated
under agitation for 10 min in a bleaching solution (50% acetonitrile; 25 mM NHyHCOs3;
pH 8), followed by a 10 min rest; the procedure was repeated until complete dye removal.
After removing the dye, the fragments were washed with 100% acetonitrile and dried in a
vacuum centrifugation system for 25 min.

During enzymatic digestion, the gels were rehydrated with trypsin solution
(10-15 pg/mL trypsin; 25 mM NH4HCO3). The enzymatic solution was incubated
(4 °C), the samples remained in an ice bath for 30 min, then 25 mM NHyHCO; was
added and kept at 37 °C for 20 h. After this period, the digestion tube supernatant was
transferred to a methanol treated Eppendorf tube. To extract the peptides, the gel fragments
were covered with a 50% acetonitrile solution; 5% TFA, and gently homogenized for 30 min,
the supernatants were reduced to a volume of 5 uL in a vacuum centrifugation system and
then purified in C18 ZIP TIPs micro columns following the manufacturer’s instructions.

The total venom was filtered through a 0.22-micron filter solubilized in ammonia bi-
carbonate (Sigma—-Aldrich, St. Louis, MO, USA # A-6141) pH 8.0, containing a phosphatase
inhibitor. The protein content of the samples was quantified using the BCA kit (Thermo
Fisher Scientific, Waltham, MA, USA). The protein disulfide bridges were reduced by
adding 10 mM DTT (Sigma—Aldrich, St. Louis, MO, USA # D-5545), followed by incubation
for 30 min at 56 °C. The proteins were alkylated with 55 mM IAA (Sigma-Aldrich, St.
Louis, MO, USA #1-1149), at room temperature, in the dark, for 30 min. Protein digestion
was performed using trypsin (Promega # V5111), in a 1:20 ratio, at 37 °C, for 18 h. Columns
C 18 (Harvard Apparatus, Holliston, MA, USA) were used for cleaning and the desali-
nation of the sample. Digestion products were loaded onto a tandem system containing
a pre-column that separates the products and passes the effluent automatically into an
LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The
enzymatic digestion with trypsin and desalination of the gel bands, as well as the crude
venom were carried out at CEFAP: Center for research support facilities at the University
of Sao Paulo, USP.

4.5. LC-MS/MS Data Analysis

After analyzing the samples by LC-MS/MS, the raw data were collected and passed
through the Mascot platform (Matrix Science, Boston, MA, USA), using carbamidomethyla-
tion and methionine oxidation as variable modifications. The resulting files were exported
in the .dat extension and processed in the Scaffold Q + software version 4.0 (Proteome
Software, Portland, OR, USA), using as selection criteria of the presence of at least three
peptide fragments, a probability rate of 95% for protein identification and a false discovery
rate (FDR) of 5%. In addition, for the analysis carried out on the Scaffold Q + and Mascot
platforms, a FASTA database was built containing the amino-acid sequences obtained
through the predicted proteins from assembled transcripts of the transcriptome venom
gland, together with sequences of possible sample contaminants such as trypsin and hu-
man keratin, to avoid alignment and coverage errors. Based on the data on the probability
of protein identification and percentage of coverage, a contig for each band of venom
was identified.
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4.6. Protein Expression and Purification

The nucleotide sequence of Cryptoxin-1 was optimized for expression in E. coli and
the construction pET24b-Cryptoxin-1 was performed using Invitrogen™ Gene Synthesis
(GeneArt™ Thermo Fisher Scientific, Waltham, MA, USA).

For their expression, chemically competent E. coli BL21 Star™ (DE3) (Invitrogen®)
were transformed with pET24b-Cryptoxin-1 construction or pET-42a (Novagen) contain-
ing the sequence of glutathione S-transferase (GST). For each experiment, a cell colony
grown overnight from LB-agar plates was transferred into a liquid LB medium and grown
overnight at 30 °C in the presence of 50 ug/mL kanamycin. This culture was diluted 1:50
into 200 mL of fresh LB broth/kanamycin. When the cell suspension reached an optical
density of 0.6 at 30 °C (OD 600 nm) it was induced with a final concentration of 1 mM of
isopropyl-b-D-thiogalactoside (IPTG). Cells were then grown for four hours after which the
cells were collected by centrifugation at 10,000 x g for 10 min at 10 °C (ultracentrifuge Beck-
man). The whole-cell pellets were then resuspended in a binding buffer (20 mM sodium
phosphate pH 7.4 and 500 mM NaCl) and lysed on ice by an ultrasonication device (ampli-
tude of 20% with 3 s pulse and 4 s interval between each pulse) for 60 s, and the process
was repeated 5 times. Cell debris were removed from the protein solution by centrifugation
at 10,000 x g for 10 min in a Beckman ultracentrifuge. The entire amount of the supernatant
containing the soluble protein was purified with high-performance immobilized metal
affinity chromatography (IMAC) using HisTrapHP 5 mL column pre-packed (Cytiva™,
Marlborough, MA, USA) coupled to the AKTA™ start protein purification system and
then desalted into phosphate-buffered saline (PBS) buffer pH 7.4 with HiTrap® Desalting
Columns (Cytiva™, Marlborough, MA, USA). The endotoxin was removed with Pierce™
High-Capacity Endotoxin Removal Spin Columns (Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturer’s protocol. Quantification of recombinant proteins was
performed using the BCA Pierce™ Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s protocol.

4.7. Mass Spectrometry Analysis

Mass spectrometry of Cryptoxin-1 was performed on the MALDI-TOF Autoflex Speed
(Bruker Corporation, Billerica, MA, USA) equipment following pre-established protocols
for protein analysis. In summary, 0.5 uL of a saturated solution of sinapinic acid in ethanol
was mixed with 100 ng of Cryptoxin-1. After drying, 1 uL of a TA30 (0.1% trifluoroacetic
acid/acetonitrile in a proportion of 70/30) was added to the mixture and applied to the
Ground Steel plate for analysis. Data acquisition was performed in a linear mode with
positive polarity, with the following parameters: Ion Source 1—19.50 kV, Ion Source 2—
17.60 kV, Lens—9.0 kV, Pulsed Ion Extraction 170 ns, Mass Range 5—70 kDa, Laser Frequency
500 Hz, Gain Detector 10.0x. The results were analyzed using the online software mMass
version 5.5.0, 2013 (Martin Strohalm© Open Source Mass Spectrometry Tool).

4.8. Rabbit Specific Antivenom Production

The anti-venom serum from the C. iheringi centipede was obtained by immunization
of rabbits. Two hundred micrograms of the venom and 2.5 mg of aluminum hydroxide
(Brenntag Specialties, Inc., South Plainfield, NJ, USA) were added to a final volume of
1 mL of PBS. After this, 250 pL of this mixture was injected intramuscularly. After 1 month,
the rabbits received five consecutive boosters of antigen with 15-day intervals. Blood was
collected and sera were separated and stored at 20 °C until use. Antibodies present in
the hyperimmune serum were purified on HiTrapProtein G HP 5 mL column pre-packed
with high-performance protein G-Sepharose (GE Healthcare, Little Chalfont, UK) and
quantified by BCA (QuantiProBCA Assay Kit, Sigma-Aldrich, St. Louis, MO, USA). To
characterize the polyclonal anti-venom, ELISA and immunoblotting assays were performed.
The experimental protocols were approved by the Butantan Institute Ethical Committee for
Animal Research (certified by CEUAIB n° 8172250816).
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4.9. ELISA Immunoassay

Microplates of 96-well (Sarstedt, Germany) were sensitized with 100 uL/well of the
heterologous proteins in the serial 1:2 dilution from 1 to 0.008 pg/mL and incubated in
a humid chamber at 4 °C for 18 h. Crude venom and GST protein were used as controls
under the same conditions. Subsequently, blocking was performed with PBS containing
1% bovine serum albumin (BSA) for 30 min. After blocking, the addition of 1:200 (7.5 ug)
of polyclonal IgG anti-C. iheringi venom antibody diluted in PBS + 1% BSA at 37 °C for 1 h.
Subsequently, the microplates were incubated with a peroxidase-conjugated anti-rabbit
IgG antibody (1:5000) at 37 °C for 45 min. After this, a revelation solution of OPD (ortho-
phenylenediamine) was added (1 mg of OPD, 2 mL of citrate/phosphate buffer, and 1 pL
of hydrogen peroxide). Then, the microplates were statically incubated, in the dark, at
24 °C for 15 min, and sulfuric acid (HSO4) 2 N was used to stop the reaction and the plate
was read in an ELISA reader (Labsystems Multiskan, Thermo Fisher Scientific, Waltham,
MA, USA) at 492 nm.

4.10. Mice

For the experiments, BALB/c male mice (between 18 and 20 g) were bred from the
animal house facilities of the Butantan Institute, Sio Paulo, Brazil. The animals were kept
in a controlled temperature, 12/12 light/dark cycle, and were provided with standard food
and water ad libitum. The experimental protocols were approved by the Butantan Institute
Ethical Committee for Animal Research (certified by CEUAIB n° 4300061120).

4.11. Evaluation of Paw Edema

Mice (n = 6) were injected (30 uL) with Cryptoxin-1 (45 uM), GST (45 uM), or PBS
(negative control) in the right hind paw. The edema-forming activity was studied after
1,24, 48, and 72 h, by pachymeter. The results were expressed as the difference in paw
thickness before (control) and after (experimental) injection (mean + S.E.M).

4.12. Histological Analysis

Mice (n = 5) were injected in the right paw with Cryptoxin-1 45 uM /30 uL, GST
45 uM/30 uL or PBS (negative control) and 24 h after the injection, the animals were
euthanized, and the right paws were collected for footpad skin removal. The samples
were then fixed in 4% paraformaldehyde in PBS, pH 7.2, for 24 h. After dehydration in
a crescent ethanol series up to 95%, the samples were embedded in glycol methacrylate
(Leica Microsystems Nussloch GmbH, Heidelberg, Germany). Sections of 4 um were
obtained in a Microm HM340 microtome and stained with the hematoxylin-eosin solution
for morphological studies of tissues.

4.13. Analysis of the Neutrophil Infiltrate in Footpad Tissue by Flow Cytometry

The Neutrophil migration in the footpad after 24 h of Cryptoxin-1 injection was
analyzed by flow cytometry. Groups of mice (1 = 5) were euthanized, and the right
paws were removed at the tibiotarsal joint and macerated. The debris was resuspended
into 1 mL of PBS and then centrifuged (5 min/1200 rpm/4 °C). The cell pellets were
recovered and counted by Trypan blue exclusion (Sigma-Aldrich, St. Louis, MO, USA)
using a hemocytometer. The cells that were resuspended in an RPMI-1640 cell culture
media (Gibco Thermo Fisher Scientific, Waltham, MA, USA), were then incubated with
anti-FcyRII/III mAD for 30 min at 4 °C. Afterward, the cell suspensions were centrifuged
(5 min/1200 rpm/4 °C) and resuspended in the culture medium (10° cells/well) and
incubated with anti-leukocyte (CD45-APC) and anti-neutrophil (Ly6G-PE/CD11b-PeCy?7)
monoclonal antibodies (BD Biosciences, Franklin Lakes, NJ, USA) for 30 min at 4 °C. The
cells were then washed and resuspended in PBS containing 0.1% paraformaldehyde (Merck,
Darmstadt, Germany). All samples were acquired in the flow cytometer (FACS Canto
II, BD Biosciences, Franklin Lakes, NJ, USA). Around 20,000 events were collected for
each sample The data were analyzed using Flow]o software 7.5 (BD Biosciences, Franklin
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Lakes, NJ, USA). The forward and side scatter density plots (FSC x SSC) were used to
exclude the debris and select the cell population, followed by the selection of the single
cells. After this, the CD45" cells were selected and then, using the fluorescent minus
one (FMO) methodology, the CD45*CD11b*Ly6G* cells were determined. The results
were expressed as the mean of the percentage of CD45"CD11b*Ly6G™* cell population of
individual mice/group = standard error of the mean (S.E.M).

4.14. Statistical Analysis

All statistical analyses and graphical representations were analyzed using the Graph-
Pad Prism 9.1.2 program. Statistical tests performed using ANOVA followed by the
Bonferroni test and t Student’s test. The p values followed the pattern recommended by
the software: * p < 0.05; ** p < 0.001; *** p < 0.0001; **** p < 0.00001.
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Abstract: Cathepsin L (CatL) is a lysosomal cysteine protease primarily involved in the terminal
degradation of intracellular and endocytosed proteins. More specifically, in humans, CatL has been
implicated in cancer progression and metastasis, as well as coronary artery diseases and others. Given
this, the search for potent CatL inhibitors is of great importance. In the search for new molecules to
perform proteolytic activity regulation, salivary secretions from hematophagous animals have been
an important source, as they present protease inhibitors that evolved to disable host proteases. Based
on the transcriptome of the Haementeria vizzotoi leech, the cDNA of Cystatin-Hv was selected for this
study. Cystatin-Hv was expressed in Pichia pastoris and purified by two chromatographic steps. The
kinetic results using human CatL indicated that Cystatin-Hv, in its recombinant form, is a potent
inhibitor of this protease, with a K; value of 7.9 nM. Consequently, the present study describes, for
the first time, the attainment and the biochemical characterization of a recombinant cystatin from
leeches as a potent CatL inhibitor. While searching out for new molecules of therapeutic interest, this
leech cystatin opens up possibilities for the future use of this molecule in studies involving cellular
and in vivo models.

Keywords: leech; Haementeria vizottoi; cysteine proteases inhibitor; recombinant cystatin; cathepsin L

Key Contribution: Cystatin-Hv is the first cysteine protease inhibitor described from leeches and
obtained in its recombinant form, allowing its biochemical characterization. It was discovered in the
transcriptome of the salivary complexes from Haementeria vizottoi leeches, obtained in recombinant
form and characterized biochemically. It was able to strongly inhibit the human cathepsin L with a
K; of 7.9 nM.

