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ABSTRACT

Snake venoms contain various molecules known for activating innate immunity and causing local effects asso-
ciated with increased vascular permeability, such as vascular leakage and edema, common symptoms seen in
snakebite envenomings. We have demonstrated that snake venom cysteine-rich secretory proteins (svCRiSPs)
from North American pit vipers increase vascular permeability. This study aimed to explore the functional role of
CRISP isolated from Mojave rattlesnake (Crotalus scutulatus scutulatus) venom (Css-CRiSP) on the activation of
inflammatory responses in different models. We measured the release of inflammatory mediators in cultured
human dermal blood endothelial cells (HDBEC), lymphatic endothelial cells (HDLEC) and monocyte-derived
macrophages (MDM) at 0.5, 1, 3, 6, and 24 h after treatment with Css-CRiSP (1 pM). We also determined the
acute inflammatory response in BALB/c mice 30 min after intraperitoneal injection of the toxin (2 pg/mouse).
Css-CRiSP induced the production of IL-8 and IL-6, but not TNF-a, in HDBEC and HDLEC in a time-dependent
manner. In addition, Css-CRiSP significantly enhanced the production of IL-6, TNF-a, IL-8, and IL-1p in MDM.
Moreover, it caused a remarkable increase of chemotactic mediators in the exudates of experimental mice. Our
results reveal that Css-CRiSPs can promote a sustained release of inflammatory mediators on cell lines and an
acute activation of innate immunity in a murine model. These findings contribute to the growing body of evi-
dence supporting the involvement of svCRiSPs in the augmentation of envenomation effects, specifically, the role
of svCRiSPs in inducing vascular dysfunction, initiating early inflammatory responses, and facilitating the
activation of leukocytes and releasing mediators. These findings will lead to a better understanding of the
pathophysiology of envenoming by Mojave rattlesnakes, allowing the development of more efficient therapeutic
strategies.

1. Introduction

(PLA), snake venom metalloproteinases (SVMP), snake venom serine
proteases (SVSP), and three-finger toxins. There are also secondary

Snake venoms are diverse and complex mixtures of chemical com-
ponents such as proteins, peptides, and organic and inorganic com-
pounds. This diverse and intricate amalgamation possesses the ability to
induce toxic effects synergistically (Minutti-Zanella et al., 2021). Most
snake venom toxins can be classified into one of 42 families based on
their prevalence and abundance (Tasoulis and Isbister, 2017, 2023).
These families include dominant toxins such as phospholipase Ass

families like L-amino acid oxidases (LAAO), C-type lectins (CTL), dis-
integrins, snake venom cysteine-rich secretory proteins (svCRiSPs),
kunitz peptides, and natriuretic peptides. Additionally, there are minor
and rare protein families within snake venoms. Nonetheless, intraspe-
cific and interspecific variations can occur, altering their prevalence and
ultimately impacting their effects on the afflicted individual (Tasoulis
and Isbister, 2017). These toxins target a wide range of important
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molecules, disturbing the homeostasis of the victim and producing
life-threatening alterations such as hemorrhage, swelling, edema, tissue
damage, myonecrosis, irreversible kidney failure, paralysis, and respi-
ratory failure, resulting in permanent disability or death (World Health
Organization, 2019).

The pathophysiology of snakebites does not rely solely on the effects
of venom toxins, but also on the victims’ response to the toxins (Bickler,
2020). Snake venoms can promote a disproportional activation of key
molecules, thus triggering physiological pathways in the victims that
allow an increase in venom toxicity (Cavalcante et al., 2022a). The
exacerbated up-regulation of the molecular cascades related to the in-
flammatory response is among the most affected endogenous processes
(Teixeira et al., 2019; Cavalcante et al., 2022b). Under physiological
conditions, inflammation is part of the innate immune response towards
snake venoms. Recognition of damage-associated molecular patterns
(DAMPs) or alarmins and venom-associated molecular patterns
(VAMPs) by cells belonging to innate immunity, promotes their activa-
tion and initiates the inflammatory response as an initial mechanism to
protect, neutralize and resolve the symptoms (Zuliani, 2023). However,
the snake venom toxins can sustain pathological inflammation in the
victim, leading to venom-induced, immune-mediated tissue damage that
ultimately can cause organ system failure (Bickler, 2020; Ryan et al.,
2021).

Several studies using isolated toxins such as SVMP, PLA,, LAAO and
CTL support their role promoting inflammation by directly stimulating
immune cells to release key mediators of this response (Bickler, 2020;
Zuliani et al., 2020; Zuliani, 2023). In addition, other protein families
are capable of triggering the inflammatory response, such as hyaluron-
idases and svCRiSPs. However, their role in innate immunity modula-
tion during snakebites has yet to be thoroughly studied (Bickler, 2020;
Deka et al., 2020). svCRiSPs are a widely distributed family of
non-enzymatic proteins with a molecular weight of 24-28 kDa isolated
from numerous animals, including reptile venoms (Matsunaga et al.,
2009). Despite being widely recognized as ion channel blockers,
increasing data have shown that svCRiSPs can display other biological
properties such as pro-inflammatory effects by inducing cell activation,
cytokine release, chemotaxis, and increase of vascular permeability
(Wang et al., 2010; Lodovicho et al., 2017; Bernardes et al., 2019;
Suntravat et al., 2019; Deka et al., 2020).

