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Inflammasome NLRP3 activation
induced by Convulxin, a C-type
lectin-like isolated from Crotalus
durissus terrificus snake venom
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Convulxin (CVX), a C-type lectin-like protein isolated from the venom of the snake species, Crotalus
durissus terrificus, stimulates platelet aggregation by acting as a collagen receptor agonist for
glycoprotein VI found in the platelets. The effect of CVX on platelets has been studied, but its effect
on human peripheral blood mononuclear cells (PBMCs) remains unclear. Given the significance of
PBMCs in inflammation, this study explored the effect of CVX on PBMCs, specifically regarding NLRP3
inflammasome activation by assessing cell viability, ability to induce cell proliferation, reactive oxygen
species (ROS) and nitric oxide production, interleukin (IL)-2 and IL-10 secretion, NLRP3 complex
activation, and the role of C-type lectin-like receptors (CTLRs) in these. CVX was not toxic to PBMCs

at the investigated concentrations and did not increase PBMC growth or IL-2 release; however, CVX
induced IL-10 release and ROS generation via monocyte activation. It also activated the NLRP3
complex, resulting in IL-1p induction. Furthermore, the interaction between CVX and Dectin-2, a
CTLR, induced IL-10 production. CVX interaction with CTLR has been demonstrated by laminarin
therapy. Because of the involvement of residues near the Dectin-2 carbohydrate-recognition site, the
generation of ROS resulted in inflammasome activation and IL-1f secretion. Overall, this work helps
elucidate the function of CVX in immune system cells.

Crotalus durissus is the main rattlesnake species distributed in South America and is also classified into subspe-
cies. The venom composition of Crotalus subspecies varies, which may result in differences in its intensity and
characteristics related to clinical manifestations in humans and in animal models'~>.

Previous studies have shown that Crotalus venoms stimulate lower levels of protective antibodies compared
to other snake venoms, raising the hypothesis that the venom contains immunosuppressive component(s)*®.
Further, Crotalus venoms were demonstrated to be responsible for inducing anti-inflammatory, immunosup-
pressive, and analgesic effects in animal models®*°.

Convulxin (CVX), a C-type lectin-like venom component isolated from Crotalus durissus terrificus snake
venom, possesses platelet aggregation activity and is of significant interest in toxinology because of its agonist
effect on the glycoprotein VI (GPVI) receptor, the main signaling receptor for collagen'>'?. CVX found in the
venom of C. durissus terrificus is a C-type lectin-like protein with no carbohydrate affinity. It causes loss of bal-
ance, gastric abnormalities, seizures, and visual alterations in vivo and also induces platelet aggregation and
cerebral ischemia'?, in addition to its clinical manifestations. CVX is an octamer composed of four a and four
subunits, capable of grouping different receptors'*!>. The protein is a disulfide-bonded heterodimer composed
of two homologous subunits, CVXa (13.9 kDa) and CVXp (12.6 kDa), which share substantial similarity with
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the carbohydrate recognition domain (CDR) of the C-type lectin family. CVX differs from other C-type lectins,
because it lacks the consensus sequence for carbohydrate and Ca?* binding, which is formed by alternative
splicing in protein domains, resulting in loss of binding to Ca** due to the exchange of amino acids Lys45 and
Lys130 with amino acids His45 and Lys122, respectively'¢~'?. Despite its action on platelets, the effect of CVX on
immune system cells remains unclear. Cells of the innate immune system express pattern recognition receptors
(PRRs) that detect the basic components necessary for microbial engulfment, as well as sense danger signals
against the cells. PRRs can detect ligands in the extracellular environment, whereas others, such as NOD-like
receptors, offer immunological monitoring in the cytoplasm?®.

Inflammasomes are multimeric complexes that develop in response to a wide range of physiological and
pathological stimuli. The most widely studied inflammasome in innate immune cells is NLRP3 (Nucleotide and
oligomerization domain, leucine-rich repeat-containing protein family, and pyrin-containing domain 3 recep-
tor)?!. These receptors can form inflammasomes and activate the cysteine protease, caspase-1, which catalyzes
the cleavage of pro-interleukin-1p (pro-IL-1f) into mature IL-1B*%. Thus, the current study was designed to
assess the effects of CVX) on NLRP3 activation in peripheral blood mononuclear cells (PBMCs), as well as the
potential C-type lectin-like receptors (CTLR) implicated in this process.

Results

CVX is not toxic to human PBMCs. To further investigate the effect of CVX on PBMCs function, we
isolated these cells by density gradient, according to Pires et al.”’. Cell viability was initially evaluated within 1 h
at different concentrations (0.3, 0.625, 1.25, 2.5, 5, 10, and 20 pg/mL) of CVX for the definition of the concentra-
tion-response. Both 5 and 10 pg/mL concentrations were not toxic and were selected for the next experiments
(Fig. 1B). After the concentration determination, cell viability was assessed at 12, 24, 48, 72, and 96 h using pro-
pidium iodide (PI) and thiazole orange (TO) staining and analysis by FACSCan. As can be seen in Fig. 1C-G,
the incubation of PBMCs with RPMI (negative control) or CVX (5 or 10 pg/mL) at different times intervals did
not affect cell viability.