1. Introduction

Human cysteine proteases participate in several physiological processes, such as
the degradation of peptides and proteins [1], and constitute the major components of
lysosomes [2]. In this group of enzymes, cathepsin L (CatL) is an endopeptidase that
degrades intracellular and endocytosed proteins in the lysosome. Recent studies have
suggested that this protease plays many critical roles in diverse cellular settings. Thus,
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overexpression of CatL has been reported in several human diseases, such as liver fibrosis,
Type I and II diabetes, cardiac, bone, immune, and kidney disorders [3-5]. Additionally,
membrane-bound or released CatL mediates the cleavage of the S1 subunit of the corona-
virus surface spike glycoprotein, participating in the invasion into human host cells via
the so-called late pathway [6,7]. Although the preferred pathway for infection is via the
serine protease TMPRSS2 (early pathway), CatL, together with TMPRSS2, present tempting
targets for pharmacological inhibition [7].

The endogenous inhibitors named cystatins are the most effective mechanism for
controlling the activity of cathepsin L [1,2]. It is interesting to note that CatL inhibitors
can also be found in several organisms, such as hematophagous animals, where they play
an important role in their survival. Cystatins from hematophagous animals participate in
the immunological modulations [8], reducing the processing capacity and presentation of
antigens by the host’s antigen-presenting cells. The production of cytokines by the host’s
macrophages is also affected, resulting in an anti-inflammatory response [9]. Tick cystatins
have been characterized as capable of inhibiting several cathepsins involved in blood
digestion, embryonic development of the tick, and the immune response of the host [10,11].
Cystatins that specifically inhibit CatL have also been described, such as sialostatin L,
present in the Ixodes scapularis tick. Sialostatin L inhibits the protective proteolytic activity
of host cells at infestation sites, thus promoting tick survival [12]. In addition, it also
holds anti-inflammatory and immunosuppressive activities through the inhibition of killer
T cells [13].

Tick cystatins have been described as potent and specific protease inhibitors, expand-
ing their potential to be used further as new vaccine antigens and anti-tick drugs of medical
importance [10,14]. Furthermore, studies of cystatins in cell models, such as cancer [15],
inflammation [16], and immunomodulation [17], demonstrate the significant potential
of cystatins as new drugs or prototypes for developing new drugs for veterinary and
human use.

Similar to ticks, leeches are hematophagous parasites that possess interesting com-
pounds in their saliva capable of assisting the maintenance of blood flow for successful
feeding. Thus, many anticoagulant and antiplatelet molecules have been characterized for
this purpose [18-21]. However, cysteine protease inhibitors have rarely been studied in
the literature, and, until now, no cystatin—native or recombinant—was characterized for
leeches apart from the cystatin B gene first characterized in Theromyzon tessulatum leeches.
It was demonstrated that the innate immune response in the leech involves a cysteine
protease inhibitor not previously detected in other invertebrate models, highlighting the
need for further study of the innate immunity mechanism in these animals [22].

The present work is the first of its kind to characterize the recombinant cystatin of
leeches attained through the sequence of the Hviz00340 transcript from the transcriptome of
Haementeria vizottoi [23]. Cystatin-Hv was successfully expressed in Pichia pastoris, and after
purification, was characterized for its ability to inhibit cathepsin L. The present study of the
first recombinant cystatin derived from leeches will allow a more detailed investigation of
its role in feeding the parasite. In addition, the molecule itself can be further investigated
in cellular and in vivo models to better understand its potential role in the search for new
molecules of therapeutic interest.

2. Results
2.1. Selection and Purification of Cystatin-Hv

The cystatin-Hv cDNA sequence, coding for the predicted cysteine protease inhibitor
derived from the leech Haementeria vizottoi, is composed of 396 nucleotides, resulting in
131 amino acids. The signal peptidase cleavage site of Cystatin-Hv predicted by SignalP
and Expasy was located between the 19th and 20th amino acid residue. To express and
secrete the recombinant protein in Pichia pastoris, the DNA fragment corresponding to the
mature protein was cloned into pD912-AK. The calculated molecular mass of this predicted
protein is 12,487.92 Da, and the pl is 5.23.
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This protein presents domain and typical cystatin active sites, such as the highly
conserved first hairpin loop QVVAG and the second hairpin loop PW [24], associated with
cystatins type C (Figure 1). The highest identity is found with a hypothetical protein of
the leech Helobdella robusta (47% identity, access number: XP_009012188.1), presenting low
identity with the preliminary characterized cystatin B of the leech Theromyzon tessulatum
(21% identity, access number: AAN28679) [25], the Sialostasin of the tick Ixodes scapularis
(19% identity, access number: Q8MVB6) [26], the Iristasin of the tick Ixodes ricinus (14%
identity, access number: 5046_A) [16], the OmC?2 of the tick Ornithodoros moubata (21%
identity, access number: 3LOR_B) [27], and with the cystatin 2a of the tick Rhipicephalus
(Boophilus) microplus (21% identity, access number: AGW80657.1) [28].

) 10 , 20 ) 30 40 ) 50 , 80 . 70
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Figure 1. Multiple alignments of cystatin-Hv with other cystatins from leeches and ticks. Regions highlighted in red
show the first hairpin loop and the second hairpin loop. The black arrow indicates the signal peptide cleavage site. The
conservation of the sequences is shown in yellow bars, and the score values 9 and 10 (or asterisk) indicate total conservation

of the aligned sequences; the consensus sequence is shown in black bars (Clustal Omega).

For the expression of the recombinant Cystatin-Hv, the selected expression vector
carries a secretion signal derived from S. cerevisiae (SS alpha-factor), located upstream of
the insert, which fused to the recombinant protein, promotes its secretion out of the cell.
The production of Cystatin-Hv using P. pastoris (X33) was performed as described, with
four 100 mL replicates, beginning the expression step with ODgpgnm around 5, going up to
ODgponm 69 after 44 h of assay (average values), as shown in Figure 2.

Culture supernatant after 44 h of expression was recovered, concentrated, dialyzed,
submitted to ion-exchange chromatography, and pooled fractions were analyzed on SDS-
PAGE and used for inhibition assays against papain (Figure 3). Inhibitory activity was
detected relative to pool 2 (eluted within 10% to 15% of NaCl 1 M bulffer), evidenced by
the decrease in fluorescence emission (the result of proteolysis) when compared to other
pooled fractions and positive control (reaction without pooled fractions). Inhibition of
papain occurred in a dose-response manner, as shown in Figure 4.
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Figure 2. Growth curve of P. pastoris (X-33) pD912-AK: Cystatin-Hv during the assay of recombinant
protein expression (a) and Coomassie-stained SDS-PAGE (15%) of proteins recovered from culture
supernatant collected during the experiment (b). Vertical arrows: points of methanol feeding and
supernatant collection; lane M: low molecular weight protein markers “Precision Plus Protein™ Dual
Color Standards” (Bio-Rad); lane BMMY: fresh culture medium; lanes 0 h to 44 h: proteins recovered
at different incubation times; horizontal arrow: expected sized protein band.
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Figure 3. Chromatogram showing the elution profile of culture supernatant proteins from MonoQ resin, using 1 M NaCl as
elution buffer, whose fractions were pooled 1-6 for analysis (a) SDS-PAGE of pooled fractions (b) and inhibition assay of
papain activity (papain 10.7 nM, zFR-MCA substrate 5 uM) in the presence of protein pools (250 ng) (c). (b) Lane M: low
molecular weight protein markers “SDS standards low range” (Bio-Rad); O: culture supernatant; lanes 1 to 6: proteins
recovered from pools; vertical arrow indicates protein band compatible with Cystatin-Hv. (c) Here C+ indicates the positive
control (papain and substrate), and C— indicates negative control (substrate).
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Figure 4. Inhibition assay of Cystatin-Hv (1 ug, 5 ug, 10 ug e 15 ug of pool 2 from ion-exchange
chromatography) against papain (21.4 nmol/L or 50 ng) using 5 uM of Z-FR-MCA substrate. An
estimate of the half maximal inhibitory concentration (ICs) is given, considering the dominance of
Cystatin-Hv in pool 2.

Once the inhibitory activity was detected, pooled fractions (referred to as pool 2)
were further purified by size-exclusion chromatography, leading to a single band named
Cystatin-Hv (Figure 5). Mass spectrometry analysis (LC-MS/MS) was performed to confirm
the accuracy of the molecular mass and allowed the identification of Cystatin-Hv with eight
unique peptides, covering 89% of the mature protein sequence (Supplementary Figure S1).
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Figure 5. Size exclusion chromatography of pool 2 (from previous ion-exchange chromatography),
highlighting protein bands into fractions B10 and B11 (purified Cystatin-Hv), on SDS-PAGE, related
to inhibitory activity against papain and cathepsin L (a), SDS-PAGE analysis of purified Cystatin-Hv
under reducing (1) and nonreducing (2) conditions (b). Molecular markers used were “Precision Plus
Protein™ Dual Color Standards” (Bio-Rad) (a) and “SDS standards low range” (Bio-Rad) (b).

2.2. Inhibition Studies

Enzymatic kinetics assays were performed with three different concentrations of
Cystatin-Hv (8 nM, 16 nM, and 24 nM respectively), cathepsin L (0.4 nM) and two concen-
trations of Z-FR-MCA substrate (1 Ky, and 2 Ki,). Experimental data of reaction rates were
linearized and treated further as proposed by Dixon [29] (Figure 6), thus allowing us to
determine the inhibition constant, K;, of 7.9 nM.
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Figure 6. Dixon diagram presenting kinetic enzymatic assays of cathepsin L inhibition by Cystatin-
Hv. Two substrate concentrations (1 Ky, or 2.65 uM and 2 Ky, or 5.3 uM) and three cystatin-Hv
concentrations (8 nM, 16 nM, and 24 nM) were used. The inhibition constant was set as 7.9 nM. The
graphic was made using the software GraphPad Prism 5. Slope value: 7.964 x 107> t0 9.909 x 10>
(2.65 uM) and 2.496 x 1075 to 4.547 x 10~° (5.3 uM) for a 95% confidence interval. UF: Units
of Fluorescence.

3. Discussion

The present work was carried out to assess biodiversity and contribute to developing
new molecules that can generate and inspire new therapeutic possibilities. In this context,
the search for molecules from animal secretions related to feeding is rather compelling
since, from the evolutionary perspective, the proteins present in such secretions have been
subjected to selective pressure for better efficiency to ultimately facilitate the animal’s
survival and perpetuation [30]. Hence, it is expected that proteins present in the saliva of
hematophagous animals should have a specific action on the host or prey, and it is up to
the researchers to isolate these components, identify their actions, and study how these
molecules can be used for our benefit.

Cystatins present in hematophagous have the key function in inhibiting endogenous
cysteine proteases of the animal and in helping the feeding process as well. The saliva of
these animals contains not only inhibitors that reduce host blood clotting and premature
blood clotting inside the gut but also molecules that interfere and inhibit the performance
of the host’s immune system [17,24] and allow the hematophagous to keep feeding for an
extended period.

An important dimension in the discussion on cystatins present in the salivary com-
plexes of leeches relates to the issue of the innate immune response. It is reported that
symbiotic bacteria, antimicrobial peptides, and phagocytic immune cells play a protec-
tive role in defending from harmful agents and preventing premature degradation of
the ingested blood meal, which is concentrated and maintained over a period of many
weeks inside the digestive tract [31]. Although the leech defense system has been poorly
investigated, studies with cystatin B have demonstrated the involvement of this cysteine
protease inhibitor in the innate immunity of Theromyzon tessulatum leeches since an increase
in cystatin B gene expression has been shown in large circulating coelomic cells after bac-
terial challenge [22,25]. While more studies are needed to further elucidate the function
of cysteine protease inhibitors for leeches, it is likely that these molecules also work as
immunoregulators, given the major implication of cathepsins in immunity [22], similarly
to what has been described for ticks, a better characterized group of hematophagous.

In ticks, this group of inhibitors has been extensively explored. It was noted that in
tick saliva, the majority (84%) of cystatin transcripts belong to a group that is secreted
extracellularly, suggesting a predominantly immunoregulation function [32]. Cystatin
OmC2, from the Ornithodoros moubata tick, for example, targets two lysosomal cathepsins,
S and C, which perform the function of processing antigens in antigen-presenting cells,
apart from affecting the maturation of dendritic cells [17]. Cystatin Iristatin, identified
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from the tick Ixodes ricinus, inhibited the proteolytic activity of cathepsins L and C and
decreased the production of several inflammation inducers (IL-1, IL-4, IL-9, IFN-y) by
different populations of T cells, among other anti-inflammatory activities [16].

Cystatins are also present in humans, where, as in other animal species, they act as
inhibitors of endogenous cysteine proteases, such as cathepsins. Overexpression of these
enzymes has been observed in a number of tumorous cells, such as breast, lung, brain, head,
neck, and melanoma cancers, where they act on the degradation of the extracellular matrix
enabling tumor growth, invasion of other tissues, and migration into the bloodstream [2,8].
In particular, cathepsin L is a lysosomal endopeptidase widely expressed and involved
in the degradation of intracellular or phagocyted proteins that can also be found in a
variety of extracellular media as well as in the cell nucleus [33,34]. In this way, positive
regulation of the lysosomal endopeptidase cathepsin L has often been observed in a
number of human cancers, and its levels of expression in tumor tissues or their presence
in the environment adjacent to the tumors is considered to be largely correlated with
their aggressiveness [2,34-36].

There is little information available about cystatins regarding leeches, most of which
are the results of transcriptomic analyses suggesting the participation of these molecules in
the immune response [25]. Functional studies with cystatins present in the leeches have
not yet been reported in the literature.