Our recent study investigated the signaling pathways responsible for
the endothelial and vascular permeability induced by svCRiSPs purified
from the most medically important snakes in North America (Suntravat
et al., 2021). Our findings revealed that a CRiSP isolated from Crotalus
scutulatus scutulatus venom (Css-CRiSP) exhibited the most pronounced
permeability both in vivo and in vitro by modulating specific signaling
pathways associated with the expression of adhesion proteins. Herein,
we further examined the effect of this toxin on the release of
pro-inflammatory mediators utilizing three types of cultured cells,
namely human dermal blood endothelial cells (HDBEC), human dermal
lymphatic endothelial cells (HDLEC), and monocyte-derived macro-
phages (MDM) from differentiation of U-937 cells. In addition, biofluids
of BALB/c mice treated intraperitoneally with Css-CRiSP were studied to
assess the acute inflammatory response induced by this toxin. This work
provides new findings on the role of svCRiSPs in the induction of in-
flammatory responses that can contribute to the vascular dysfunction
(local and systemic alterations) seen in snake envenoming by North
American pit vipers.

2. Materials and methods
2.1. Snake venom collection and isolation of Css-CRiSP

Crude venom of type A C. s. scutulatus (Mojave rattlesnake) was
obtained from a single adult snake housed in the serpentarium at the

National Natural Toxins Research Center (NNTRC) in Texas A&M
University-Kingsville (TAMUK), Kingsville, TX, USA. The venom was
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extracted from the snake, allowing it to bite into a disposable plastic cup
covered with parafilm. The venom was centrifuged at 10,000xg for 5
min at 4 °C using a Beckman Coulter Avanti 30 centrifuge, filtered
through a 0.45 pm MillexHV syringe filter unit (Millipore, Billerica, MA,
USA) under positive pressure, lyophilized, and stored at —80 °C until
use.

Css-CRiSP was isolated from crude venom as previously described
(Suntravat et al., 2021). Briefly, whole venom was first fractionated by
reverse phase chromatography using a Higgins Analytical PROTO 300
C18, 250 x 4.6 mm, 5 pm column (Higgins Analytical, Inc., CA, USA).
Fractions were eluted using a 0.1% Trifluoroacetic acid (TFA), and 80%
Acetonitrile (ACN) in 0.1% TFA gradient over a time period of 70 min
with a flow rate of 1 mL/min. Then, the fraction containing Css-CRiSP,
was purified by cation-exchange chromatography using a SP- 5PW
Waters Protein-Pak™ column (7.5 x 75 mm?) (Waters Corp., MA, USA).
Fractions were eluted using a 0.02 M Tris buffer, pH 7.0 and 0.02 M Tris,
0.5 M NaCl, pH 7.0 gradient, over a time period of 90 min with a flow
rate of 1 mL/min. A Waters 2487 tunable detector was used to monitor
the absorbance at 280 nm. Purified Css-CRiSP was confirmed by
SDS-PAGE and N-terminal amino acid sequencing using an Edman
degradation on a PPSQ-33B protein sequencer (SHIMADZU, Kyoto,
Japan).

We determined the endotoxin content of Css-CRiSP using Pierce™
Chromogenic Endotoxin Quant Kit (Thermo Scientific, IL). The sample
showed a value of 0.1 endotoxin unit (EU)/mL, which was within the
acceptable threshold of 1 EU/m.

2.2. Cell lines and culture conditions

HDBEC and HDLEC were obtained from PromoCell (PromoCell
GmbH, Heidelberg, Germany). Cells were cultured in gelatin-coated 75
cm? flasks under constant humidity (5% CO,, 37 °C) and supplemented
with endothelial cell growth media MV and MV2 (PromoCell GmbH),
respectively, containing 5% fetal bovine serum (FBS) following the
manufacturer’s instructions. All experiments were conducted in pas-
sages 3-6 to obtain consistent data. HDBEC and HDLEC were seeded into
6-well plates at 5 x 10* cells/well and maintained until reaching a
confluency of 90%.

The human monocytic U-937 cell line was obtained from the
American Type Culture Collection (ATCC® CRL1593.2™, VA). Cells
were cultured in 75 cm? flasks under constant humidity (5% COg, 37 °C)
and maintained with RPMI-1640 medium (ATCC®, VA, USA), contain-
ing 10% FBS, 50 U/mL penicillin, and 50 pg/mg streptomycin. For the
experiments, cells at passages 3-6 were seeded into 6-well plates at 3 x
106 cells/well and incubated for 24 h with 20 nM of phorbol 12-myris-
tate 13-acetate (PMA, Sigma, MO, USA), to induce the differentiation
into a macrophagic phenotype (monocyte-derived macrophages, MDM).
After this period, cells rested by incubating them in RPMI-1640 con-
taining 2% FBS for 48 h before conducting the studies (Dias-Netipanyj
et al., 2016).