To assess the cytotoxicity of the used inhibitors for cell signaling, the cell viability assay was performed using
the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) method. The cells were separated by
density gradient, incubated with RPMI (negative control), laminarin (a B-glucan receptor ligand; 100 pg/mL),
N-tosyl-L phenylalanine chloromethyl ketone (TPCK) (an inhibitor of NFkB Activation by Blocking Specific
Cysteine Residues of IkB Kinase; NFxB inhibitor; 30 uM)**, Ac-YVAD-cmk (a selective, irreversible inhibitor of
interleukin-1f converting enzyme ICE; caspase-1 inhibitor; 50 uM)?*, MCC950 (a selective NOD-like receptor
protein-3-NLRP3 inhibitor; 10 uM)*, Apocynin (a selective inhibitor of the phagocyte NADPH oxidase Nox2;
300 pM) and Rotenone (inhibitor of mitochondrial electron transport at nicotinamide adenine dinucleotide
(NADH):ubiquinone oxidoreductase, mROS inhibitor; 10 uM) diluted in RPMI assay medium. The cell viability
of PBMCs was tested after 12 h of incubation with the inhibitors utilized, and it was discovered that the inhibitors
used had no effect on the viability of the PBMCs (Fig. 1A).

CVX does not stimulate the proliferation of human PBMCs. To evaluate the effect of CVX on
PBMC:s proliferation the 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester (CFSE) method was used. In
Fig. 2, as can be seen, cells incubated with Phytohemagglutinin (PHA) (a positive control) induced a significant
PBMC:s proliferation compared to the cells incubated with RPMI (a negative control). However, CVX was not
able to induce PBMCs proliferation at both concentrations used (5 and 10 ug/mL).

CVX does not stimulate the secretion of Interleukin-2 (IL-2) but did stimulate the secretion of
Interleukin-10 (IL-10) by human PBMCs. In order to understand the effect of CVX on PBMCs prolifer-
ation, IL-2 and IL-10 production were evaluated. Figure 3 showed that PBMCs incubated with RPMI (a negative
control) did not produce IL-2 at both times studied. In contrast, incubation of cells with Concanavalin A (Con-
A), a known inducer of cell proliferation, significantly induced PBMCs to produce IL-2 at both times evaluated.
Regarding CVX, at concentrations of 5 and 10 pg/mL, this lectin did not stimulate PBMCs to produce IL-2
suggesting that together with PBMCS proliferation assay, CVX does not have a role in this effect. IL-10 produc-
tion was performed at 12 and 24 h of incubation with different stimuli. It was observed that PBMCs incubated
with RPMI (a negative control) did not produce IL-10 at both times evaluated. On the other hand, incubation
of cells with Lipopolysaccharide (LPS) (a positive control) significantly induced IL-10 production by PBMCs
at both times evaluated. Similarly, CVX at concentrations of 5 and 10 ug/mL stimulated PBMCs to produce a
significant amount of IL-10 at both studied periods (Fig. 3). According to the literature, the interaction of IL-10
with its receptor induces a signaling pathway via JAK/STAT culminating in transcription, production, and, IL-2
release”’. Here, the possibility of CVX interaction with Dectin-2, a CTLR with the participation of IL-10 secreted
was performed in PBMCs treated with laminarin, a -glucan ligand for Dectin receptor. Results showed that
PBMC:s treated with laminarin blocked the IL-10 release induced by CVX (Fig. 3) demonstrating that CVX can
interacts with Dectin-2, a CTLR resulting in an anti-inflammatory response.

CVX does not stimulate the nitric oxide (NO) production by human PBMCs. In order to continue
to investigate the effects of CVX, the ability of this lectin to induce NO production by human PBMCs were
conducted. The cells were incubated with RPMI (a negative control), Phorbol 12-myristate 13-acetate (PMA) (a
positive control), or CVX (5 and 10 pg/mL) for different time intervals. As shown in Fig. 4A-C, the incubation
of PBMCs with PMA induced a significant increase in NO production compared to control cells. On the other
hand, CVX at concentrations of 5 and 10 pg/mL did not induce NO production compared to control cells, which
suggests that this lectin does not stimulate PBMCs to produce nitric oxide.
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Figure 1. Cell viability of PBMCs in the presence of Convulxin (CVX). Human PBMCs isolated from
leukocytes from healthy adult blood donors by a density gradient method viability in the absence or

presence of inhibitors was measured by MTT metabolization method (A). Isolated 2 x 10° PBMCs were
incubated with RPMI (control) or with different concentrations of CVX (0.3 to 20 pg/mL; experimental group)
for 1 h (B), or CVX (5 and 10 pg/mL; experimental group) for 12 (C), 24 (D), 48 (E), 72 (F), and 96 h (G).
Viability was then assessed by PI and TO method in FACScan. The results were expressed in % and represent the
mean + S.E.M. from 4 to 5 donors.