The present study started with the library of transcripts of the salivary complexes of
the leech Haementeria vizottoi, where 1204 Isotigs were obtained, and among them, 123 were
identified as related to feeding [23]. After further screening, one Isotig was selected for this
study, starting with the gene sequence, through the cloning and recombinant production of
the protein, Cystatin-Hy, to its functional characterization.

In general, the benefits of protein production by P. pastoris system include appropriate
folding, especially for cysteine-rich proteins (in the endoplasmic reticulum) and secretion
(by Kex2 as signal peptidase) of recombinant proteins to the supernatant environment of
the expression [37]. In the case of Cystatin-Hv, a protein with five cysteines, the expression
occurred satisfactorily, as expected, with compatible quality acceptable to the scalability of
the process. Furthermore, the use of the P. pastoris expression system, due to its limited
production of endogenous secretory proteins, is known to favor an easy purification
protein process [37]. In this sense, the isolation in two chromatography steps was sufficient
to achieve a pure form of recombinant Cystatin-Hv, similar to the purification process
performed by Cardoso [38], characterizing a tick cystatin that presented an inhibitory effect
against the activity of a hemoglobin lytic enzyme.

The inhibition assays allowed us to confirm the activity of Cystatin-Hyv, in its recombi-
nant form, as a strong inhibitor of cathepsin L. Further, results plotted in the Dixon diagram
(Figure 6), with curves intercept on the X-axis, suggest a noncompetitive mechanism of
action for this inhibitor. Although cystatins are usually described as competitive inhibitors,
the noncompetitive mechanism was observed for soybean [39], corn [40], and chestnut
seed [41] plant cystatins, as well as for human Cystatin SA [42]. In order to improve
Cystatin-Hv characterization and understanding of its mechanism, complementary assays
are to be performed, also against other known cathepsins. The inhibition constant (K;)
in the order of nM (7.9 nM) is compatible with the one found in the literature for the
dissociation constant of cathepsin L with human cystatins [1]. Similar K; values were
obtained related to cystatins of hematophagous animals such as the bovine ectoparasite
Rhipicephalus microplus, whose protein identified as Rmcystatin-4 was cloned, expressed,
and purified, and has demonstrated inhibitory activity against cathepsin L with a Kj of
11.1 nM [38]. The cystatin OmC2 from the tick genus Ornithodoros also presented similar K;
values in the range of nM against lysosomal cathepsins S and C [17].

Although the K; value in relation to papain has not been obtained, the ICs value of
approximately 0.12 uM, considering Cystatin-Hv dominant in pool 2, indicates a greater
potency of cystatin-Hv for the inhibition of cathepsin L. However, future studies should
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be carried out with papain and other cathepsins to assess the specificity of cystatin-Hv in
relation to a particular protease.

The character of recombinant Cystatin-Hv as an inhibitor of cysteine proteases, espe-
cially human cathepsin L, opens interesting possibilities for its potential biological function
as an immunoregulator and an anti-inflammatory molecule, justifying our efforts to study
this protein in its recombinant form. Inhibition of CatL has also been recognized as having
a significant role in the prevention of cell invasion by viruses of the coronavirus family
in vitro. Given the recent emergence of the novel SARS-CoV-2, calls for more attention
to inhibitors of this cysteine protease are well justified [7]. Thus, the first recombinant
cystatin from leeches will allow a more detailed investigation of its role in feeding the para-
site. In addition, the molecule itself can be investigated in cellular and in vivo models to
understand its significance in the possible search for new molecules of therapeutic interest.

4. Conclusions

The present work is the first of its kind to characterize the recombinant cystatin of
leeches attained through the sequence of the transcript Hviz00340 from the transcriptome
of Haementeria vizottoi [23]. Cystatin-Hv was successfully expressed in Pichia pastoris, and
after purification, it was characterized for its ability to inhibit cathepsin L. Kinetic studies
have indicated that recombinant Cystatin-Hv is a potent inhibitor of cathepsin L, with
a K; of 7.9 nM. Thus, a rigorous study of this molecule could be promising, and future
work will be carried out in this direction to better characterize the therapeutic potential
of Cystatin-Hv.

5. Materials and Methods
5.1. Strains, Plasmids, Enzymes

The expression vector pD912-AK with the synthesized insert of interest (codon-
optimized) was purchased from ATUM 2.0 (Newark, NJ, USA), and P. pastoris strain X-33
(Invitrogen, Waltham, MA, USA) was used as the expression host. The Escherichia coli strain
DH5« and restriction enzyme Sacl were purchased from Thermo Fisher (Waltham, MA, USA).
E. coli cells with plasmids were cultured at 37 °C in Luria—Bertani medium (yeast extract,
5¢g/L; tryptone, 10 g/L; NaCl, 10 g/L; agar, 15 g/L) containing 25 pg/mL Zeocin (Invitro-
gen, Waltham, MA, USA). Papain was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and human cathepsin L from R&D Systems (Minneapolis, MN, USA).

5.2. Sequence Source and In Silico Characterization

The Cystatin-Hv cDNA sequence (transcript Hviz00340) was obtained from the sialo-
transcriptome of Haementeria vizzotoi leech [23]. The signal peptide sequence, determined
by SignalP 4.0 [43], was excluded from further analysis and from the insert synthesis.
Theoretical pI and Mw were determined using the Expasy platform. Identity and similarity
percentages of the full-length amino acid sequence were obtained by BLAST search (NCBI
database), and multiple sequence alignments were performed on a sequence of Cystatin-Hv
versus known cystatins, using Clustal Omega [44].

5.3. Expression and Purification of Recombinant Protein

The vector pD912-AK: Cystatin-Hv was linearized with Sacl and electroporated into
competent P. pastoris X-33 cells. Transformants were screened on YPD medium plates
containing 25 p1g/mL Zeocin, and the presence of Cystatin-Hv insert was confirmed by
PCR. Expression was carried out in replicates inoculating 50 mL of BMGY medium [1.0%
yeast extract, 2.0% peptone, 100 mM potassium phosphate pH 6.0, 1.34% YNB, 4 x 107%%
D-biotin (w/v), and 1% glycerol (v/v)] and cultivated under the influence of 350 rpm orbital
shaking at 28 °C for 24 h. Cells were harvested by centrifugation at 450 x g for 5 min at 4 °C
and resuspended in 50 mL of BMMY medium [1.0% yeast extract, 2.0% peptone, 100 mM
potassium phosphate pH 6.0, 1.34% YNB, 4 x 10~5% D-biotin (w/v), and 0.5% methanol
(v/v)] to absorbance at 600 nm of 5.0. Incubation was carried out at 30 °C and 350 rpm
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orbital shaking for 44 h, with further additions of methanol to a final concentration of
0.5% every 12 h, approximately. Samples (1 mL) were taken during the assay, submitted to
protein precipitation with methanol/chloroform [45], and analyzed by SDS-PAGE.

Cells were removed from the supernatant by centrifugation (3500 x g for 15 min at
4 °C) and filtration (0.45 um). The supernatant was dialyzed (5 kDa molecular exclusion)
and concentrated with 20 mM Tris-HCI pH 8.0 using Cogent puScale TFF System (Merck,
Darmstadt, Germany) and submitted to ion-exchange chromatography in a Mono Q 5/50
GL (GE Healthcare) 1 mL column connected to an AKTA Avant system (GE Healthcare),
equilibrated with 20 mM Tris-HCl pH 8.0. The sample was added, and the column was
washed with 15 CV (column volume) of 20 mM Tris-HCI pH 8.0 (0.5 mL/min), followed
by the elution step supported by a crescent linear gradient of 20 mM Tris-HCl pH 8.0,
1.0 M NaCl along 30 CV (0.5 mL/min). Fractions (~500 uL) were pooled, analyzed by
SDS-PAGE, and the one presenting inhibitory activity towards papain was applied on
Superdex 75 10/300 column (GE Healthcare), being eluted with 20 mM Tris-HC1 pH 8.0
along 2 CV (1 mL/min). Fractions with expected molecular weight, single band, were
pooled, quantified using the bicinchoninic acid (BCA) Protein Assay Kit (Pierce, WA, USA)
and further analyzed for inhibitory activity against papain and cathepsin L.

5.4. Mass Spectrometry for Sequence Confirmation

A purified sample of the recombinant Cystatin-Hv was submitted to in-solution
trypsin digestion prior to mass spectrometry analysis by LC-MS/MS. The generated
tryptic peptides were desalted, dried, and dissolved in 20 uL of 0.1% (v/v) formic acid,
and 2 uL. were automatically injected into a 2 cm C-18 trap column (3 um particle size,
100 A pore size, 75 um L.D., Thermo Fisher Scientific, Waltham, MA, USA) by an Easy
nanoLC 1200 coupled to a QExactive plus (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer. Chromatographic separation of tryptic peptides was performed on
a 15 cm long analytical column (Acclaim PepMap, 2 um particle size, 100 A pore size,
50 pm I.D.—Thermo Fisher Scientific, Waltham, MA, USA). Peptides were eluted with a
linear gradient of 5-100% Buffer B (80% acetonitrile in 0.1% formic acid) at 200 nL /min for
30 min. The spray voltage was set to 2.4 kV, and the mass spectrometer was operated in
positive, data-dependent mode, in which one full MS scan was acquired in the m/z range of
300-1500 followed by MS/MS acquisition using high-energy collisional dissociation (HCD)
of the seven most intense ions from the MS scan using an isolation window of 2.0 m/z.

The obtained MS and MS/MS spectra were analyzed using PEAKS Studio X, and
the searches were performed against a customized database. Briefly, the database used
included all Pichia pastoris protein sequences downloaded from UniProt (a total of
16,348 sequences, downloaded on 14 October 2021) and the translated amino acid sequence
of Cystatin-Hv (without the signal peptide sequence). This reference database was concate-
nated with common contaminants for mass spectrometry experiments (116 sequences), and
the decoy sequences were used for false discovery (FDR) rate control. The search engine
was set to detect specific tryptic peptides at an FDR of 1%, allowing two missed cleavages.
Methionine oxidation, acetylation of the protein N-termini, and deamidation of asparagine
and guanidine were set as variable modifications, and carbamidomethylation of cysteine
was set as a fixed modification.

5.5. Inhibitory Assays

Papain was utilized to select the chromatographic fractions that contained Cystatin-
Hyv, and, after obtaining the inhibitor in its homogeneous form, cathepsin L was used to
determine the value of the inhibition constant (K;). The assays were implemented according
to Portaro et al. (2000) [46] with some minor modifications. Enzymes were preactivated
for 15 min at room temperature with 6 mM DTT in 50 mM sodium phosphate, 200 mM
NaCl, 5 mM EDTA, and pH 5.5 (final volume 100 uL). For the pool selection steps, 10 ng of
papain, 5 uM of fluorogenic substrate Z-FR-AMC (Sigma-Aldrich, St. Louis, MO, USA) and
250 ng of protein from pooled purification fractions were used. Cathepsin L (0.4 nM) was
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employed against three concentrations of purified Cystatin-Hv (8 nM, 16 nM and 24 nM)
and two concentrations of the fluorogenic substrate Z-FR-AMC (1 Ky, and 2 Ky, where the
K = 2.6 uM, ref. [47]) to determine the K; value [48]. Control reactions were carried out in
the same conditions but without Cystatin-Hv. The activity was measured (fluorescence at
Agm 480 nm and Agx 360 nm) in a Victor 3 (Perkin Elmer, Boston, MA, USA) plate reader.
The temperature remained constant at 37 °C, and one reading per minute was performed
for 15 min, the plates being shaken before each measurement. The residual activity of
human cathepsin L in the presence of Cystatin-Hv in different amounts was determined,
and the inhibition constant (K;) of Cystatin-Hv towards human cathepsin L was determined
by the Dixon Plot equation (1/V vs. [I]) [49], using the software GraphPad Prism 5.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxins13120857 /s1, Figure S1: Amino acid sequence of the mature Hviz340 recombinant
protein and the tryptic peptides identified by LC-MS/MS analysis using a QExactive plus mass
spectrometer and database search in PEAKS Studio X.
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Abstract: Few data are available in the literature describing the long-term effects of envenoming in
the perinatal period. In this study, the relationship between envenoming of lactating rats and possible
behavioral changes in the mother and in her offspring were investigated. Lactating Wistar rats
received a single dose of T. serrulatus crude venom on postnatal days 2 (V2), 10 (V10) or 16 (V16), and
had their maternal behavior evaluated. The seizure threshold was evaluated in adulthood offspring.
A decrease in maternal care during envenoming was observed in V2 and V10 groups. The retrieval
behavior was absent in the V2 group, and a lower seizure threshold in the adult offspring of all
groups was observed. During envenoming, mothers stayed away from their offspring for a relatively
long time. Maternal deprivation during the early postnatal period is one of the most potent stressors
for pups and could be responsible, at least in part, for the decrease in the convulsive threshold
of the offspring since stress is pointed to as a risk factor for epileptogenesis. Furthermore, the
scorpionic accident generates an intense immune response, and inflammation in neonates increases
the susceptibility to seizures in adulthood. Therefore, maternal envenoming during lactation can
have adverse effects on offspring in adulthood.

Keywords: scorpion accidents; lactation; maternal care; seizure threshold
Key Contribution: Maternal envenoming during lactation can have adverse effects on offspring.

Maternal deprivation and inflammation can decrease the convulsive threshold of the offspring
in adulthood.

1. Introduction

Scorpions are terrestrial arthropods, which inhabit different biomes and are distributed
worldwide, except in Antarctica [1].

Scorpionism is the main cause of accidents with venomous animals in Brazil having
overcome snakebite since 2004 [2]. Tityus serrulatus, popularly known as yellow scorpion,
has been described in 1922 by Lutz and Mello and is responsible for most of the serious
accidents with scorpions in Brazil [3-5].