2.3. Cell viability assay

MDM were seeded in a 96-well assay plate at 2 x 10° cells/well and
treated with Css-CRiSP at various concentrations (0.3-10 pM) for 24 h at
37 °C in 5% CO,. After this, cells were then incubated with CellTiter-
Blue® reagent (Promega, WI, USA) for 3 h at 37 °C. Fluorescence was
recorded at 560-590 nm using a Fluoroskan Ascent FL (Thermo Scien-
tific, IL, USA). Cells treated only with sterile PBS were used as a negative
control whereas cells treated with 1% Triton X-100 were considered as
positive control for toxicity comparison. The percentage of cell viability
was calculated relative to the negative control, which was defined as
100% viability.
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2.4. Cell activation assays

Cell cultures were treated with Css-CRiSP (1 pM) or 0.25 pg/mL of
lipopolysaccharide (LPS) as a positive control. Phosphate buffered so-
lution (PBS) was used as a negative control. At 0.5, 1, 3, 6, and 24 h,
supernatants were collected and subsequently stored at —80 °C until
further analysis to evaluate the release of inflammatory mediators.

2.5. Animals

BALB/c mice (male & female, 18-20 g body weight) were housed in
the serpentarium at the NNTRC, and kept in temperature-controlled
rooms with 12 h dark-light cycles and received water and food ad libi-
tum. The animal studies were conducted according to the institutional
guidelines and after prior approval from the Institutional Animal Care
and Use Committee of Texas A&M University-Kingsville, Texas, USA
(Viper Resource Center at Texas A&M University-Kingsville, IACUC #:
2021-11-29/1474).

2.6. Experimental treatment with Css-CRiSP

Groups of 10 mice were intraperitoneally (i.p.) injected with 100 pL
of Css-CRiSP (2 pg/mouse), a sub-lethal dose of C. s. scutulatus whole
venom (68.5 pg/mouse) or PBS (negative control). After 30 min, mice
were euthanized by cervical dislocation, and blood was collected by
cardiac puncture and treated with 1% EDTA as an anticoagulant. Ten
microliters of whole blood were used to determine the hematological
profile, while the rest was centrifuged for 10 min at 2500 g, and the
plasma was collected and stored at —80 °C until use. In the same groups
of mice, a midline incision was done, and the peritoneal exudates were
collected by washing the cavities with 1 mL of cold, sterile PBS (pH 7.2)
supplemented with 2% L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2% FBS, 5 IU/mL heparin, and 15 pg/mL of polymyxin B
(a well-established pharmacologic antagonist of LPS). The peritoneal
fluids were collected and centrifuged at 740 g for 10 min. The super-
natants were collected and stored at —80 °C until use, while the pellets
were used to do the differential cell count.

2.7. Differential cell counting

Leukocyte counts were performed with Turk’s blood diluent (Azer
Scientific, PA, USA) in a Neubauer chamber, and values were expressed
as mean =+ standard error of the mean (SEM). In addition, cell differ-
ential was determined on blood and exudate smears with VWR® he-
matology quick stain (single step Wright’s staining; VWR International,
PA, USA) and expressed in percentage as mean + SEM.

2.8. Quantification of inflammatory mediators

The levels of inflammatory mediators (IL-6, IL-8/the mouse IL-8
paralog keratinocyte-derived chemokine (KC), TNF-a, IL-1f, IL-10, and
MMP-9) were determined in cultured supernatants, and mouse plasma
and peritoneal cavity exudate by enzyme-linked immunosorbent assay
(ELISA) using commercial kits (Thermo Scientific, IL, USA; Peprotech,
NJ, USA; R&D systems, MN, USA). The samples were evaluated in du-
plicates and at different dilutions (the dilution level was determined for
each sample to better fit within the detection range of the ELISA). The
absorbances were read at 405 or 450 nm at the completion of every
assay, according to the manufacturer’s protocol. The concentrations
were calculated employing a standard curve with recombinant cyto-
kines/chemokines and expressed as pg/mL.

2.9. Data analysis

All results were obtained from two or more independent experi-
ments. The results were expressed as mean + standard deviation (SD) or
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SEM according to the assay performed. The student’s t-test was esti-
mated to evaluate significant differences between the control and
experimental groups. We also employed one-way ANOVA followed by
Tukey’s post-hoc test to evaluate significant differences between the
control and experimental groups in the release of inflammatory medi-
ators on MDM. Values of p < 0.05 and 0.01 were considered statistically
significant for all experiments.