CVX does not stimulate the production of reactive oxygen species (ROS) by human CD*, but
it does by CD**.  ROS were measured by spectrophotometry and flow cytometry methods. It was observed
that when evaluated by spectrophotometry, cells incubated with PMA (a positive control) showed a significant
increase in ROS production at 30 min and 1 h, returning to basal levels at 2 and 3 h. The cells incubated with
CVX at concentrations of 5 and 10 pg/mL did not induce ROS production at any time evaluated. The same
observation was achieved with cells incubated with RPMI (a negative control) (Fig. 4).

Flow cytometry analysis demonstrated that PBMCs incubated with RPMI (a negative control) and gated in
CD** (Fig. 4D-G) and CD'"* populations (Fig. 4H-]) showed that lymphocytes and monocytes, respectively,
did not produce ROS at all period studied. However, the incubation of PBMCs with PMA (a positive control)
showed that the gated CD** and CD'** populations induced a significant ROS production at all periods studied.
This effect was not observed when cells were incubated with CVX for CD** population but monocytes, the CD***
population, induced a significant ROS production after 2 and 3 h incubation with the lectin.

To assess the production of mitochondrial ROS by PBMCS, the cells were subjected to pharmacological treat-
ment with Rotenone (10 uM), followed by labelling the cells by the MitoSOX ™ Red Mitochondrial Superoxide
Indicator method (Fig. 4L,M). The results showed that CVX induced mitochondrial ROS and this effect was
decreased in the presence of the inhibitor, indicating that signals for complex activation by mitochondrial ROS
were suppressed.

CVX activates the NLRP3 inflammasome complex in PBMCs. After 3 h of PBMCs incubation
with RPMI, LPS or CVX, the NLRP3, cleaved caspase-1, and IL-1p protein expression were investigated. It was
observed that both LPS (a positive control) and CVX at concentrations of 5 and 10 pg/mL induced NLRP3,
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Figure 2. Cell proliferation of PBMCs in the presence of Convulxin. CFSE labelling of 2 x 10° PBMCs
proliferation followed by stimulation with RPMI (negative control) (A), PHA (5 pg/mL; positive control) (B) or
CVX (5 and 10 pg/mL) (C,D) for 72 h and were analyzed in FACScan. The results were expressed as counts in
histograms and represent the mean + S.E.M of 3 donors.

cleaved caspase-1, and IL-1p protein expression. This aspect was not observed in the PBMCs incubated
with RPMI (a negative control) showing that CVX induces the activation of NLRP3 inflammasome complex
(Fig. 5A,B).

CVX stimulates PBMCs to secrete interleukin-1 (IL-1). In order to continue understanding the effect
of CVX on the activation of the inflammasome complex in PBMCs, the production of IL-1f a product of the for-
mation of the NLRP3 inflammasome complex was evaluated. This cytokine was induced by the positive control
(LPS) and by the CVX at a concentration of 10 pg/mL. Therefore, the production of IL-1B under the action of
CVX was performed in the absence or the presence of N-tosyl-L phenylalanine chloromethyl ketone (30 uM),
Ac-YVAD-cmk (50 uM), or MCC950 (10 uM). The results showed that the release of IL-1P induced by CVX was
inhibited in the presence of studied inhibitors (Fig. 5C,D) confirming that CVX induces the activation of NLRP3
inflammasome complex.

To assess the production of ROS as signaling mechanism for the activation of the inflammasome complex
in the PBMCS, IL-1p was produced in the absence or presence of Apocynin (300 M) or Rotenone (10 pM)
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Figure 3. Interleukin-2 (IL-2) and Interleukin-10 (IL-10) production in PBMCs in the presence of Convulxin.
Cytokines quantification in the supernatant of 2 x 10° PBMCs by EIA followed by stimulation with RPMI
(negative control), ConA (5 ug/mL; positive control), LPS (1 pg/mL; positive control) or CVX (5 and 10 pg/mL)
for 12 and 24 h. IL-2 (A,B) and IL-10 (C,D) concentrations were quantitated by EIA assay in the supernatant
collected after incubation with RPMI, ConA or LPS or CVX in spectrophotometer. IL-10 release was also
quantified in PBMCs pre-treated with laminarin (100 pg/mL) for 30 min and after incubated with RPMI
(negative control) or CVX (10 pg/mL) (E). The results were expressed as pg/mL of cytokines liberated and
represent the mean+S.E.M of 3 donors. "P<0.05 compared to negative control, #P<0.05 compared to untreated
PBMC:s incubated with CVX (Data were presented with ANOVA followed by Tukey post-test).
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Figure 4. Nitrite and ROS production in PBMCs in the presence of Convulxin. NO quantification in the
supernatant of 2 x 10° PBMCs and ROS determination in 1 x 10° CD*" and CD*" cells with DCFDA were
quantified by flow cytometer followed by stimulation with RPMI without phenol red (negative control), PMA
(500 ng/mL; positive control) or CVX (5 and 10 pg/mL) for selected time intervals. NO concentrations were
quantitated by Griess method in supernatant collected after incubation with RPMI, LPS or CVX. ROS were
determined in CD** and CD'** gated populations following the addition of DCFDA (10 uM), and the DCF
fluorescence was determined in FL1 channel in FACScan. The results were expressed as uM of NO liberated
(A-C) and % of cell producing ROS and represent the mean +S.E.M of 3 donors (D-K). "P<0.05 compared to
negative control (Data were presented with ANOVA followed by Tukey post-test). The images were collected
using constant automatic gain among the samples to quantify the differences in absolute levels of fluorescence
intensity of different conditions in 100 x magnification oil immersion objective. Figure representative of one
experiment of three independent experiments (L,M). Analysis of the mean fluorescence intensity of ROS
immunofluorescence was performed using 10 cells in field of view of each condition collected impartially.
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Figure 5. Protein expression of inflammasome NLRP3 in PBMCs in the presence of Convulxin. Western blot
of NLRP3, Pro-Caspase-1, Active Caspase-1, IL-1B, and p-actin (control) using 1 x 10’ PBMCs stimulated RPMI
(negative control), LPS (1 pg/mL; positive control) or CVX (5 and 10 pg/mL) for 3 h. (A) Figure representative
of one experiment of three independent experiments. Relative immunoreactivity analysis (fold of -actin) of
the western blots from NLRP3, Pro-Caspase-1, Active Caspase-1, IL-1f (B). IL-1p release was also quantified