Scorpion accidents are classified according to symptoms into: mild, characterized
by local signs such as edema, erythema, sweating, numbness and twitching; moderate,
in which, in addition to the previous symptoms, vomiting, abdominal pain, tachypnea,
tachycardia or bradycardia, hypertension, agitation, hypersalivation and priapism can
also occur; and severe, in which the main symptoms are cardiovascular and pulmonary
complications such as heart failure and pulmonary edema, and neurological symptoms
such as encephalopathy, coma and convulsion [6].

The number of scorpion accidents has increased in the last few decades and most of
the victims consist of people of reproductive age, so pregnant and lactating women are
becoming possible targets [4,5]. In the state of Sdo Paulo, between 2007 and 2019, pregnant
women comprised 3% of female victims of scorpionism, with the majority during the
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second trimester of gestation [7]. However, there are no data on the number of lactating
victims, and it is difficult to estimate the real proportion of victims in the perinatal period.

Experimentally, some effects of pre- or post-natal injection of Brazilian scorpion
venoms in rats have been demonstrated. Prenatal injection of T. serrulatus venom in
mothers increased the number of post-implantation losses, altered some reflex and physical
parameters of the pups, and caused an increase in the weight of the placentas, liver and
lungs of the pups [8-10]. Prenatal injection of T. bahiensis venom also increased the weight of
some organs in the pups and altered physical and behavioral parameters both in childhood
and in adulthood [11-13] and, when injected during lactation, it caused a delay in physical
and reflex development in childhood, and reduced anxiety in adulthood [14].

Pregnancy and breastfeeding are very important for the adequate development of
the pups, both from a physical and a behavioral point of view. Particularly, the quality
of care offered to the newborns is important for the maturation of cerebral architecture,
especially the hippocampal areas responsible for cognitive functions and stress responsive-
ness [15-17]. Clinical studies have demonstrated that adverse conditions such as stress
early in life predispose the individual to developing several psychiatric disorders such
as anxiety, depression, and epilepsy [18-20]. Experimentally, a relationship was observed
between stress in perinatal period and a decrease in neurogenesis [21,22]. In addition,
stress is relevant to the process of epileptogenesis, both in childhood and in adult life [23].
Hormones and neurotransmitters mediating the influence of early-life stress on excitability
may create a permanent vulnerability for the development of epilepsy [20].

It is of utmost importance that the short and long term effects of scorpionism during
pregnancy and lactation are well elucidated, in order to minimize the damage to the health
of affected mothers and children.

Previous empirical observations conducted in our laboratory revealed a change in the
pattern of care provided by mothers envenomed by scorpions during breastfeeding.

Maternal care is responsible for the proper development of the central nervous sys-
tem [15,17]. Therefore, it is necessary to investigate whether the correct development of the
offspring is affected by the envenomation of the mothers. We believe that the stress caused
by a single dose of scorpion venom can cause changes in the behavior of the mothers,
resulting directly or indirectly in altered development of the offspring.

Therefore, the present study aimed to evaluate the effect of moderate maternal en-
venoming on the development of the offspring’s central nervous system, with particular
attention paid to the susceptibility to seizures.

Pentylenetetrazole (PTZ), widely used as seizure-inducing drug, is a GABA, antag-
onist and suppresses the function of inhibitory synapses, leading to increased neuronal
activity and consequently causes generalized seizures in animals [24]. In small doses, PTZ
has been used as a model for absence seizures and in higher doses it produces convul-
sive seizures [25]. Here, it was used to test the convulsive threshold of the offspring of
envenomed rats.

2. Results
2.1. Maternal Behavior

The mothers in the Ct group spent most of the time in an arched-back nursing pos-
ture and the care offered to the pups decreased over the days (Figure 1). In the V2 and
V10 groups, the time spent in the arched-back nursing posture is significantly reduced on
the day of envenoming (Figure 1). In the V16 group, there was no change, because at this
stage this behavior is almost extinguished (Figure 1).
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Figure 1. Time spent in arched-back nursing posture after the treatment. Ct injected with 0.9% NaCl
in PN2, PN10 and PN16. V2 injected with T. serrulatus venom in PN2 and 0.9% NaCl in PN10 and
PN16. V10 injected with T. serrulatus venom in PN10 and 0.9% NaCl in PN2 and PN16. V16 injected
with T. serrulatus venom in PN16 and 0.9% NaCl in PN2 and PN10. (1 = 6 females per group). Data
are expressed as means &= SEM. (*) p < 0.001 compared to the control group (Two-way ANOVA).

2.2. Retrieval Test

The test was performed only on PN2 because, over the first week postpartum, the
pups are able to move around and the mother ceases to exhibit the behavior of picking them
up, and the frequency of licking/grooming and arched-back nursing decreases [15,26].

In the V2 group, dams that failed to group the litter during the test period demon-
strated higher latencies to retrieve pups. In V10 and V16 groups, the mothers behaved
similarly to the control group (Figure 2).
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Figure 2. Assessment of mothers in retrieval test after the treatment. Ct injected with 0.9% NaCl in
PN2, PN10 and PN16. V2 injected with T. serrulatus venom in PN2 and 0.9% NaCl in PN10 and PN16.
V10 injected with T. serrulatus venom in PN10 and 0.9% NaCl in PN2 and PN16. V16 injected with T.
serrulatus venom in PN16 and 0.9% NaCl in PN2 and PN10. (1 = 6 females per group). (a) Latency to
retrieve the first pup. (b) Latency to retrieve the last pup. (c¢) Number of retrieved pups. Data are
expressed as means &= SEM. (*) p < 0.001 compared to the control group (Two-way ANOVA).
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Number of doses

2.3. Seizure Threshold

In all groups, females and males obtained similar results, with no gender distinction.
The V2 group developed seizure behavior earlier in relation to the control group, requiring
fewer booster doses (Figure 3).

In addition, in all experimental groups the animals showed more intense convulsions
than in the control group (Figure 3).
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Figure 3. Assessment of seizure threshold (1 = 6 females and 6 males per group). (a) Number of doses needed to reach
the seizure threshold. (b) Average intensity of seizure behavior. Data are expressed as means + SEM. (*) p < 0.01 and
(**) p < 0.05 compared to the control group (Kruskal Wallis test).

3. Discussion

Despite the increase in the number of scorpion accidents in the last few years, there is
insufficient information on the effects of scorpion envenomation on pregnancy, lactation,
and neonatal outcomes, and unfortunately the available data are controversial.

Experimental studies provide clues as to what might happen in an accident in humans.
Thus, in the present study, we used lactating rats to evaluate the possible consequences for
the offspring after a scorpion sting in the mother during breastfeeding.

A possible scorpion accident was simulated through a single subcutaneous injection
of T. serrulatus venom, which is the most common method of inoculation in accidental
bites. The dose of 4.0 mg/kg was determined in previous experiments in our laboratory
(unpublished data) as causing symptoms observed in moderate to severe envenoming cases
such as severe local pain, piloerection, respiratory perturbation and increased lacrimal and
salivary secretions. The days of injection were chosen based on the different periods of brain
maturation [27]. The development of the mammalian brain begins in embryogenesis, and
its maturation continues in the postnatal period [27,28]. In rats, the neurogenesis in cortical
regions starts on the ninth day of gestation and extends until the fifteenth postnatal day.
The growth spurt of the brain corresponds to the period in which this organ increases in
weight most rapidly. In rodents this event peaks around postnatal day 7, reviewed by [29].

Our results demonstrated a decrease in maternal care on the days of the venom
injection, and offspring that were more susceptible to convulsion in adulthood. It is relevant
to note that the earlier the envenoming, the lower the seizure threshold in the offspring.

In mammals, maternal care is the care that the mother provides to the offspring, and
it is essential for the adequate development of the nervous system [15,17,30]. Maternal
care modulates the expression of various genes and neurochemical content in one or more
regions of the brain and changes in this process can cause variations in behavioral responses
and the development of mood disorders [17,31].

Studies in animals and humans have shown that, during early childhood, the brain
is particularly sensitive to stress [32], probably because in this period the system is still
developing [19].

Maternal deprivation during the early postnatal period is one of the most potent
stressors for pups [32] and it was experimentally demonstrated that it can affect behavior,
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ACTH and neurotrophin levels in rats, which persist into adulthood [33]. A stressful
status can lead to permanent neurobehavioral alterations and an increased susceptibility to
psychiatric disorders [34].

Epidemiological studies point to stress as a risk factor for epileptogenesis in adults
and young people [20,35]. Experimentally, it was demonstrated that early-life stress in
rats has long-lasting effects on brain excitability and may promote age-specific seizures
and epilepsy [36]. On the other hand, increased maternal care makes mice genetically
predisposed to epilepsy less susceptible to seizures [37].

In our experiments, we observed that mothers from groups V2, V10 and V16 remained
away from the pups for a long period after venom injection. This is probably due to
the fact that they were experiencing the symptoms of envenoming, mainly pain, as we
could see from the vocalization that occurs with minimal contact by either the pups or the
observers, with the mother, as well as frequent licking at the injection site. The symptoms
of envenoming last for a few hours, creating a long period of separation between mothers
and pups, which remained without maternal care.

In addition, mothers in group V2 did not collect the offspring during the observation
period in the retrieval test. Retrieval is a common behavior displayed by rodents [38] and,
usually, the assessment of maternal behavior is performed in the first week after delivery,
as the offspring during this period are exclusively dependent on maternal care [15]. The
time spent licking/grooming the pups decreases over the days, as does the time spent in
contact with the pups. In the first 10 days after the delivery, the mothers stay longer in the
nest and the pups grow, and maternal care tends to gradually decrease and the mother
becomes less responsive towards her offspring [15,30]. Thus, the test was performed only
in the V2 group, and was not performed in V10 and V16 groups.

Based on the above considerations, we believe that the stress of maternal depriva-
tion could be responsible, at least in part, for the decrease in the convulsive threshold
of the offspring.

However, we cannot disregard the possibility that, due to the physiological effects
of the venom on the mother, some alteration occurs in the composition of the milk (milk
components that could be in higher or lower concentrations), directly affecting the nervous
system of the offspring, and studies are being developed in this regard in our laboratory.

It is also possible that some component of the venom or some cytokines produced
by the mother are directly passed on, since scorpion accidents are capable of inducing
an intense immune response in the injured individual. Several cytokines are increased
in the plasma of envenomed patients, such as IL1-«, IL1-f, IL-6, IL-8, IL-10 TNF-« and
IFN-y [39-41]. In addition, it has been shown that scorpion venom can also alter some
cytokines in pups of envenomed mothers [14].

These cytokines could affect the nervous system of the pups and be responsible for
the decreased seizure threshold, as it is believed that inflammatory processes may be
related to epileptogenesis [42]. Inflammation in neonates has already been shown to
increase their susceptibility to seizures in adulthood and the induction of an inflammatory
response was able to decrease the seizure threshold when performed between days 7 and
14 postnatally [43].

Evidence supports the hypothesis that cytokines not only act as inflammatory me-
diators, but also have neuromodulatory action. IL1-f is described as having excitatory
effects in several brain regions [44]. In the hippocampus, TNF-a can increase the expression
of AMPA receptors [45]. Concomitantly, this cytokine may be associated with decreased
expression of GABA, receptors [46]. Epidemiological analyses have demonstrated that
central nervous system infections are a major cause of acquired epilepsy revised by [47]. It
is due to changes in the physiological properties of neurons within the hippocampus [48].

Thus, the inflammatory process resulting from the envenoming could also be respon-
sible for the decrease in the convulsive threshold of the offspring.
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4. Conclusions

This study provides evidence of the interference caused by scorpion envenoming on
maternal behavior and on the development of the central nervous system of the pups. A
decrease in the care provided to immature pups is clear. Furthermore, it was possible to
observe a lower seizure threshold in the offspring of injured mothers. Our results highlight
the importance of the perinatal context in the individual’s health, even in adulthood.

5. Materials and Methods
5.1. Venom and Drugs

Dried venom of T. serrulatus obtained from the Strategic Nucleus of Venoms and
Antivenoms of Butantan Institute (Sao Paulo, Brazil) was dissolved in 0.9% NaCl and
injected (4.0 mg/kg, s.c.) into the back of lactating rats. The control group was injected
with 0.9% NaCl (1.0 mL/kg s.c.).

Pentylenotetrazole (PTZ; Sigma-Aldrich™, St. Louis, MO, USA) was dissolved in 0.9%
NaCl and injected in the adult offspring (initial dose of 20 mg/kg i.p., and booster doses of
10 mg/kg every 10 min).

5.2. Animals

Twelve male and twenty-four female Wistar rats (250-300 g), maintained under con-
trolled conditions (food and water was permitted ad libitum, and the animals were main-
tained on a 12:12 light/dark schedule with lights on at 7 a.m.), were used for mating. All
the experimental procedures were approved by our Institutional Ethics Committee for
Experiments on Animals (No. 1927030818).

5.3. Animal Mating and Pregnancy Diagnosis

For mating, two females and one male were housed overnight. The impregnation was
confirmed the next morning by the presence of spermatozoa in the vaginal smear. Pregnant
females were housed individually until delivery.

5.4. Weaning

At weaning, the littermates were separated and housed by sex until 2 months of age,
when the animals were submitted to the convulsive threshold test (two males and two
females from each litter).

5.5. Experimental Groups

Lactating rats were divided into four groups (n = 6) that received the following
treatments on post-natal (PN) day 2 (PN2), 10 (PN10) and PN1é:

CT group: 0.9% NaCl on PN 2, PN10, and PN16 (1 mL/kg, s.c.);
V2 group: venom (4 mg/kg, s.c.) on PN2 and 0.9% NaCl on PN10, and PN16
(I mL/kg, s.c.);
e V10 group: venom (4 mg/kg, s.c.) on PN10 and 0.9% NaCl on PN2, and PN16
(1 mL/kg, s.c.);
e V16 group: venom (4 mg/kg, s.c.) on PN16 and 0.9% NaCl on PN2, and PN10
(1 mL/kg, s.c.).
All the mothers were submitted to injections in PN2, PN10 and PN16, with 0.9%
NaCl or venom according to the treatment group, so that all went through the same
handling stress.