3. Results
3.1. Effects of Css-CRiSP on HDBEC and HDLEC activation

Css-CRiSP induced a remarkable release of IL-6 and IL-8 on HDBEC
compared to HDLEC (Fig. 1). Our toxin induced the release of IL-6 in
HDBEC after 6 h and 24 h of treatment but not in HDLEC. The higher
value obtained was detected at 24 h (427 + 16 pg/mL), compared to the
negative control (134 + 31 pg/mL) (p < 0.05) (Fig. 1A). In addition, the
release of IL-8 was detected in HDBEC starting at 30 min after treatment
with Css-CRiSP. After 3 h, the values obtained were comparable to those
seen with the positive control LPS, especially at 24 h post-treatment
(673 + 37 pg/mL vs. 667 + 27 pg/mL, respectively). Meanwhile, the
release of this chemokine was seen at 3 h and 6 h in HDLEC incubated
with Css-CRiSP, being the response lower than the one seen with LPS
(210 £+ 16 pg/mL vs. 465 + 72 pg/mL at 3 h, and 188 + 8 pg/mL vs. 741
+ 163 pg/mL at 6 h, respectively) (Fig. 1B). No release of other in-
flammatory mediators (TNF-a, IL-16, IL-10, and MMP-9) was detected in
endothelial cells (data not shown).

3.2. Effects of Css-CRiSP on MDM activation

We performed a cell viability assay on MDM to confirm the findings
seen in supernatants were not due to loss of viability. There was no
evidence of detectable morphological changes or loss of cell viability as
measured by a CellTiter-Blue® assay (Data not shown).

The treatment with 1 pM of Css-CRiSP promoted macrophagic acti-
vation by inducing the release of inflammatory mediators in our model
of MDM. Our results showed the production and secretion of the pro-
inflammatory cytokines IL-6, IL-8, TNF-a, and IL-1p. TNF-a was signif-
icantly increased after 1 h of treatment, with values similar to those
obtained with the positive control. The highest levels of IL-6 (305 + 7
pg/mL), IL-8 (2456 + 179 pg/mL), and TNF-« (1642 + 23 pg/mL) were
seen at 24 h, while the significant increase of IL-1f was at 6 h post-
treatment (324 + 12 pg/ml) (Fig. 2). Regarding the anti-
inflammatory cytokine IL-10, the highest level was detected at 3 h
post-treatment (176 + 48 pg/mL) in macrophages incubated with Css-
CRiSP. However, it decreased to 115 + 10 pg/mL at 6 h. There were
no significant alterations observed at 24 h, whit the values obtained
(141 + 4 pg/mL), being lower to those seen with the negative control
(220 + 2 pg/mL) and LPS (330 + 4 pg/mL) (Fig. 2E).

3.3. Effects of Css-CRiSP in an experimental model of mice

In order to assess the acute effects of Css-CRiSP on local and systemic
inflammatory responses, and compare it to the response seen with whole
venom, BALB/c mice were i.p. injected with either PBS, 68.5 pg of C. s.
scutulatus crude venom, or 2 pg of Css-CRiSP. Blood and peritoneal ex-
udates were collected 30 min after the injection for hematological
analysis and the production of inflammatory mediators. The whole
blood of mice treated with Css-CRiSP showed a significant decrease in
the total number of white blood cell (WBC) count, with a lower per-
centage of neutrophils, and a higher proportion of monocytes and eo-
sinophils, compared to the negative control of mice injected with PBS. In
contrast, the experimental group injected with whole venom showed a
remarkable increase in WBC count, with a higher proportion of neu-
trophils, compare to the negative control and the Css-CRiSP group
(Table 1).
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Fig. 1. Release of inflammatory mediators in HDBEC and HDLEC. Cells were treated with Css-CRiSP (1 pM) or LPS (0.25 pg/mL). At different time points, su-
pernatants were collected and IL-6 (A) and IL-8 (B) were determined by ELISA. Results represent 3 independent experiments in duplicate (mean =+ SD). *p < 0.05 vs.
negative control. Negative control: cells treated with PBS. Positive control: cells treated with LPS.

In addition, peritoneal exudates from both experimental groups
exhibited a significant increase in the total number of cells counted,
along with a higher proportion of polymorphonuclear cells, compared to
the negative control group. The highest cell count was seen in the group
treated with crude venom (Table 2).

To further analyze the inflammatory events in vivo, we measured the
levels of pro-inflammatory cytokines TNF-a, IL-6, and KC in plasmas and
peritoneal exudate samples (Fig. 3). Css-CRiSP caused a remarkable
increase of IL-6 and KC concentrations 30 min post-injection in the ex-
udates of mice, with values of 127 + 1 pg/mL and 2563 + 3 pg/mlL,
respectively. On the other hand, exudates from mice treated with crude
venom only showed a significant increase in KC levels (318 + 2 pg/mL).
Furthermore, a modest increase of IL-6 was detected in the plasma of
mice treated with Css-CRiSP (38 + 1 pg/mL) and crude venom (13 + 1
pg/mL) in comparison to the negative control (0 + 1 pg/mL) (Fig. 3A).
TNF-a was not detected in the samples analyzed (results not shown).