in PBMCs pretreated with N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (30 uM), Ac-YVAD-cmk

(50 pM) (C), MCC950 (10 uM) (D) for 30 min and after incubated with RPMI (negative control) or CVX

(10 pug/mL). IL-1p was also quantified in PBMCs pretreated with Apocynin (300 uM) and Rotenone (10 uM)

for 30 min and after incubated with RPMI (negative control) or CVX (10 pg/mL) (E). Results were expressed

in pg/mL of released cytokines and represent the mean +S.E.M of 3 donors. Values are mean S.E.M. from 3
donors. *P <0.05, P <0.01, ***P <0.001, ****P <0.0001 compared to negative control (data were presented with
ANOVA followed by Dunnett post-test).
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Figure 6. Complexes formed in the interaction of CVX (B subunits in orange and o subunits in sandy brown)
with ectodomains of C-type Lectins receptors CLEC4E (red) and Dectin-2 (yellow). The complexes displayed
above are the extracted central structures from the largest cluster of each respective MD trajectory, both
structures are approximations of the most predominant conformations assumed by these proteins during 10 ns
of simulation. The AG in kcal/mol of each interaction interface is highlighted in lines colored according to its
complex of origin. Residues coordinating the interaction interfaces are highlighted on the interaction maps with
hydrogen bonds depicted in green dashed lines and hydrophobic interactions highlighted in red protrusions.

(Fig. 5E). The results demonstrated that the release of cytokine via CVX was reduced, indicating that signals for
the complex’s activation by mitochondrial ROS was inhibited.

In silico, CVXinteracts with Dectin-2, a CTLR. The interaction mechanism between CVX and CTLRs
proposed herein was evaluated through docking and molecular dynamics (MD) simulations. Initially, CVX
(ap)4 tetramer was tested via protein—protein docking against CTLRs targets (CLEC4E and Dectin-2). Subse-
quently, CVX/CTLR complexes stability were evaluated with molecular dynamics.

The CVX/CLEC4E complex (Fig. 6) showed reasonable stability, evidenced by the simply root-mean-square
deviation (RMSD) measurements (Fig. 7) of the CLEC4E and the CVX af subunits integrating the interaction
interface. Additionally, the analysis of the residues that coordinate the interaction interface suggests the par-
ticipation of CLECA4E residues from Ca?* binding site (N119, Q206, Q123)?. CVX/CLECAE clustering study
revealed a favorable binding energy pattern throughout the entire simulation. Similarly, the CVX/Dectin-2
clustering also showed favorable binding energies (Fig. 8), with a slightly decrease in affinity when compared
with CVX/CLEC4E. Nevertheless, the CVX/Dectin-2 appears to be more stable than the CVX/CLEC4E in the
RMSD evaluation.

Discussion

Along with its affinity for the collagen receptor glycoprotein VI (GPVI) in platelets, CVX exhibits platelet aggre-
gation activity. CVX serves as an affinity ligand in the purification and sequencing of GPVI receptor, and its
contact with platelets is mediated by processes previously reported in T and B lymphocytes'"*. Protein interac-
tions with CTLR can induce three distinct cellular responses: production and release of IL-2, a cytokine respon-
sible for lymphocyte proliferation; activation of NF-«B, which leads to the production of various cytokines and
chemokines; and activation of the inflammasome complex, which leads to the release of IL-1p*.

First, the effect of CVX on PBMC viability was studied. As cell viability tests measure the metabolically active
cells present in cultures, the concentration-response and time-course experiments revealed that CVX did not
affect the viability of human PBMCs. Consistent with these observations in PBMCs, recent research has shown
that CVX does not cause toxicity in smooth muscle cells of the human coronary artery (HCASMC) in cell viability
tests after 18 h of incubation at a concentration of 0.24 M*.