5.6. Evaluation of Maternal Behavior

Each female was provided with shredded paper one day before delivery for nest
making. Maternal care was recorded with a digital camera (Canon Vixia HF R800, Tokyo,
Japan) for 2 h after venom or 0.9% NaCl injection on PN2, PN10, and PN16. The time
of arched-back nursing posture was recorded. Statistical analyses were performed by
two-way ANOVA, and the level of significance was set at p < 0.001.
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5.7. Retrieval Test

The same animals used in previous experiment were submitted to the retrieval test as
described by [49]. Immediately after the maternal behavior observation session, the pups
were removed from their mothers for 5 min. After this period, the whole litter was placed
back in the housing cage in a dispersed manner. The mother was then observed for 10 min
and the latency to pick up the first pup, the latency to pick up all the pups, and the number
of pups picked up, were observed.

Statistical analyses were performed by two-way ANOVA, and the level of significance
was set at p < 0.001.

5.8. Seizure Threshold

At 60 days of age, one male and one female from each litter received an initial dose of
20 mg/kg PTZ, and a booster of 10 mg/kg every 10 min until the occurrence of score 5 or
more according to the score scale adapted from that proposed by [50] (Table 1).

Table 1. Score scale adapted from that proposed by Fischer and Kittner (1998).

Score Behavior

[}

no evidence of convulsive activity
mouth and facial movements
myoclonic body jerking
jaw clonus
head and forelimb clonus
head and forelimb clonus with full rearing
head and forelimb clonus and falling
run with generalized tonic clonic convulsion
death

N OU W N

The total injected volume of PTZ varied approximately between 0.6 mL (initial dose
plus a booster) and 1.2 mL (initial dose plus three boosters).

After the observation, the average score in each experimental group was computed.

Statistical analyses were performed by the Kruskal-Wallis test, and the level of signifi-
cance was set at p < 0.001 and p < 0.05.
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Abstract: The Tityus serrulatus scorpion is considered the most dangerous of the Brazilian fauna due
to the severe clinical manifestations in injured victims. Despite being abundant components of the
venom, few linear peptides have been characterized so far, such as hypotensins. In vivo studies have
demonstrated that hypotensin I (TsHpt-I) exerts hypotensive activity, with an angiotensin-converting
enzyme (ACE)-independent mechanism of action. Since experiments have not yet been carried out to
analyze the direct interaction of hypotensins with ACE, and to deepen the knowledge about these
peptides, hypotensins I and II (TsHpt-II) were studied regarding their modulatory action over the
activities of ACE and neprilysin (NEP), which are the peptidases involved in blood pressure control.
Aiming to search for indications of possible pro-inflammatory action, hypotensins were also analyzed
for their role in murine macrophage viability, the release of interleukins and phagocytic activity.
TsHpt-I and -II were used in kinetic studies with the metallopeptidases ACE and NEP, and both
hypotensins were able to increase the activity of ACE. TsHpt-I presented itself as an inhibitor of NEP,
whereas TsHpt-II showed weak inhibition of the enzyme. The mechanism of inhibition of TsHpt-I
in relation to NEP was defined as non-competitive, with an inhibition constant (Ki) of 4.35 uM.
Concerning the analysis of cell viability and modulation of interleukin levels and phagocytic activity,
BALB/c mice’s naive macrophages were used, and an increase in TNF production in the presence of
TsHpt-I and -II was observed, as well as an increase in IL-6 production in the presence of TsHpt-II
only. Both hypotensins were able to increase the phagocytic activity of murine macrophages in vitro.
The difference between TsHpt-I and -II is the residue at position 15, with a glutamine in TsHpt-I
and a glutamic acid in TsHpt-II. Despite this, kinetic analyzes and cell assays indicated different
actions of TsHpt-I and -II. Taken together, these results suggest a new mechanism for the hypotensive
effects of TsHpt-I and -II. Furthermore, the release of some interleukins also suggests a role for these
peptides in the venom inflammatory response. Even though these molecules have been well studied,
the present results suggest a new mechanism for the hypotensive effects of TsHpt-I

Keywords: Tityus serrulatus; venom components; hypotensins; NEP inhibition; cytokines

Key Contribution: Despite the great similarity in primary structures between hypotensins, different
activities were demonstrated. Both hypotensins increase ACE activity at different levels, while only
TsHpt-1 has shown a non-competitive inhibition over NEP activity, suggesting other alternative
hypotensive mechanisms for this peptide. Furthermore, the release of some cytokines may suggest a
role for these peptides in the inflammatory response induced by the venom.
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1. Introduction

The image of the scorpion has long been connected to human history, being repre-
sented in cults, legends, philosophy and arts, as it is one of the oldest animals on the planet.
Dating from the Silurian period, more than 400 million years ago, scorpions are organisms
that have long intrigued human beings [1,2].

The order Scorpiones is represented by 2200 species and, through taxonomic studies,
have been grouped into 20 families and 165 genera of scorpions. The most dangerous, and
capable of causing fatal accidents in humans, belong to the Buthidae family, represented by
the following genera: Androctonus and Leiurus (North Africa and Middle East), Centruroides
(Mexico and the United States) and Tityus (South America and Trinidad) [3].

In Brazil, the scorpions Tityus serrulatus, T. bahiensis and T. stigmurus are the animals
responsible for serious accidents. Among these, the T. serrulatus scorpion, popularly known
as the “Brazilian yellow scorpion”, is the one with the highest Medical and Scientific
relevance in Brazil. It is mainly distributed among the states of Bahia, Goids (including the
Federal District), Parand, Espirito Santo, Rio de Janeiro, Minas Gerais and Sao Paulo [4].

T. serrulatus reproduces by parthenogenesis, and each female is able to generate about
70 offspring during its life. They are commonly found in sewers, cemeteries and wastelands,
where they find safe shelter and plenty of food. Therefore, in addition to the potency of
its venom, their adaptation to urban centers may explain the significant increase in the
number of accidents caused by this scorpion in Brazil [4-6].

In this scenario, accidents caused by T. serrulatus stings are considered a public health
problem in Brazil due to its potential to cause severe clinical manifestations, which might
bring a prognosis of death, especially on children aged from 0 to 14 years. Although most
of the cases have been classified as mild, the biggest concern is related to the high number
of cases that are reported annually in Brazil, since scorpion stings represent 41% of all
venomous animal accidents, including snakes, spiders, bees and others, as reported in
2016 [7].

Generally, the T. serrulatus venom (TsV) is composed of mucus, inorganic salts, lipids,
amines, nucleotides, enzymes, kallikrein inhibitors, natriuretic peptides, high molecular
weight proteins, peptides, amino acids and neurotoxins [8]. Current studies carried out by
Oliveira and colleagues [9] involving the transcriptome of the venom glands have shown
that more than 30% of the venom is made up of enzymes and, approximately, 40% of pep-
tides. The peptides present in the TsV can be classified as structured—which are stabilized
by disulfide bonds—or linear [8]. The so-called structured peptides have been the most
studied components, classified as neurotoxins that interact with ion channels (Na* and K*)
and are related to the most serious effects caused by the venom. On the other hand, linear
peptides, although found with some abundance in the venom, are still poorly character-
ized. The peptidomic analysis performed by Rates and colleagues [10] demonstrated the
existence of a great diversity of peptides in the TsV, all of them not yet characterized. Many
could not be found in the database, and as this information is scarce, this requires de novo
sequencing. Other studies using “omic” techniques have demonstrated the complexity
of the venom in relation to linear peptides from post-translational modifications of larger
proteins, generating lists with hundreds of components [11-13].

Among the linear peptides we have the hypotensins (TsHpt), identified from TsV
proteomic analyzes. Both peptides are made up of 25 amino acid residues that contain two
consecutive prolines in their C-terminal portion and a punctual difference between TsHpt-I
and -II, which is the residue at position 15, being a glutamine in TsHpt-I and a glutamic acid
in TsHpt-II. Studies with TsHpt-I, also known as Ts14, showed that this peptide was able to
exert hypotensive activity in normotensive Wistar rats by potentiating bradykinin. The
hypothesis is that the vasodilation effect is related to the release of NO by an independent
mechanism of ACE inhibition [14].

In order to increase knowledge about hypotensins and their biological activities, the
present work demonstrates, for the first time, the interaction of these peptides with human
vasopeptidases, ACE (EC 3.4.15.1) and NEP (EC 3.4.24.11), alongside with cellular assays,
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which were carried out in order to verify the possible action of hypotensins as inflammatory
or anti-inflammatory peptides.

2. Results
2.1. Modulation of ACE and NEP Activities by Hypotensins

For the initial kinetic tests, the synthetic hypotensins were incubated with the met-
allopeptidases ACE and NEP and their fluorescent substrates, Abz-FRK(Dnp)P-OH and
Abz-RGFK (Dnp)-OH, respectively. These enzymes were chosen for the studies because
they are considered of medical importance, where their modulations caused by venom
peptides may be related to some symptoms present in serious accidents, such as hypoten-
sion/hypertension. As shown in Table 1, the hypotensins showed different activities in
relation to the modulations of the peptidases studied.

Table 1. Modulations of ACE and NEP activities by interaction with synthetic hypotensins.

Metallopeptidases
ACE NEP
Activation (%) Inhibition (%) Activation (%) Inhibition (%)
TsHpt-I 64 - - 75
TsHpt-II 44 - - 11

The results were obtained by incubating the enzymes with their FRET substrates
(10 uM) in a final volume of 100 uL. For the ACE assays, the used buffer was Tris HC1
100 mM, NaCl 50 mM and ZnCl, 10 uM, pH 7.0. For NEP, the assays were made in Tris
HC150 mM, pH 7.5 buffer. All reactions occurred at 37 °C, in a Victor 3 fluorimeter (Perkin—
Elmer) adjusted for excitation and emission readings at 320 and 420 nm, respectively, for
15 min (one reader per minute). Results were obtained in triplicate and analyzed on GraFit
5 software.

Both peptides increased the catalytic activity of ACE, and TsHpt-I was more effective
than TsHpt-II in activating the enzyme. Contrary to that observed with ACE, the results
involving the peptides tested with NEP revealed the presence of inhibitors of this enzyme.
As a highlight, TsHpt-I was able to reduce by 75% the hydrolysis of the FRET substrate used.

As already mentioned, the suggested mechanism of action on hypotension caused
by TsHpt-I in vivo is the release of NO, together with the agonistic effect on bradykinin
B2 receptors [15]. Taken together, our results with TsHpt-I seem to indicate a second
hypotensive mechanism for this peptide, which involves the inhibition of NEP. Interestingly,
TsHpt-I showed a strong inhibition of NEP’s catalytic activity, in contrast with TsHpt-II.
This fact is probably the result of a single difference between the primary structures between
the hypotensins; that is, the presence of glutamine at position 15 in TsHpt-I, instead of a
glutamic acid present in TsHpt-II.

2.2. Stability of Hypotensins against Metallopeptidases ACE and NEP

As hypotensins showed interactions, even if opposite, in relation to the studied
vasopeptidases, tests to determine the susceptibility to hydrolysis of both synthetic peptides
were carried out. For this, the hypotensins were incubated with the enzymes, in their
respective buffers, and later analyzed in an HPLC-C18 system.

Both hypotensins were resistant to hydrolysis and, therefore, did not behave as
substrates for ACE and NEP, even after 4 h of incubation at 37 °C (Figure 1).
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Figure 1. Analysis of the susceptibility to hydrolysis of the hypotensins over the vasopeptidases NEP and ACE. Incubations
were carried out in Tris HCI 100 mM, NaCl 50 mM and ZnCl, 10 uM, pH 7.0, for the ACE assays, and, for the NEP assays,
in Tris HC1 50 mM, pH 7.5 bulffer, for four hours at 37 °C. (A) TsHpt-I control (black line) and after incubation with NEP
(red line). (B) TsHpt-II control (black line) and TsHpt-II incubated with NEP (red line). (C) TsHpt-I control (black line) and
incubated with ACE (red line). (D) TsHpt-II control (black line) and after incubation with ACE (red line). The samples of
negative and experimental controls (A) TsHpt-I and (B) TsHpt-II are shown on the left and right, respectively. The hydrolysis
products were considered <5%. The gradient used was 20% to 60% solvent B in 20 min, and 60% to 100% solvent B in 5 min
(flow 1 mL/min, absorbance at 214 nm). Restek Ultra C-18 5 um column, 250 x 4.6 mm.

Since TsHpt-I demonstrated inhibition of NEP catalytic activity, and was resistant to
hydrolysis, kinetic analyses to determine the inhibition constant (Ki) and the mechanism of
inhibition of NEP by TsHpt-I were carried out.

TsHpt-I behaved as a non-competitive inhibitor of NEP, presenting an inhibition
constant (Ki) of 4.35 uM (Figure 2). The determination of the mechanism and Ki of TsHpt-II
on neprilysin activity were not performed as this peptide showed weak interaction with
the peptidase (Table 1).
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Figure 2. Lineweaver-Burk plot of NEP inhibition by TsHpt-I. The inhibition constant (Ki) was
determined using four Abz-RGFK-EDDnp substrate concentrations (4 uM, 6 uM, 8 uM and 10 uM),
with variation in the concentration of TsHpt-I (3 uM and 4 uM), keeping the amount of enzyme fixed
(1.5 ng). The experiment was performed in triplicate.