4. Discussion

The Mojave rattlesnake (C. s. scutulatus) is considered a medically

important species in North America, having a distribution that com-
prises the southwestern region of the United States, specifically in
southern California, southern Nevada, southwestern Utah, most of Ari-
zona, southern New Mexico, the Trans-Pecos region of Texas, and
extending into areas of Mexico with desertic and xeric vegetation
(Campbell et al., 2004; Dobson et al., 2018). It has been well described
the geographic variation within the species according to its biochemical
properties, with two distinct populations being described: a population
displaying neurotoxic properties with low proteolytic activity, named
type A, and the second that lacks the neurotoxic component and shows
high proteolytic/hemorrhagic activity, designated as type B (Glenn and
Straight, 1978; Dobson et al., 2018). This distinction is based on the
presence of the Mojave toxin, a dimeric complex exhibiting pre-synaptic
neurotoxicity and phospholipase A, (PLA3) activity (type A), and snake
venom metalloproteinases (SVMPs) of the PI and PIII subfamilies (type
B). However, a third group has been described showing both activities
(designated as type A + B), and more recently, new phenotypes have
been discovered based on the predominance of myotoxin-A (M) and
named as type A + M, type B + M, and type A/B + M (Massey et al.,
2012; Dobson et al., 2018).



E. Salazar et al.

A)

C)

IL-6 (pg/mL)

IL-1B (pg/mL)

*

400- *
* %
350 .
300+ | 3‘ p
250 *
200
1504
100- *
i
0- T (ODr OD~r
N I N >
400- *
350
300 l'rz &
2504 * %
200
A
150- A
1004
50- H H
0 T : : -
N\ Ny o* o>
) 400-
350
__ 3004
-
E 2501
{2
2 200
o
< 150
=
100-
50-
0

B)

IL-8 (pg/mL)

D)

* %

it

3000+

25004

- - N
[=3 (< [=3
[=3 [=3 (=3
o o o
1 1 1

500+

Toxicon: X 21 (2024) 100180

g >
*

*

* %

o B

© Negative Control

£

L

6‘(‘

<
q'b\

B LPS (0.25 ug/mL)

A Css-CRiSP (1 uM)

Fig. 2. Release of inflammatory mediators in MDM. Cells were treated with Css-CRiSP (1 pM) or LPS (0.25 pg/mL). At different time points, supernatants were
collected and IL-6 (A), IL-8 (B), IL-1p (C), TNF-a (D), and IL-10 (E) were determined by ELISA. Results represent 3 independent experiments in duplicate (mean +
SD). *p < 0.05 vs. negative control. Negative control: cells treated with PBS. Positive control: cells treated with LPS.

Table 1

Effect of Css-CRiSP (2 pg/mouse) and C. s. scutulatus crude venom (68.5 pg/mouse) on leukocytes in BALB/c mice whole blood, 30 min post-injection i.p.

Group Total WBC (x 10%/mm®) Neutrophils (%) Lymphocytes (%) Monocytes (%) Eosinophils (%) Basophils (%)
Control 3.2+ 0.3 17 +3 78 +£3 3+1 2+0 1+0
Crude venom 5.0 + 0.6** 24 + 3* 69 + 2** 5+1 2+0 0+0
Css-CRiSP 1.9 + 0.2%* 9+ 1* 80 +2 6 + 1%~ 5+ 1% 0+0

n = 10; bold = statistically significant difference compared to control group (injected with PBS); *p < 0.05; **p < 0.01.

Snakebite envenomings (SBE) caused by this particular species
exhibit a notable phenotypical variation, leading to diverse clinical
manifestations. SBE resulting from type A group snakes typically lack
the common local tissue effects observed in most crotalid envenomings.
On the other hand, SBE caused by type B group individuals display

hemorrhagic manifestations and exhibit the classic local tissue damage
seen in other North American rattlesnake SBE, such as ecchymosis and
necrosis (Hardy, 1983; Farstad et al., 1997). However, regardless of the
type, swelling and local edema are commonly described symptoms in
most SBE caused by Mojave rattlesnakes (Farstad et al., 1997). In some
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Table 2

Effect of Css-CRiSP (2 pg/mouse) and C. s. scutulatus crude venom (68.5 pg/
mouse) on leukocytes in BALB/c mice peritoneal exudate, 30 min post-injection
ip.

Group Cell Count (x Polymorphonuclear Cells Mononuclear Cells
10°/mm?) (%) (%)
Control 1.3+0.3 12+2 88+ 2
Crude 4.6 + 0.7** 19 + 2* 82 + 2*
venom
Css-CRiSP 2.5 + 0.4* 20 + 2* 80 + 2*

n = 10; bold = statistically significant difference compared to control group
(injected with PBS); *p < 0.05.

cases, immediate angioedema or anaphylactic/anaphylactoid reactions
can occur, probably due to immune activation and the release of various
mediators from mast cells. These severe reactions may necessitate
prompt intubation for proper management (Smelski et al., 2023).

Swelling and local edema are also hallmarks of North American pit
viper SBE (Lavonas et al., 2011; Kanaan et al., 2015). In severe cases,
major swelling can produce ischemia and neural compression, causing
permanent disability in the victims (Teixeira et al., 2009). In addition, it
has been shown that antivenom therapy does not reverse the local al-
terations of snake venoms, and several animal studies with viper venoms
have demonstrated that pre-incubation with antivenom has poor
neutralizing capacity on edema formation, suggesting the involvement
of inflammatory mediators (Teixeira et al., 2009, 2019).