Lymphocyte proliferation assays were performed to investigate the potential effect of CVX on PBMC activa-
tion, and we found that CVX did not promote lymphocyte proliferation at the concentrations tested (5 and 10 g/
mL). The synthesis and release of IL-2, a cytokine responsible for lymphocyte proliferation, may be a possible
mechanism underlying this effect. Thus, after quantifying IL-2, the results indicated that CVX did not stimulate
the production of this cytokine by PBMCs at the two concentrations tested (5 and 10 g/mL) and after 12 and
24 h of incubation. As IL-2 is mitogenic for T cells, these findings support the results of the cell proliferation
experiment. The interaction of C-type lectin-like protein with CTLR results in IL-2 production and release, with
subsequent signaling mediated by mitogen-activated protein kinase (MAPK)?!; therefore, it can be concluded
that CVX does not activate this signaling cascade and thus cannot induce PBMC proliferation.
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Figure 7. Molecular dynamics strategies of CVX/CLEC4E and CVX/Dectin-2 simulations. The graphs above
exhibit the 10 most populated clusters (grey bars) extracted from the MD trajectories of CVX/CLEC4E and
CVX/Dectin-2 simulations, relating the number of members per cluster and the variation in binding energy
among the representants (central structure) of each cluster (red and yellow lines).
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Figure 8. Backbone RMSD measures from the trajectories of CVX/CLEC4E (red) and CVX/Dectin-2 (yellow)
simulations. To avoid any masking effect generated by the hole CVX (af}), tetramer the RMSD was measured
only from the main interacting parties, as highlighted in the image above.

Shih et al.>* obtained comparable results using the MTT assay to assess the mitogenic activity of CVX in
HCASMC:s. Their results revealed that at the concentrations employed (0.06-0.6 mM), CVX inhibited cell growth
in a dose-dependent manner compared to the controls. The inhibitory effect of CVX on HCASMC proliferation
was found to be mediated by avp3 integrin. Furthermore, they demonstrated that the WAD tripeptide (similar
to RGD present in disintegrins) found in the CVX-chain is responsible for influencing the activities mediated
by avp3 integrin.
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Therefore, CVX is hypothesized to be a C-type lectin-like protein with no mitogenic action in lymphocytes.
Another theory is that CVX induces the synthesis of IL-10, a cytokine with anti-inflammatory properties, and
therefore acts as a negative modulator of cell activation®®3*. Therefore, we assessed the effect of CVX on IL-10
production in PBMCs and found that CVX stimulated the release of this cytokine at both concentrations and
time intervals.

Laminarin, a Dectin ligand, was used to examine the receptor participation and thus to assess cell signaling
for confirming the pathway that resulted in IL-10 generation. According to these findings, CVX did not promote
IL-10 production in the presence of laminarin, indicating that interaction with Dectin-2, a CTLR, resulted in
an anti-inflammatory response.

Human IL-10 inhibits the synthesis of pro-inflammatory cytokines such as IL-1, IL-2, IFN-y, IL-4, and IL-5
at the transcriptional level. Notably, several cell types including monocytes, macrophages, dendritic cells, and
lymphocytes, are capable of producing IL-10. Among its many functions, IL-10 has the capacity to suppress the
proliferative responses of antigen-specific T cells. When triggered by stimuli, IL-10 diminishes T-lymphocyte
responses by reducing the expression of monocyte major histocompatibility complex (MHC) II*4-3%,

The intracellular signaling that culminates in IL-10 production is independent of NF-«B; IL-10 binding to
IL-10 receptor (IL-10R) activates the JAK-STAT signaling pathway, specifically Jak-1 (associated with the chain
of the receptor) and Tyk2 (associated with the chain of the receptor), and induces Statl, Stat3, and, in some cell
models, Stat5%°.

According to Shih et al.*2, NF-kB activation does not appear to be involved in the signaling events for the
expression of IL-8 and the growth-stimulating activity generated by CVX in HCASMC cells, thus explaining the
negative regulation of these cytokines. The present results indicate that IL-10 generated by PBMCs under the
influence of CVX suppressed IL-2 production, and thus suppressed cell proliferation.

Nitric oxide (NO) is another essential mediator of the inflammatory response. NO detection in the cell super-
natant revealed that CVX did not cause PBMCs to generate NO; similar results were observed in experiments
with another lectin. Pires et al.* demonstrated that BjcuL, a C-type lectin isolated from Bothrops jararacussu
venom, was unable to activate PBMCs and release NO within 96 h of incubation.

As NO is a cytotoxic and cytostatic molecule generated by phagocytic cells, it is hypothesized that the immu-
nomodulatory function of IL-10 may block the effect of NO on PBMCs. Literature also shows that NO has an
anti-proliferative effect on T cells and that this effect is mostly mediated by NO action donors and their role in
regulating the production of cytokines such as IL-10%-*2,

As seen in Fig. 10, CVX may also interact with CTLR, causing ROS generation and as a result, inflammasome
activation. Spectrophotometry and flow cytometry were used to assess ROS generation in the PBMCs activated
by CVX. When PBMCs were incubated with CVX, the spectrophotometry results indicated that ROS genera-
tion was similar to that at the baseline. However, immunophenotyping showed that, upon CVX exposure, the
monocyte population (in a smaller proportion than lymphocytes) produced considerably more ROS compared
to control cells after 2 and 3 h of incubation.