TsHpt-I is the second neprilysin inhibitor from the Tityus serrulatus venom described
in the literature. Previous observations by our group revealed the presence of a peptide
capable of inhibiting human NEP and an NEP-like present in cockroaches, the [des-Arg1]-
Proctolin [16]. [des-Argl]-Proctolin was characterized as a competitive inhibitor of NEP,
with an inhibition constant of 0.94 uM [16]. Thus, there may be a synergistic action between
these two peptides present in TsV, TsHpt-I and [des-Arg1]-Proctolin, for the inhibition of
NEP, and this fact may be related to hypotension associated with scorpionism.

2.3. In Vitro Pro-Inflammatory Effects of TsHpt I and -1 on Mouse Macrophages

After 24 h of incubation, TsHpt-I and -II exerted intermediate cytotoxicity on naive
murine peritoneal macrophages in vitro, as demonstrated by the statistically significant
decrease in cell viability, to about 75% and 60%-70% at concentrations of 10 pg/mL
and 50 pg/mL, respectively, when compared to 100% in the control group (medium),
as determined by the MTT method (Figure 3). Cytotoxicity was not shown to be dose-
dependent (Figure 3).

Despite the moderate cytotoxic effect in the concentrations of 10 ug/mL and 50 pug/mL,
TsHpt-I and -II were not able to decrease cellular viability in the higher concentration of
100 pug/mL. Interestingly, in this same concentration, both peptides were able to promote
the release of significant levels of TNF, and TsHpt-II also induced the release of IL-6
(Figure 4). None of the peptides were able to induce the release of IL-10, IL-12p70, IFN-y
and MCP-1 (data not shown).

In order to confirm the pro-inflammatory effects of both peptides on the biological
function of macrophages, the phagocytic activity of macrophages, cultured for 24 h in the
presence of TsHpt-I and -II, were analyzed, and compared to the negative and positive
controls. Both treatments with TsHpt-I and -II promoted a significant increase in the
phagocytic index (Figure 5), demonstrating that the pro-inflammatory action of these
peptides also affects the biological function of macrophages.
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Figure 3. Cytotoxic effect of hypotensins I and II on murine peritoneal macrophages in vitro. Peri-
toneal exudate macrophages from naive BALB/c mice were cultured for 24 h in the presence of
TsHpt-I (A) and -II (B) at concentrations of 10 ug/mL, 50 ug/mL and 100 pg/mL. Cells cultured
with medium alone or in the presence of 5 ug/mL LPS were used as the controls. Cell viability
was determined by the MTT method. The results represent the mean £ SD of two independent
experiments performed in triplicate. * p < 0.05.
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Figure 4. Cytokine production by murine peritoneal macrophages stimulated in vitro with TsHpt-I and
-IL Peritoneal exudate macrophages from naive BALB/c mice were cultured for 24 h in the presence of
TsHpt-I (A,C) and -1I (B,D), at concentrations of 10 pug/mL, 50 pg/mL and 100 pg/mL. Cells cultured
with medium alone or in the presence of 5 ug/mL LPS were used as negative and positive controls,
respectively. The concentrations of TNF (A,B) and IL-6 (C,D) were determined by the CBA method,
according to the manufacturer’s instructions. The results represent the mean == SD of three independent

experiments performed in triplicate. * p < 0.05.
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Figure 5. Phagocytic activity of the murine peritoneal macrophages stimulated in vitro with TsHpt-I
and -II. Peritoneal exudate macrophages from naive BALB/c mice were cultured on glass coverslips
for 24 h in culture medium or in the presence of LPS (5 ug/mL) or TsHpt-I and -II (100 ug/mL). After
this period, the cells were incubated for 1 h with a suspension of Saccharomyces cerevisiae. Coverslips
were washed, fixed and stained by Giemsa. (A) Phagocytosis images in 400x magnification. (B) The
phagocytic index was calculated based on the percentage of phagocytic cells and on the average number
of yeasts per cell, by counting approximately 200 cells per coverslip in 1000x magnification. The results
represent one of two reproducible experiments performed in duplicate (mean + SD). * p < 0.05.
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3. Discussion

Identified from the proteomic analyses on the venom of Tityus serrulatus (TsV), the
hypotensins are peptides made up of 25 amino acid residues that contain two consecutive
prolines in their C-terminal portion. Hypotensins are a family of peptides with small
structural differences between them, with TsHpt-I being the best-studied member—both
the natural molecule and its synthetic counterpart. Tests involving the natural or synthetic
TsHpt-I demonstrated that this peptide was able to exert hypotensive activity in normoten-
sive Wistar rats through bradykinin potentiation. The hypothesis about the vasodilation
effect is related to NO release, which is a mechanism independent of ACE inhibition [14].

Focusing on clinical conditions related to blood pressure alterations observed in
accidents caused by T. serrulatus, the present study investigated the possible interaction
of TsHpt-I and -II with the metallopeptidases angiotensin converting enzyme (ACE) and
neprilysin (NEP). ACE is considered an important molecule in the regulation of blood
pressure, as it generates angiotensin II (Ang II) from the cleavage of angiotensin I (Ang I),
in addition to degrading bradykinin (Bk) [17]. NEP also acts to control blood pressure
through the excretion of Na* and water, as it is capable of degrading natriuretic peptides
(ANP, BNP and CNP) [18,19]. Thus, both ACE and NEP are known as vasopeptidases.
The third vasopeptidase is the endothelin-converting-enzyme I (ECE-1, EC 3.4.24.71), a
metallopeptidase capable of releasing endothelin-I (ET-I), a vasoconstrictor peptide, from
the big-endothelin [20].

Regarding TsV, data from the literature describe the presence of an ACE-like one [9,21],
capable of converting Ang I to Ang II, and degrading Bk. Hence, the presence of this va-
sopeptidase in TsV may collaborate with the hypertension observed in accidents involving
humans. The possible presence of an NEP-like in TsV has also been described, as well as
an inhibitor of this metallopeptidase, called [des-Argl]-Proctolin [16]. This peptide was
characterized as a competitive inhibitor of human NEP, presenting an inhibition constant of
0.94 uM [16]. Proteomic studies also reported the presence of an ECE-like enzyme in TsV [9].
Moreover, high levels of ET-I were observed in the sera of patients after envenomation
with the scorpion Androctonus australis hector, indicating that molecules of scorpion venoms
also have an effect on the endothelin axis. [22]. Therefore, the presence of vasopeptidases
and their inhibitors in scorpion venoms may contribute to acute changes caused in the
cardiovascular system observed in cases of envenomation [23].

Although the preferred prey of the Tityus serrulatus scorpion are insects, such as
crickets and cockroaches, its venom is dangerous to humans. According to data from
proteomics and transcriptomics studies [9], the toxic effect of TsV in humans may be the
result of evolutionarily preserved molecules present in both insects and mammals. This
suggestion may explain the presence of ACE-like, ECE-like and NEP-like enzymes in TsV,
together with neprilysin inhibitors and hypotensins. [23].

Interestingly, both hypotensins were able to increase the catalytic activity of ACE, but
in different ways. While TsHpt-I activated ACE by 64%, TsHpt-II increased by 46% the
hydrolysis of the substrate Abz-RGFK-EDDnp. In fact, in studies on the determination
of the hypotensive mechanism of TsHpt-I, ACE activation can also be observed; however,
the results were not discussed [14]. Studies with NEP also indicated different interactions
with hypotensins, and results with TsHpt-I showed that this peptide is a non-competitive
inhibitor of NEP, with a Ki value of 4.35 uM. As TsHpt-I is the second NEP inhibitor
described in the T. serrulatus venom, it is possible that there is a combined action between
hypotensin I and [des-Arg']-Proctolin [16], which may be related to the hypotension caused
by the envenomation. In contrast, TsHpt-II displayed a low interaction with NEP, and
the different results are, probably, the effect of a single difference between the primary
structures of the hypotensins. However, future studies of circular dichroism will be needed
to clarify this matter.

As hypotensins demonstrated new activities in vitro, cytotoxicity and possible pro- or
anti-inflammatory actions were investigated in order to increase our knowledge of these
molecules. Both hypotensins have immunomodulatory potential, with pro-inflammatory
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effects on murine peritoneal macrophages, when used at a concentration of 100 ug/mL.
Interestingly, at this concentration, both hypotensins did not exert cytotoxic activity on
the tested cells, which makes the two molecules even more interesting, due to their phar-
macological potential for the long-term development of new immunostimulants and/or
adjuvants. Pucca and collaborators [24] demonstrated the pro-inflammatory effect of three
peptides derived from the TsV venom on a strain of murine macrophages, with increased
production of IL-6. Similar to the results presented in this work, the effects were subtle
compared to LPS, although significant in relation to the negative control. In our study, we
observed increased TNF production in the presence of both peptides and increased IL-6
production in the presence of TsHpt-II. As for the mechanism of molecules as hypotensives,
it is important to emphasize that both TNF and IL-6 induce vasodilation, and its massive
release can even lead to shock.

Cassini-Vieira and colleagues suggested an anti-inflammatory role for TsHpt-I from T.
serrulatus venom, based on its ability to reduce neutrophil infiltration and TNF production
in a murine model of sponge implant-induced inflammation. On the other hand, in-
creased macrophage infiltration was observed in this model, indicating a pro-inflammatory
role, which demonstrates the need for further studies on the mechanisms of action of
TsHpt-I [25].

Interestingly, both treatments with both peptides promoted a significant increase in
the phagocytic index, demonstrating that the pro-inflammatory action of these peptides
also affects the macrophages’ biological function. This phenomenon is interesting, consid-
ering the possible development of immunomodulators. It is known that adjuvant and/or
immunostimulant molecules generally induce a pro-inflammatory environment that favors
the activation of antigen-presenting cells and, consequently, the development of adaptive
immunity against specific antigens. Increased macrophages’ phagocytic capacity by hy-
potensins may reflect increased microbicidal activity and/or antigen presentation. The
anti-candida and anti-biofilm activities of TistH, a hypotensin present in the venom of the
Tityus stigmurus scorpion, were recently described and confirmed [26], but functional anti-
gen presentation assays are needed to deepen our knowledge of the immunomodulatory
action of these peptides.

Despite the biotechnological potential of hypotensins, the activities already described
for these peptides, and the new results showed in the present work, indicate that both
molecules do not have a specific target or mechanisms of action. Considering that they are
multifunctional toxins present in the Tityus serrulatus venom, new studies aiming at drug
development should be very carefully carried out in order to minimize unexpected effects.

4. Conclusions

Despite the great similarity between the primary structures of hypotensins, different
levels of interactions with the vasopeptidases ACE and NEP were observed. Hypotensins
increase ACE activity at different levels while TsHpt-I is a non-competitive inhibitor of
NEP, suggesting other hypotensive mechanisms for this peptide in addition to those
already described. Furthermore, the release of some interleukins may suggest a role for
these peptides in the inflammatory response induced by the venom. Hypotensins are
multifunctional toxins, and further studies are needed to clarify the potential of these
molecules for biotechnological use.

5. Material and Methods
5.1. Reagents

The synthetic peptides TsHpt-I and TsHpt-II were obtained by the solid-phase peptide
synthesis method, and purchased from GenOne Biotechnologies (Rio de Janeiro, Brazil).
Angiotensin Converting Enzyme (ACE) from rabbit lung, RPMI 1640 medium, LPS from
E. coli 0127:B8, Trypan Blue, Giemsa stain and glutaraldehyde solution were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Neprilysin and the Fluorescence Resonance
Energy Transfer (FRET) substrates, Abz-FRK (Dnp) P-OH and Abz-RGFK (Dnp)-OH, were
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provided by Prof. Adriana Carmona, from the Department of Biophysics of UNIFESP-
EPM, Sao Paulo, SP, Brazil. Acetonitrile and TFA used in RP-HPLC were acquired from
J. T. Baker (Avantor, Radnor, PA, USA). Fetal cow serum (FCS) and penicillin and strep-
tomycin antibiotics were purchased from Cultilab (Campinas, SP, Brazil). Tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) was purchased
from Invitrogen (Waltham, MA, USA). DMSO was purchased from Merck (Darmstadt,
Germany). BD Cytometric Bead Array Mouse Inflammation Kit was purchased from BD
Biosciences (San Jose, CA, USA). The Saccharomyces cerevisiae suspension was obtained
from washing and adjusting the concentration of bread yeast (Fleischmann — Petrépolis, R],
Brazil) in RPMIL.

5.2. Interactions of Hypotensins with Vasopeptidases ACE and NEP

For ACE assays, 10 uM of each peptide was incubated with 3.0 ng of peptidase and
10 uM of Abz-FRK (Dnp) P-OH substrate, in Tris HC1 100 mM, NaCl 50 mM and ZnCl,
10 uM, pH 7.0 buffer. For NEP, 10 uM of TsHpt-I or -II was incubated with 1.5 ng of
peptidase, 3.5 pM Abz-RGFK (Dnp)-OH in Tris HC1 50 mM, pH 7.5 buffer. All reactions
occurred at 37 °C, in a final volume of 100 pL, in a Victor 3 fluorimeter (Perkin—Elmer,
Waltham, MA, USA) adjusted for excitation and emission readings at 320 and 420 nm,
respectively, for 15 min (one reader per minute). Results were obtained in triplicate and
analyzed using GraFit 5 (Erithacus software, East Grinstead, West Sussex, UK).

5.3. Stability Test of the Synthetic Peptides

The synthetic peptides TsHpt-I and TsHpt-1I (30 uM) were incubated with ACE (3.0 ng),
in Tris HC1 100 mM, NaCl 50 mM and ZnCl, 10 uM, pH 7.0 buffer, and NEP (1.5 ng), in Tris
HCI150 mM, pH 7.5 buffer, at 37 °C for 4 h. Samples containing only the synthetic peptides
were used as the negative control. After incubation, samples were analyzed by reverse
phase chromatography on RP-HPLC (Shimadzu, Kyoto, Japan), using a Restek Ultra C-18
column (5 um, 250 x 4.6 mm). Solvents used were 0.1% TFA in water (solvent A), and
acetonitrile plus solvent A (9:1) as solvent B. Separations were performed at a flow rate
of 1 mL/min and a 20-60% gradient of solvent B over 20 min. In all cases, elution was
followed by the measurement of ultraviolet absorption (214 nm).