Snake venom toxins disrupt the homeostasis of the victim through
various mechanisms, triggering the activation and development of acute
inflammatory responses. This leads to the recruitment and activation of
immune cells, and the release of chemical mediators (Menaldo et al.,
2017; Mamede et al., 2020). While inflammation is typically involved in
tissue repair processes, it has been observed that it plays a preeminent
role in the pathophysiology of local effects seen in SBE, exacerbating
local tissue damage and resulting in critical outcomes such as sustained
edema, impaired tissue function, myonecrosis, and systemic effects
(Mamede et al., 2020). Traditionally, these effects have been attributed
to major toxin families in snake venoms, such as PLA; and SVMPs.
However, other toxin families ubiquitously present in these venoms,
such as CRiSP, can also play a significant role in the inflammatory
process during SBE (Bernardes et al., 2019; Bickler, 2020; Deka et al.,
2020). For example, Natrin, a svCRiSP isolated from Naja atra venom,
has been shown to act as an inflammatory modulator on endothelial
cells. It induces the expression of cell adhesion molecules by activating
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MAPK and NF-kB signaling pathways (Wang et al., 2010).

The endothelial barrier plays a critical role in acting as sentinel in the
early events of innate immunity. Upon activation by foreign agents and
detrimental endogenous materials, a disruption in the balance between
the cell-cell junction and the release of chemical mediators will allow
the activation and trafficking of leukocytes to the site of injury (Mai
et al.,, 2013). In our previous studies, we have demonstrated that
svCRiSPs derived from North American snakes can increase vascular
permeability in vivo and enhance endothelial permeability in HDBEC
and HDLEC (Suntravat et al., 2019, 2021). These findings suggest the
involvement of specific cell signaling pathways that may contribute to
the initiation or progression of the inflammatory response.

In this study, we investigated the release of key inflammatory me-
diators in the supernatants of HDBEC and HDLEC following treatment
with Css-CRiSP (1 pM) at various time points. Our findings demonstrate
that Css-CRiSP induces the release of pro-inflammatory mediators in
both HDBEC and HDLEC (Fig. 1). Notably, the activation of HDBEC was
more pronounced compared to HDLEC, as significant levels of IL-6 were
detected at 6 h post-treatment. Furthermore, we observed a rapid and
robust release of the chemotactic factor IL-8 in HDBEC, starting as early
as 30 min after adding the toxin. These distinct responses are probably
related to the heterogenicity among endothelial cells based on their
origin, which may induce different responses to physical, biochemical
and environmental stimuli (Potente and Makinen, 2017; Kriiger-Genge
et al., 2019; Przysinda et al., 2020). Our results agree with our previous
data showing the upregulation of adhesion molecules and the phos-
phorylated mechanistic target of rapamycin (mTOR-pS2448) in HDBEC
treated for 30 min with Css-CRiSP (Suntravat et al., 2021). mTOR has a
complex and variable role in cells, being involved in the regulation of
various processes such as energy metabolism, autophagy, protein syn-
thesis, and inflammation (Weichhart et al., 2015; Saxton and Sabatini,
2017; Soltani et al., 2018). In this sense, the mTOR signaling pathway is
generally linked to the activation of cytokine receptors, tyrosine kinase
receptors, growth factor receptors, and Toll-like receptors (TLRs)
signaling, thus modulating the immune response (Weichhart et al.,
2015; Saxton and Sabatini, 2017; Soltani et al., 2018; Li et al., 2018).
Our findings suggest Css-CRiSP could not only promote endothelial
permeability but also trigger the release of cytokines in these cells
through the crosstalk between PI3K/Akt/mTOR and TLRs/NF-«kB
signaling pathways, which have been reported to promote inflammation
against specific antigens (Liu et al., 2017; Li et al., 2018).

In agreement with previous reports showing no cytotoxic effects of
Css-CRiSP on HDBEC and HDLEC (Suntravat et al., 2021), we confirmed
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this toxin did not induce loss of cell viability on MDM. Moreover, our
findings demonstrated that Css-CRiSP induces macrophage activation as
early as 1 h post-treatment, promoting the early release of TNF-a. This
activation is accompanied by the release of other pro-inflammatory
cytokines including IL-1pB, IL-8 and IL-6. Additionally, Css-CRiSP pro-
motes the secretion of the immunoregulatory cytokine IL-10. However,
this release decreased over time, with values lower than those seen in
the negative control at 24 h. Macrophages are responsible for antigen
presentation and phagocytosis and modulate the immune response
through the induction of cytokine, chemokine, and growth factor pro-
duction (Fujiwara and Kobayashi, 2005; Boda et al., 2018). Deka et al.
(2020) investigated the effects of Nk-CRISP, a CRiSP isolated from Naja
kaouthia venom, on macrophages. They found that after a 2 h treatment,
NKk-CRISP led to the upregulation of the mRNA expression of
pro-inflammatory mediators such as TNF-a, IL-1f, IL-6, and COX-2. They
also demonstrated the possible interaction between the cysteine-rich
domain region (CDR) of natrin (a CRiSP from Naja atra) with the
TLR4-MD2 receptor using molecular docking studies. These findings
provide further evidence of the role of svCRiSP in the innate immune
response and suggest a possible mechanism of action similar to other
toxins that act as venom-associated molecular patterns (VAMPs) (Zoccal
et al., 2014; Deka et al., 2020). Here, we confirm that Css-CRiSP acts not
only on endothelial cells but also in macrophages, possibly through a
common pathway involving the same receptors, such as the TLRs, that
turns these cell lines into a pro-inflammatory profile. However, addi-
tional research is essential to identify the signaling pathways activated
in these cell lines and to fully understand the local and inflammatory
effects at different doses on the cellular level. This inquiry is crucial for
gaining insights into the pathological and functional impact on recipient
cell profiles and behavior.