According to previous studies, one of the earliest triggers of NLRP3 inflammasome activation is ROS pro-
duction, which occurs in the prolonged presence of damaged mitochondria. However, the means by which the
NLRP3 inflammasome recognizes the synthesis of these reactive species remain unknown****. Thus, based on
protein expression investigations of NLRP3 inflammasome components, CVX may activate this complex in
PBMCs during the first 3 h of exposure.

Activation of the inflammasome complex results in maturation of the cytokine IL-1f via caspase-1. IL-1p pro-
duction in PBMCs was thus assessed in the presence of CVX. CVX increased the secretion of this pro-inflamma-
tory cytokine after 3 h of incubation, indicating activation of the inflammasome complex. To confirm this effect,
PBMC:s were treated with inhibitors of Caspase-1 and NLRP3 before stimulation with CVX. Induction of IL-1f
synthesis by CVX was reduced by both inhibitors tested, supporting the previous findings demonstrating the role
of CVX in NLRP3 inflammasome complex activation through protein expression and IL-1p production (Fig. 5).

To test ROS as an inflammasome complex activator, IL-1p production in PBMCs was measured in the pres-
ence of NADPH oxidase and mitochondrial ROS inhibitors, followed by CVX activation. The results showed that
in the presence of CVX, ROS inhibition via mitochondria decreased the production of IL-1p by PBMCs (Fig. 5).

Zhou et al.” investigated NLRP3 inflammasome activation by mitochondrial ROS signaling, which sup-
ports our findings. The production of mROS activated the NLRP3 inflammasome, and macrophages treated
with NLRP3 activators were activated by recruiting ASC adaptor. This study establishes a connection between
inflammasomes and mitochondrial function.

The use of rotenone as a mitochondrial ROS activator is known in the literature. However, experimental
data demonstrated that this compound was able to inhibit mROS production in the presence of CVX and PMA
(Fig. 4M). Corroborating our experimental findings, Pontes et al.**, evaluated the inhibition of mitochondrial
ROS in neutrophils with the use of rotenone in the presence of Cr-LAAO. Data from Mills et al.*, also dem-
onstrated the use of rotenone as an inhibitor in macrophages. The authors’ experimental data demonstrated
that rotenone inhibited mROS production in neutrophils and macrophages, confirming our experimental data.

In response to different pattern recognition receptor (PRR) ligands and cytokines, NF-kB functions as a key
mediator of the NLRP3 inflammasome initiation signal, promoting the transcriptional production of NLRP3 and
pro-IL-1B*. To determine the role of NF-kB in the activation of the inflammasome complex by CVX, PBMCs
were cultured with an NF-kB inhibitor before being stimulated with CVX, and IL-1P production was measured.
Our findings show that NF-kB is implicated in the ability of CVX to activate the inflammasome complex in
PBMC:s, resulting in the generation of IL-1p (Fig. 10).

The findings reported herein revealed that CVX is not toxic to human PBMCs. This C-type lectin-like protein
has no mitogenic action on PBMCs and does not stimulate the generation of IL-2 or NO. However, CVX pro-
moted the generation of mROS by monocytes, which prompted signaling for the activation of the inflammasome
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Figure 9. Superposition of Rhodocytin in complex with CLEC-2 (gray) crystal structure (PDB: 3WWK)
and the complexes predicted for the interactions between CVX ({8 subunits in orange and o subunits in sandy
brown) and the CTLRs CLECA4E (red) and Dectin-2 (yellow).
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Figure 10. The mechanism of the CVX interaction with the CTLR proposed (Dectin) in the present study.

The interaction of CVX with CTLR (1) induces ROS production (2) and NF-kB activation (3). ROS induce

the activation of the NLRP3 inflammasome complex (4); stimulating the production (5) and release of the
pro-inflammatory cytokine IL-1p (6). The IL-1p production by the interaction of CVX and CTLR, induces the
transcription of IL-10 (7); and consequently, its release (8). The interaction of IL-10 with its specific receptor (9),
induces JAK-1 phosphorylation (10), initiating signaling via STAT3 (11,12), performing an anti-inflammatory
activity, inhibiting transcription (13), production (14) and IL-2 release (15).

complex, resulting in the release of IL-1f, a pro-inflammatory cytokine. Thus, the collected data set led us to
hypothesize that CVX can interact with CTLR, causing ROS generation, NF-kB, and inflammasome activation,
and, as a result, IL-1p production, in addition to playing a role in the immunomodulation of PBMCs via IL-10
production (Fig. 10).

An in-silico investigation was carried to explore the interactions between CVX and CTLRs, seeking to evaluate
this mechanism at the molecular level. As a result, two CTLR ectodomains were selected (CLEC4E and Dectin-2).
These specific receptors were chosen based on the availability of crystallographic data, the cell types in which
they are expressed, and the relationship between the in vitro discoveries reported herein and the consequences
induced by activation upon contact with these receptors*.
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CLECA4E is a type II transmembrane receptor that activates FcyRs in macrophages, dendritic cells, and mono-
cytes. Binding events to this receptor cause the tyrosine-based immunoreceptor (ITAM) in the FcyR to be
phosphorylated, resulting in the production of TNF and IL-6%. The predicted coupling mode in which the CVX
binds to the CLEC4E ectodomain involves Ca®" binding site residues of this receptor and a consistent binding free
energy for the most predominant conformations observed in the MD simulation, indicating that this interaction
might occur in the physiological scenario.