5.4. Characterization of TsHpt-I as a NEP Inhibitor

To determine the inhibition constant (Ki) of TsHpt-I over NEP, four concentrations
of Abz-RGFK (Dnp)-OH (4 uM, 6 uM, 8 uM and 10 uM) and 3 uM and 4 uM of TsHpt-I
were tested using 1.5 ng of peptidase in 100 uL of final volume of Tris HCl pH 7.5. The
Km value of the substrate used was determined to be 14 uM [27]. Controls without the
TsHpt-I1 were also performed in all assays. The reactions were monitored as described
above (item 5.2). The Lineweaver—Burk plot was constructed (1/V x 1/(S)) according to
the presented mechanism. The Ki was calculated as described by Segel [28]. All assays
were performed in triplicate.

5.5. Cell Assays
5.5.1. Murine Peritoneal Macrophages Obtainment

Male young, between 8 and 12 weeks of age and weighing between 20 and 22 g,
BALB/c mice adults were used. Mice were obtained from the Central Animal Facility of the
Butantan Institute and housed in the Laboratory of Immunochemistry bioterium, Butantan
Institute. The mice were kept in boxes lined with shavings, containing 3 animals per box,
under natural light, full-time ventilation and exhaustion, filtered water and commercial
feed ad libitum. After a period of 2 to 3 days of acclimatization of the animals, they were
euthanized in a CO, chamber. All experimental procedures involving animals were in
accordance with the ethical principles in animal research adopted by the Brazilian Society
of Animal Science and the National Brazilian Legislation no.11.794/08. Animal care and
experimental procedures were approved by the Institutional Committee for the Care and
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Use of Laboratory Animals from Butantan Institute (CEUAIB protocol number 5396310517,
approved on 21 June 2017).

Peritoneal exudate cells (BALB/c naive mice, n = 6) were collected by two washes
with 5 mL of RPMI medium. The cells obtained were washed twice with RMPI medium,
at 400 g, for 10 min, at 18 °C, and resuspended in R10 medium (RPMI + 10% fetal cow
serum). After counting in a Neubauer chamber, in the presence of Trypan blue, the
cell concentration was adjusted to 2 x 10° cells/mL. Cells were distributed into 96-well
culture plates (2 x 10° cells /100 uL/well) and incubated for 2 h at 37 °C and 5% COs.
After incubation, non-adherent cells were discarded, and adherent cells (macrophages)
were resuspended in R10 medium containing the respective tested stimuli, at different
concentrations, in triplicates, in a final volume of 200 uL/well. Cells resuspended in R10
medium were used as a negative control, and cells stimulated with LPS (5 ug/mL) as a
positive control. Cells were then incubated for 24 h at 37 °C and 5% CO,. After this period,
the culture supernatants were collected and stored at —80 °C, for subsequent dosage of
cytokines, and cell viability was determined by MTT assay.

5.5.2. Effect of Hypotensins on the Cell Viability and Production of Inflammatory
Mediators by Murine Peritoneal Macrophages Stimulated In Vitro with Hypotensins

After a 24-h period of incubation of cells with hypotensins (10 ug/mL, 50 pg/mL and
100 pg/mL), MTT assays were performed, consisting of the addition of 100 uL of R10 con-
taining 0.5 mg/mL of tetrazolium salt 3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) in all wells, followed by a new incubation, under the same conditions,
for 4 h. Then, the supernatants were discarded, and 100 pL/well of DMSO were added
to dissolve the formed crystals. Absorbance was determined in a spectrophotometer at
540 nm. Cell viability was calculated based on the absorbances of the samples and the
negative control (cells cultivated only with R10).

The concentration of pro- and anti-inflammatory cytokines (IL-6, IL-10, IL-12p70,
IFN-o«, MCP-1 and TNF) in the samples incubated with both hypotensins (10 ug/mL,
50 nug/mL and 100 ug/mL) was determined by the CBA method (BD Cytometric Bead
Array Mouse Inflammation Kit), according to the manufacturer’s instructions. The samples
were acquired in a BD FACSCanto II flow cytometer, and the data were analyzed using BD
FCAP Array version 3.0 software.

5.5.3. Effect of TsHpt-I and -II on Phagocytic Function of Murine Peritoneal Macrophages

Peritoneal macrophages from naive BALB/c mice (1 = 6) were obtained as described
above (item 5.5.1). Cells were distributed in 24-well culture plates (5 x 10° cells /500 uL/well),
with glass coverslips inside, and incubated for 2 h at 37 °C and 5% CO,. After incubation,
non-adherent cells were discarded, and adherent cells (macrophages) were stimulated in vitro
with hypotensins, in duplicate, at a concentration of 100 pg/mL, for 24 h at 37 °C and 5% COs.
After this period, the culture supernatants were discarded, and the cells were incubated for 1 h
with a suspension of Saccharomyces cerevisiae at a concentration of 1.5 x 10 yeasts/mL/well.
Coverslips were washed 10 times with PBS, fixed with 0.5% glutaraldehyde and stained
by Giemsa. Phagocytosis was evaluated by immersion optical microscopy (1000x) and
quantified by counting approximately 200 cells per cover slip. The percentage of phagocytic
cells and the average number of internalized yeasts per phagocytic cell were calculated. The
phagocytic index was obtained by multiplying the two values (percentage x mean) and
represents the total phagocytic capacity of each cell population.

5.6. Statistical Analysis

The results were statistically analyzed using the GraphPad Prism 5 program, using
the one-way ANOVA test followed by Tukey’s post-test. Results with a p-value < 0.05 were
considered significant.
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Abstract: Epithelial-mesenchymal transition (EMT) occurs in the early stages of embryonic develop-
ment and plays a significant role in the migration and the differentiation of cells into various types of
tissues of an organism. However, tumor cells, with altered form and function, use the EMT process to
migrate and invade other tissues in the body. Several experimental (in vivo and in vitro) and clinical
trial studies have shown the antitumor activity of crotoxin (CTX), a heterodimeric phospholipase
A2 present in the Crotalus durissus terrificus venom. In this study, we show that CTX modulates the
microenvironment of tumor cells. We have also evaluated the effect of CTX on the EMT process in
the spheroid model. The invasion of type I collagen gels by heterospheroids (mix of MRC-5 and A549
cells constitutively prepared with 12.5 nM CTX), expression of EMT markers, and secretion of MMPs
were analyzed. Western blotting analysis shows that CTX inhibits the expression of the mesenchymal
markers, N-cadherin, x-SMA, and «v. This study provides evidence of CTX as a key modulator of
the EMT process, and its antitumor action can be explored further for novel drug designing against
metastatic cancer.

Keywords: crotoxin; epithelial-mesenchymal transition; spheroid model; tumor stroma

Key Contribution: We demonstrated for the first time the modulatory effect of CTX on tumor—
stroma interaction in a 3D model by showing its inhibitory capacity on crucial events of EMT and
provide evidences that CTX is a potential modulator of the signaling cascade involved in the tumor
progression.

1. Introduction

Events of metastasis begin with epithelial-mesenchymal transition (EMT), whereby
epithelial cells lose their inherent characteristics, including apicobasal polarity, and acquire
invasive and infiltrating mesenchymal properties [1-4]. The EMT program involves the
loss of expression of E-cadherin. In contrast, the expression of N-cadherin is switched on
along with upregulation of other mesenchymal markers, including vimentin, fibronectin,
and metalloproteases [5-9]. Cancer-associated fibroblasts (CAFs), activated fibroblasts
commonly found in the tumor microenvironment, are characterized by higher expression
of myofibroblastic markers, including x-smooth muscle actin (x-SMA). CAFs are among
the predominant cells within solid tumors and secrete several soluble growth factors,
including transforming growth factor-p1 (TGF-f1), interleukin-6 (IL-6), fibroblast growth
factor (FGF), platelet-derived growth factor (PDGF), stromal cell-derived factor-1 (SDF-1),
and hepatocyte growth factor (HGF). Some of these growth mediators can induce EMT in
carcinoma cells [10-12].

The majority of data that highlight the importance of EMT in carcinogenesis have
been obtained using in vitro cell line models. Over the last decade, three-dimensional (3D)
cancer cell culture systems in vitro have been developed to understand the interactions
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and crosstalk between cell-cell and cell-matrix that drives tumor progression [13-15]. The
activation of EMT is mostly studied in various cancer spheroid models [16]. Therefore, the
development of novel drugs that can inhibit the onset of EMT is one of the goals of cancer
research. In this direction, several compounds derived from animal venoms are considered
critical scientific tools. Firstly, animal venoms have practical therapeutic applications as
they provide structural templates for the development of new drugs. Secondly, studies on
animal venoms have contributed significantly to understanding the regulatory mechanisms
guiding cell functions under normal and pathophysiological conditions, such as cancer [17].

Snake venoms are complex mixtures of bioactive molecules [17-19]. Phospholipase
A2 enzymes (PLA2; EC 3.1.1.4) are among the most well-characterized components of
known snake venoms. Among these, crotoxin (CTX), the major toxin from Crotalus durissus
terrificus venom, is a heterodimer comprised of a basic subunit (CB), responsible for the
phospholipase activity, and neurotoxic and myotoxic properties of the molecule. The CB
subunit is associated non-covalently with crotapotin, an acidic, non-enzymatic peptide
(CA). The CTX complex is a potent neurotoxin, while isolated subunits present low lethal-
ity [20-25]. Sixteen CTX isoforms were identified, resulting from a random combination
of four CA isoforms (CA1, CA2, CA3, and CA4) and four CB isoforms (CBa2, CBb, CBc,
and CBd) [22]. These combinations between the isoforms determine the formation of
different complexes, responsible for the different pharmacological and biological proper-
ties reported for CTX [21]. Several studies have shown that CTX has in vivo and in vitro
anti-inflammatory, immunomodulatory, and antitumoral properties [26-31]. Cura and
colleagues (2002) suggested that CTX may have greater selectivity on solid tumors since
CTX could inhibit in vivo growth of Lewis lung carcinoma and MX-I human mammary car-
cinoma. However, it has low antitumor activity against HL-60 leukemia cells [32]. Recent
studies have demonstrated that CTX not only inhibits tumor growth but also modulates
stromal cells in the tumor microenvironment, such as the reprogramming of endothelial
cells and macrophages, thus exhibiting an antiangiogenic phenotype [26,28,29,33].

Based on the properties mentioned above of CTX on the tumor microenvironment
we also present, herein, the ability of this toxin to modulate EMT. In this study, we show
for the first time, the modulatory effect of CTX on EMT markers in the 3D-spheroid
model composed of tumor cells and fibroblasts. CTX is a promising target for the future
development of anti-metastasis therapeutics.

2. Results
2.1. Effect of CTX on MRC-5 Cell Differentiation with Different Stimulatory Factors under
2D Condition

We confirmed the expression of x-SMA in differentiating myofibroblasts through
immunostaining. MRC-5 cells, previously incubated with 12.5 nM CTX, were cultured
in the presence of TGF-$1 (2 ng/mL) or conditioned medium (CM) from A549 cells for
3 days. There was an undetectable level of x-SMA in both control and CTX-treated
unstimulated MRC-5 cells (cultured in DMEM with 10% FBS only). We found that TGF-f31
and tumor-CM induced higher x-SMA expression in untreated than in CTX-treated MRC-5
cells (Figure 1A,B). Under the same experimental condition, Calu-3-CM induced x-SMA
expression in MRC-5 cells, while in the presence of CTX this marker was undetectable
(Figure S1).
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Figure 1. Myofibroblast differentiation with various stimulatory factors. (A) Representative im-
munofluorescent images of MRC-5 cells pretreated with CTX (12.5 nM) for 2 h and then incu-
bated in DMEM (with 10% FBS), TGF-$1 (2 ng/mL), or tumor-conditioned media from A549 cells
for 3 days. The control group of cells were untreated and grown in DMEM with 10% FBS only.
(B) Quantification of x-SMA fluorescence intensity. Green fluorescence indicates x-SMA-containing
stress fibers and blue fluorescence indicates the nuclei. Scale bar = 25 pm. The data are presented

from three independent experiments.

2.2. CTX Does Not Interfere in the Spheroid Formation and Prevents Non-Spheroid from
Forming Cells

The human adenocarcinoma cell line A549 was mixed with MRC-5 cells in a ratio
of 1:4 for spheroid formation by the hanging drop method. We observed regular round-
shaped spheroids composed only of MRC-5 cells (Figure 2A); the presence of CTX did not
affect the spheroid formation (Figure 2B). On the other hand, A549 cells were unable to
aggregate to form a spherical structure due to weak intercellular interactions (data not
shown). When A549 cells were mixed with MRC-5 cells, compact spheres were observed
with a small group of tumor cells around them. These tumor cells were unable to integrate
into the spheres (Figure 2C,D). Interestingly, there was a drastic reduction in tumor cells
around the spheroids formed by the CTX treated MRC-5 cells (Figure 2E,F). On the other
hand, MRC-5/Calu-3 spheroids were less compact compared to MRC-5/A549 spheroids
(Figure S2A,B), while in the presence of CTX, fewer tumor cells were observed around the
spheroid (Figure S2C,D). In addition, live/dead staining of MRC-5/A549 cells in spheroids
confirmed that CTX did not affect cell viability (Figure 2E,F).
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Figure 2. Spheroid formation by MRC-5 cells alone or in combination with A549 tumor cells. (A) MRC-5 single spheroid
formation by the hanging drop method. (B) MRC-5 single spheroid constitutively formed in the presence of 12.5 nM of CTX.
(C) MRC-5/A549 spheroid formation by the hanging drop method. (D) A small number of cancer cells did not incorporate
into the cell aggregates (white arrow) (E) MRC-5/A549 spheroid constituted in the presence of 12.5 nM CTX—after 24 h,
cell aggregates formed compact structures. (F) A small number of cancer cells did not incorporate into the cell aggregates
(white arrow). Images obtained from inverted microscope 4X. (E) Live (green)/Dead (red) image of MRC-5/A549 spheroids.
Scale bar = 100 um. (F) Quantitative analysis from live/dead assay measured by relative fluorescence intensity. All the data
presented here are from three independent experiments.