The injection of snake venom triggers the activation of resident cells,
leading to the synthesis and release of molecules such as cytokines,
histamine, nitric oxide, and eicosanoids (Teixeira et al., 2009; Menaldo
et al., 2017; Gutiérrez et al., 2018). These molecules, in turn, play a
crucial role in mediating diverse effects, including chemotaxis, vasodi-
lation, and increased vascular permeability (Zamora et al., 2000; Kunder
et al.,, 2011; Ashina et al., 2015; Yamaguchi et al., 2022). Based on the
important role of CRiSPs from North American rattlesnakes appear to
have in the acute effect on vascular and endothelial permeability both in
vitro and in vivo, regulation of endothelial permeability, and modulation
of key signaling pathways, we conducted in vivo studies to demonstrate
how Css-CRiSP could exert its acute pro-inflammatory effects locally and
systemically using a mouse model. These experiments were performed
using a dose of 2 pg/mouse, which represented the proportion of
svCRiSP (~3%) found in the proteome of Mojave rattlesnake venom. In
addition, we included a group of mice treated with a sub-lethal dose of
C. s. scutulatus crude venom (68.5 pg/mouse) to compare the responses
and estimate the possible contribution of Css-CRiSP in the inflammatory
manifestations induced by the whole venom (Suntravat et al., 2021).
The careful selection of this dosage aimed to secure the survival of all
animals in the early stages of snake envenomation. Still, it produced
acute local and systemic effects at the molecular level during the initial
stage of snake envenomation in animals, as elucidated in our recent
publication by Reyes et al. (2023).

It is also important to highlight the quantity of C. s. scutulatus crude
venom and Css-CRiSP used in our in vivo experiment correspond to 216
mg/60 kg human body mass and 6.48 mg/60 kg human body mass,
respectively. When considering the venom amount, factors like snake
size play a role, affecting the potential quantity obtainable through
manual venom extraction or injection in a single snakebite (de Roodt
et al., 2016). However, this aspect, particularly concerning most North
American Rattlesnakes, lacks systematic study. Notably, most C. atrox
adults share a similar size with C. scutulatus (Schuett et al., 2016;
Cardwell et al., 2022). Reports indicate that the amount of venom
collected from C. atrox through electrical venom extraction ranged from
173 to 330 mg (Glenn et al., 1972). Therefore, the dosage of C. s.
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scutulatus crude venom employed in our in vivo experiment falls within
the potential range of a single snakebite injected, possibly mimicking the
high dose of C. s. scutulatus crude venom and Css-CRiSP injected in
humans.

The i.p. administration of Css-CRiSP induced an early decrease of
leukocytes in the blood and an influx of cells into the peritoneal cavity of
the experimental group, being the proportion of polymorphonuclear
cells, specifically neutrophils, the main population of leukocytes being
significantly shifted in both biofluids (Tables 1 and 2). Previous studies
conducted with different doses of Bj-CRP, a svCRiSP isolated from
Bothrops jararaca venom, revealed similar results at later times (1 and 4
h post-treatment), showing an increase of neutrophil count in peritoneal
exudate with no changes in the mononuclear cell count, being the most
remarkable effects with the highest dose tested (10 pg/mouse) (Lodo-
vicho et al., 2017). Likewise, 10 pg/mouse of a svCRiSP from Bothrops
alternatus, BaltCRP also caused a major influx of neutrophils into the
peritoneum, with a higher count of leukocytes after 4 h (Bernardes et al.,
2019). We showed that a low dose of Css-CRiSP (2 pg/mouse) promotes
the migration of neutrophils from blood circulation to the site of injec-
tion as early as 30 min post-treatment, significantly altering the pro-
portion of these population in peritoneal exudate in a fashion that also
affects the ratio of mononuclear cells and the total cell count.