Dectin-2 is expressed on monocytes and macrophages and has a CRD (C-type carbohydrate-recognition
domain) connected to its transmembrane region. In addition, the Dectin-2 surface structure is attached to FcyR,
which mediates the connection with Syk kinase and produces cytokine secretion signaling®. Thus, the complex
anticipated for the interaction between CVX and Dectin-2 points to an event that can elicit a response, especially
given the involvement of residues near the Dectin-2 carbohydrate-recognition site.

Even though the CVX canonical binding site lies at the concave surface of the dimers, CVX displayed an
unanticipated binding pattern when interacting with the CTLRs*. The docking experiments indicated that
CTLRs binding site is positioned at the interface between CVX two dimers (Fig. 6), with both complexes exhib-
iting a similar binding energy pattern'®. Although surprising, this behavior has been previously documented
in the literature and is consistent with crystallographic investigations conducted with Calloselasma rhodostoma
rhodocetin and the CTLR CLEC-2°'. Furthermore, the superposition of the crystal structures of rhodocetin
complexed with CLEC-2 (PDB: 3WWK) and the CVX/CLEC4E and Dectin-2 complexes (Fig. 9) demonstrates
the high degree of similarity shared by these SNACLEC, further supporting the in-silico interactions.

Overall, the in vitro and in silico results found in this study sustain the possibility that interaction with CTLRs
may be the mechanism through which the CVX triggers the IL-10 as mentioned earlier and mROS production
along with the inflammasome NLRP3 activation and a cascade of effects that follows this event culminating in
IL-1p release.

Methods

Chemicals and reagents. Lipopolysaccharides from Escherichia coli O111:B4 (LPS), L-glutamine, gen-
tamicin, concanavalin A (Con-A), phorbol myristate acetate (PMA), Histopaque 1077, DMSO, carboxyfluo-
rescein diacetate succinimidyl ester (CFDA-SE), RPMI-1640, L-glutamine, 3,3',5,5'-Tetramethylbenzidine
(TMB), Bovine Serum Albumin (BSA), anti-rabbit horseradish peroxidase, anti-p-actin (A1978-200UL) and
3,3'diaminobenzidine (DAB), N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), Ac-YVAD-cmk, Apoc-
ynin and Rotenone were purchased from Sigma Aldrich (MO, USA). MCC950 was purchased from InvivoGen
(France). Anti-caspase-1(AG-20B-0044-C100) and anti-NLRP3 (AG-20B-0014) were from Adipogen Life Sci-
ences (San Diego, CA, USA). Goat anti-mouse antibody conjugated to horseradish peroxidase (A90-116P) was
purchased from Bethyl Laboratories (Montgomery, TX, USA). Anti-IL-1f (af-401-NA) was from R&D Sys-
tems. Fetal bovine serum (FBS) was obtained from Cultilab (Sao Paulo, Brazil). Cell Viability Kit, Human IL-10
ELISA, Human IL-2 ELISA, Human IL-1p ELISA, PE anti-human CD14, and PerCP anti-human CD3 were
purchased from BD Pharmingen (CA, USA). 3-4,5 dimethylthiazol-2, 5 diphenyltetrazolium bromide (MTT),
Pierce™ Chromogenic Endotoxin Quant Kit and MitoSOX ™ were obtained from Thermo Fisher Scientific (MA,
USA). 2',7'- dichlorodihydrofluorescein diacetate (DCFDA) was purchased from Molecular Probes (OR, USA).
PVDF membrane and all salts and reagents used obtained from Merck Millipore (Darmstadt, Germany) with
low endotoxin or endotoxin-free grades.

Convulxin (CVX). Dr. Andreimar M. Soares of the Centro de Estudos de Biomoléculas Aplicadas a Sade
(CEBio)—FIOCRUZ-Rondonia provided the CVX, a C-type lectin-like identified from Crotalus durissus ter-
rificus venom. CVX was purified using a SuperdexTM 75 column, and the fraction containing the lectin was
subjected to a reverse-phage column for the second chromatographic stage'®.

Endotoxin quantification. For this assay, the Pierce™ Chromogenic Endotoxin Quant Kit was used. The
plate was pre-warmed to 37 °C, followed by the addition of 50 uL of CVX and standards. Then, 50 uL of lysate
was added, and incubated at 37 °C for 30 min. After 30 min, 100 pL of chromogenic substrate was added, and
incubated at 37 °C for 6 min. After the reaction, the stopping solution was added. Absorbance was measured
spectrophotometrically (Bio-Tek Synergy HT Multi-Detection, Winooski, VT) at 405 nm. Data were expressed
in EU/mL. 0.5 EU/mL of endotoxin was detected in the CVX preparation. The sample used is within the accept-
able threshold of 1 EU/mL according to Pinto et al.*.