2.3. Spheroid Cell Invasion of Collagen Gel

To analyze the effect of CTX on the invasive phenotype, MRC-5/A549 spheroids were
embedded into polymerized collagen type I gels for up to 48 h. Invading cells from MRC-
5/ A549 spheroids were elongated and spindle-shaped (Figure 3A). Spheroids constituted
in the presence of CTX showed a 50% reduction in the invaded gel region (Figure 3B,C).
On the other hand, the invasion distance of MRC-5/Calu-3 spheroids was shorter and
preserved cell—cell interaction compared to MRC-5/A549 spheroids, while in the presence
of CTX, the invasion area was reduced by invading cells (Figure S3).
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Figure 3. Invasion area of spheroids in 3D collagen gels. Representative images are of invasion into
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type I collagen gel (1.2 mg/mL) (A) by cells of MRC-5/A549 spheroids or (B) MRC-5/A549 consti-
tuted with 12.5 nM of CTX. Cell invasion was photographed under phase-contrast microscopy at
48 h. (C) Cell invasion area was measured and analyzed on Image] software. * p < 0.05 compared to
the control group. The data presented here are from three independent experiments (1 = 5).

2.4. Effect of CTX on the Expression of EMT Markers in Composite Spheroids

To investigate the mechanism underlying the migration ability of MRC-5/A549
spheroids, we performed Western blot analysis for epithelial marker E-cadherin and
mesenchymal markers—N-cadherin, vimentin, and «-SMA. Our results showed that after
3 days, MRC-5/A549 spheroids lost E-cadherin, but the expression of all EMT markers was
elevated. MRC-5/A549 constitutively formed in the presence of CTX showed a significant
reduction in mesenchymal markers, x-SMA (43%), N-cadherin (46%), and integrin ocv (41%)
(Figure 4). However, there was no marked difference in vimentin levels. On the other hand,
at the same incubation period, MRC-5/Calu-3 spheroids presented high expression of
E-cadherin and low expression of mesenchymal markers, which means that MRC-5/Calu-3
spheroids need a longer period of incubation to induce EMT. However, the presence of
CTX on this spheroid inhibited only a-SMA expression compared to the control group,
while there was no difference in integrin ov expression (Figure S4).
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Figure 4. Expression of EMT-associated proteins. Quantitative analysis of expression of EMT markers.
After three days in culture, MRC-5/A549 and MRC-5/Calu-3 spheroids were lysed, and Western blot
analyses were conducted for E-cadherin, N-cadherin, x-SMA, integrin subunit «v. GAPDH served
as the loading control. *** p < 0.001 compared to the control group. * p < 0.01 compared to the control
group. The data presented are from three independent experiments (1 = 4).

2.5. Effect of Crotoxin on MMP-9, MMP-13, and Cytokine Secretions in 3D Collagen Gel Matrix

To determine the effect of CTX on spheroids in the 3D collagen gel, the release of
matrix metalloproteinases, MMP-9 and MMP-13 (ECM-digesting enzymes), in the cul-
ture media were measured. Our results showed that a monolayer of MRC-5, grown in
serum-free media, produced endogenous MMP-9; the enzyme was undetectable in media
harboring A549 cells monolayer (Figure 5A). MMP-13 were produced endogenously by
all cell lines. CTX did not interfere with MMP-9 release by MRC-5 cells, even though CTX
repressed MMP-13 (69%) release by A549 cells (Figure 5B). Interestingly, MRC-5/A549
spheroids embedded in collagen gel promoted secretions of MMP-9 and MMP-13. How-
ever, composite spheroids treated with CTX inhibited MMP-9 and MMP-13 secretions (37%
and 39%, respectively).

In addition, cytokines, chemokines, and growth factors released during the spheroid
invasion of 3D collagen gel were assessed by a membrane-based cytokine array. Our results
showed that the concentrations of 32 out of 80 cytokines had reduced by 1.2- to 5-fold
in the culture media containing CTX-treated spheroid cells (Figure 5C). We found that
CTX inhibits tumor-related cytokines, particularly IL-6, IL-8, HGF, TGF-1, and IGFBP-1.
CTX also inhibits chemokines that bind to CXCR1 and CXCR2 receptors such as CXCL5,

159



Toxins 2021, 13, 830

9]

10,000,000+
8,000,000
6,000,000

4,000,000

Pixel Density (A.U)

2,000,000

)
0

CXCL1/2/3, CXCL1la, CXCL6, and CXCLS (IL-8) that are involved in cancer angiogenesis
and metastasis (Figure 5C).

MMP-9 B) MMP-13
150
@ Control Hl Control
" @ CX = CX
100
-
E
=J #
a
50:
0
MRC-5 A549 MRC-5/A54¢8 MRC-$S A549 MRC-5/A549
Monoculture Spheroid Monoculture Spheroid

Em Control
mm CTX
» * £ > > A O 0 Kk RN \'5\'\"*’\(’\'5'\>\(~0A®
& «0 QQo'13 o QY MY VRS SIS
VNS "*e‘*«q’ S F g +°V4Q'o" SSF LG TFEF T FY €0
5 L l—l? N
L J
Cancer Angiogenesis ECM Immune cell recruitment
interaction regulation regulation

Figure 5. Effect of crotoxin on the production of MMP-9, MMP-13, cytokines, and chemokines in the 3D collagen gel.
Monoculture of human lung fibroblasts MRC-5 and human lung adenocarcinoma cell line A549 incubated with 12.5 nM
of CTX for three days; invasion of collagen gel by composite spheroids of MRC-5/A549 at 48 h. After this period, spent
media were collected to quantify the volume of MMP-9 (A) and MMP-13 (B) by ELISA. * p < 0.05 compared to the control
group. # p < 0.05 compared to the control group. ** p < 0.01 compared to the control group. (n = 6). In (C), cytokine array
analysis using composite spheroid invaded gel of at 48 h. The graph indicates the decrease in the growth factors by more
than 1.2-folds. A pool of 1 = 4 was used.

3. Discussion

The present study aimed to investigate the possible modulatory effect of crotoxin, a
toxin with PLA2 activity from the venom of the snake, Crotalus durissus terrificus, on EMT.
Here, we used an in vitro spheroid model composed of human lung adenocarcinoma and
human lung fibroblast cell lines. This model resembles early tumor—stroma interactions,
mimicking an avascular tumor initiation step [13,34,35]. During tumor spheroid formation,
fibroblasts become activated and acquire a myofibroblast-like phenotype referred to cancer-
associated fibroblasts. These CAFs express contractile proteins (particularly a-smooth
muscle actin), synthesize a large amount of ECM components, and secrete various matrix
metalloproteinases [12,36].

In this study, we used a co-culture system to understand the reciprocal crosstalk
between NSCLC tumor cell line, A549, and normal human lung fibroblast cell line, MRC-5.
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We found that tumor-conditioned media promoted the expression of x-SMA in MRC-5
cells, whereas CTX inhibited it. It has already been reported that the TGF-f3 pathway is
the dominant mediator of crosstalk to initiate the process of CAF activation [37]. Previous
studies have demonstrated the inhibitory effect of CTX on the functions of stromal cells such
as macrophages [29] and endothelial cells [33] when co-cultivated with tumor-conditioned
media. Thus, CTX impairs tumor progression. A recent study demonstrated that when
human skin fibroblast cells were incubated with crude venom (CdtV) from Crotalus durissus
terrificus, cells showed altered protrusions, formed highly polymerized actin filaments, and
produced a high amount of fibronectin [38]. Based on these observations, we suggest that
CTX plays varied roles in different microenvironments and may regulate the process of
tissue repair.

Stadler and colleagues (2018) used different colon cancer cell lines for the spheroid
formation and showed that some of the cells did not integrate into the spheroids. They
hypothesized that the non-spheroid forming (NSF) cells are a subpopulation of tumor cells
that had lost cell-cell adhesion properties and rendered them the ability to migrate [39].
Moreover, Sodek and colleagues (2009) correlated the ability of ovarian cancer cell lines to
form compact spheroids with their migratory and invading capacity in 3D matrices. These
cells exhibited myofibroblast-like features [40]. Our results showed that the presence of
CTX in the composite spheroid prevented the loss of cell-cell adhesion properties of the
cells and reduced the invasion area in a 3D collagen matrix.

To confirm our findings, the expression of a well-defined set of EMT-associated mark-
ers was analyzed by western blotting. Three-day-old MRC-5/A549 spheroids presented
an upregulation of mesenchymal markers (such as N-cadherin, x-SMA, and integrin av)
and downregulation of E-cadherin in consensus with its rapid progression toward EMT. In
contrast, as shown in the Supplementary Material, MRC-5/Calu-3 spheroids presented no
alterations on EMT markers at the same experimental condition. These findings concur
with a previous study that showed EMT progression in A549 and Calu-3 cells in vitro when
exposed to TGF-B1 and pro-inflammatory cytokines. The authors suggest that differential
cell plasticity and susceptibility to EMT may depend on tissue origin [41]. As fibroblasts
become CAFs during spheroid formation, the interaction between tumor cells and CAFs
leads to invasion strategies; CAFs turn into primary drivers to help tumor cells migrate
by remodeling ECM and creating tracks [42]. Taken together, our data suggest that CTX
significantly inhibits expression of N-cadherin, x-SMA, and integrin «v in MRC-5/A549
spheroids, which correlates with the reduced invasion area in the collagen gel. It also
suggests an involvement of CTX with actin polymerization via integrin-dependent sig-
naling pathway with subsequent impairment of migratory ability, a finding that was also
observed in endothelial cells in the tumor microenvironment [33]. These findings are in
agreement with a similar study conducted with PLA2 (BthTX-II) extracted from the venom
of Bothrops jararacussu. BthTX-II displayed a weak catalytic activity and presented an
inhibitory effect on the adhesion, proliferation, invasion, and migration of human breast
cancer cells. It also inhibited EMT by modulating epithelial and mesenchymal markers [43].
Many studies have shown the inhibitory effect of other PLA2s on tumor cells, however the
findings did not correlate the effect with the enzymatic activity of the molecule. CTX acts
on focal adhesion kinases (FAK), a crucial component of integrin-mediated cell signaling in
endothelial cells [33], and inhibits tyrosine phosphorylation, consequently inhibiting the
activity of proteins involved in the intracellular signaling pathway of macrophages [44].

Our data suggest that CTX affected MMP-9 secretions, which significantly increased
during tumor-CAF crosstalk in the spheroid model. Unsurprisingly, monocultures of
A549 and MRC-5 cells released endogenous levels of MMP-9. It has been shown that
high expression of MMP-9 is associated with the aggressiveness of malignant cells in solid
tumors [45]. MMP-9 has also been reported to activate the bioactive form of TGF-f [46] and
downregulate the expression of E-cadherin [47], thus initiating the process of EMT. More-
over, Eberlein and colleagues (2015) reported that the activation of normal fibroblast during
tumor cell-fibroblast crosstalk occurs through the av36/TGF-§3 signaling pathway [37].
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We hypothesize that CTX regulates TGF-{3 activation since our findings showed reduced
secretions of MMP-9 and av integrin in the spheroid model. Moreover, human MMP-13
is expressed in skin fibroblasts and has a role in acute wound healing by remodeling
fibrillar collagens [48]. In this study, we found an increased secretion of MMP-13 in MRC-5
monoculture incubated with CTX, suggesting its involvement in wound healing. The
modulatory activity of CTX during the healing process in an inflammatory environment
has already been shown in an earlier study [49]. Conversely, MMP-13 secretions were
reduced in A549 monoculture in the presence of CTX as well as in the heterospheroid
model. A study using NSCLC from patients showed that both MMP-9 and MMP-13 were
associated with metastasis, invasion, and prognosis; MMP-13 mainly activates MMP-9 to
participate in the invasion and metastasis of NSCLC [50]. This corroborates our finding of
the microenvironment-dependent modulatory activity of CTX on the release of MMP-9
and MMP-13.

Cytokines released during MRC-5/A549 spheroids’ invasion of collagen gel have
shown that CTX drastically inhibits chemokines that bind to the receptor CXCR1 and
CXCR2, such as CXCL5, CXCL-8 (IL-8), CXCL1/2/3, CXCL1a, and CXCL6. It is well estab-
lished that the CXCL5/CXCR2 and IL-8/CXCR1/CXCR2 axes contribute to carcinogenesis
by promoting tumor cell proliferation, migration, and invasion, and the EMT process of
many tumor cells, including NSCLC [50-53], hepatocarcinoma cells [54], and papillary
thyroid carcinoma cells [55]. Additionally, CTX inhibits primary growth factors involved
with EMT such as HGF [56], TGF-$1 [37,57], and VEGF [53].

4. Conclusions

This is the first scientific report about the modulatory effect of CTX on paracrine sig-
naling during tumor-stroma crosstalk as it inhibits CAFs’ differentiation. In the 3D model,
CTX repressed the expression of mesenchymal markers, chemokines, and growth factors
associated with the EMT process. CTX also suppressed the invasion of collagen