On the other hand, mice treated with crude venom also showed a
significant shift in the proportion of neutrophils in blood and exudate,
but this group displayed a remarkable increase of leukocyte count in
both biofluids, indicating a possible local and systemic activation of
immune responses at early times. Studies conducted with Bothrops sp.
venoms have shown the ability of this genus to induce local inflamma-
tory effects through changes in vascular permeability, edema and the
acute accumulation of leukocytes into the site of injection (Zamuner
et al., 2001;Zamuner and Teixeira, 2002; Zuliani et al., 2005; Fernandes
et al., 2006). In this sense, these events were attributed to the main toxin
families found in this genus, SVMPs, SVSPs and PLAjs, capable of pro-
moting specific molecular signaling pathways that in turn could lead to
the release of metabolites known for their proinflammatory and vaso-
active effects (Moreira et al., 2012; Bernardes et al., 2015; Menaldo
et al., 2017; Echeverria et al., 2018; Mamede et al., 2020). In this study,
we showed that besides the main toxin families found in type A Mojave
rattlesnake venom, such as SVSPs and PLA,s, CRiSP could also
contribute to the extravasation of leukocytes to the site of injection;
however, this toxin does not appear to affect the differential cell
counting changes seen in blood circulation in mice treated with crude
venom, where an important increase of the proportion of neutrophils
was seen with a relevant decrease of the lymphocyte population.

In addition, Css-CRiSP exhibited pro-inflammatory effects by
inducing the acute release of IL-6 and KC in the exudates of the exper-
imental group while also increasing IL-6 levels in the plasma of mice
treated with the toxin (Fig. 3). In contrast, the whole venom only
induced a significant release of KC in the exudate, and promoted a
remarkable increase of IL-6 in blood, being these effects lower than
those seen with Css-CRiSP. IL-6 is related to the early events of inflam-
mation, promoting cell activation and regulating the recruitment of
leukocytes into the site of injury (Fielding et al., 2008; Yu et al., 2013;
Bernardes et al., 2019). This cytokine is involved in venom-induced
leukocyte influx, mediating the maturation of neutrophils in bone
marrow and increasing their levels in circulation, while also upregu-
lating the expression of adhesion molecules (Fasshauer et al., 2003;
Bernardes et al., 2015). KC is one of the major murine chemoattractants,
a homolog of the human growth-related oncogene (GRO) chemokines
that are functionally similar to IL-8. It is mainly produced by peritoneal
macrophages but can be secreted by other cell types as well (De Filippo
etal., 2008). KC plays a crucial role in promoting neutrophil recruitment
and modulating vascular permeability by affecting down-regulation of
tight junctions, a mechanism akin to the actions of IL-8 (De Filippo et al.,
2008; Yu et al., 2013).

The high levels of KC found in the experimental group provide more
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insights about the relevant pro-inflammatory role of Css-CRiSP. It ap-
pears to directly or indirectly activate neighboring vascular endothelial
cells, potentially through the activation of resident cells that secrete
mediators. This activation may lead to increased vascular permeability,
release of chemotactic factors, and expression of cell adhesion mole-
cules. Consequently, these molecular events facilitate the activation and
migration of cells into the peritoneal cavity, thereby intensifying the
inflammatory response. By comparing the effects seen with Css-CRiSP
only and the whole venom, the lower response seen after treatment
with the latter could be a result of modulatory effects of other toxins
present in the venom that could impact the development of the immune
response at early times, exerting a regulatory effect on the release of
inflammatory mediators or modifying the timeline of the immune
response in our murine model. Regardless, more studies are needed to
elucidate the dynamics between the toxins that make up the venom of
this crotalid.

Lastly, similar to the findings observed with other snake venom
toxins, our study did not observe significant variations in TNF-o levels
with the whole venom or Css-CRiSP. This could be attributed to the
regulatory effect of IL-6, which has been shown to downregulate the
expression of TNF-q, thereby limiting the inflammatory process (Ber-
nardes et al., 2019). Nevertheless, additional investigations are war-
ranted to assess the presence of TNF-a at different time points and
further elucidate its role in the context of our study.

In summary, inflammation is a pathophysiological response to injury
and obnoxious stimulus. The inflammatory response caused by SBE can
cause dysregulation between the pro-inflammatory mediators and their
natural inhibitors, aiding the severity and persistence of the local effects
and modulating the systemic clinical manifestations (Gutiérrez et al.,
2018; Mamede et al., 2020). While the prominent toxin families found in
snake venoms, such as SVMP and PLA,, are widely recognized as the
primary contributors to this response, either independently or syner-
gistically, our study contributes further evidence highlighting the sig-
nificant pro-inflammatory role of svCRiSP. We demonstrate that crotalid
CRiSP induces the release of key pro-inflammatory cytokines and che-
mokines in endothelial cells and macrophages and promotes local and
systemic activation of innate immunity in a murine model, contributing
to the inflammatory manifestations seen with Mojave rattlesnake
venom. Our findings underscore the importance of svCRiSP in the
complex interplay of snake venom toxins and their impact on the im-
mune system. We also suggest a novel pathway that might involve
mTOR and TLRs/NF-kB signaling to upregulate the release of
pro-inflammatory cytokines on endothelial cells. Further investigations
are necessary to uncover the precise mechanism of action of Css-CRiSP
and identify the specific receptors it targets. This deeper understand-
ing is crucial in comprehending the biological role of Css-CRiSP in
vascular dysfunction and the persistent inflammatory response observed
in snakebites caused by Mojave rattlesnakes. By unraveling these details,
we can gain valuable insights into the pathophysiology of SBE and pave
the way for developing more effective therapeutic strategies to alleviate
the morbidity and mortality associated with these bites.
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