Ethical statement. The Brazilian Institutional Review Board of the Centre for Research in Tropical Medi-
cine (CEPEM-RO) authorized this study under protocol number CAAE 71745917.1.0000.0011. All subjects
were adults who completed a Statement of Informed Consent. All tests were carried out in compliance with the
applicable rules and regulations.

Isolation of human peripheral blood mononuclear cells (PBMC). Blood was donated by healthy
volunteers who had not used any medication in the last 48 h. Blood was collected in vacuum tubes contain-
ing heparin. PBMCs were isolated by a density gradient method as described by Pires et al.* using Histopaque
1077 according to the manufacturer’s instructions. Briefly, the blood was layered on Histopaque at a 1:1 ratio
and subjected to centrifugation at 400xg for 30 min. The white layer representing PBMCs was gently aspirated
and aseptically transferred into sterile centrifuge tubes. After centrifugation, the cell suspension containing the
PBMCs was washed 3 times with PBS and cultured in sterile RPMI assay medium [RPMI-1640 medium supple-
mented with 100 ug/mL of gentamicin, 2 mM of L-glutamine and 10% fetal bovine serum (FBS)]. Aliquots of the
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isolated PBMCs were used to determine the total number of cells in a Neubauer’s chamber following cell staining
(1:20, v/v) with Turk solution (0.2% violet crystal in 30% acetic acid). The purity of the isolated cell populations
was determined by the Panotic staining of cytospin preparations and by flow cytometry analysis (FACScan). The
mean purity was 99% for the PBMC preparation. The number of cells was adjusted to 2 x 10° or 1x 10° depend-
ing on the number of cells necessary for each experiment®.

Cell viability assay by flow cytometry (BD™ cell viability kit). Following the method described by
Pires et al.”>, PBMCs (1 x 10° cells/well) were suspended in RPMI assay medium and incubated, in duplicate, in
96-well plates with culture medium—RPMI (negative control) or CVX (5 and 10 pg/mL; experimental group)
for 1, 12, 24, 48, 72 and 96 h at 37 °C, in a humidified atmosphere of 5% CO,. Then that, 0.1 uL of propidium
iodide (PI) and 0.2 pL of thiazole orange (TO) was added to each sample, stirred by vortexing, and then incu-
bated for 5 min at room temperature. Acquisition and analysis were then performed in FACScan. The results are
expressed in percentages.

Cell proliferation assay by flow cytometry. Cell proliferation was evaluated using carboxyfluorescein
diacetate succinimidyl ester (CFSE) as described by Pires et al.”. In brief, isolated PBMCs were stained with
CFSE and plated in 96-well flat-bottom tissue culture plates at a concentration of 1x 10 cells/well containing
100 pL of RPMI assay medium. After that, PBMCs were incubated with RPMI (negative control), phytohemag-
glutinin—PHA (5 pg/mL; positive control), or CVX (5 and 10 pg/mL; experimental group) for 72 h at 37 °C,
under an atmosphere of 5% CO,. After incubation, cell surface labeling was performed with monoclonal anti-
body PE anti-human CD3 and PerCP anti-human CD14, incubated for 30 min on ice and protected from light.
PBMCs were washed with PBS to remove unbound antibodies. Acquisition and analysis were performed in
FACScan. Cell proliferation is observed by the presence of decreasing histogram peaks on the left in the green
region of the graph.

Determination of reactive oxygen species (ROS). A suspension of PBMCs (2 x 10°) obtained by iso-
lation and resuspended in Hanks solution (1.26 mM CaCl,; 5.33 mM KCl; 044 mM KH,PO,; 0.50 mM MgCl,;
138 mM NaCl; NaHCO; 4.0 nM; 0.30 mM Na,HPO,; 5.60 mM C,H,,0,) were plated on black plates for fluo-
rescence quantification. PBMCs were then incubated at 37 °C in a humid atmosphere containing 5% CO, with
Hanks solution (negative control), PMA 500 ng/mL (positive control group), or CVX (5 and 10 ug/mL; experi-
mental group). After 30 min, 1, 2 and 3 h of incubation, 100 pL of a solution containing the DCFDA fluorescent
probe (10 uM) diluted in Hanks solution were added followed by incubation for 30 min at 37 °C in the dark. The
reading was performed with 485 nm and 528 nm excitation in a spectrophotometer (Synergy HT, Biotek). Data
were expressed as absorbance?.

Measurement of intracellular ROS levels. A peroxide-sensitive fluorescent probe 2',7-dichlorodihy-
drofluorescein diacetate (DCFDA) was used to measure intracellular levels of ROS. DCFDA is converted by
intracellular esterases to 2',7'-dichlorodihydrofluorescin, which is then oxidized by H,O, to the highly fluores-
cent 2',7'-dichloro-dihydro fluorescein (DCF). For this assay, 2 x 10°PBMCs were resuspended in RPMI without
phenol red, and the cells were incubated with RPMI without phenol red (negative control), PMA (500 ng/mL;
positive control), or CVX (5 and 10 ug/mL). After 3 h of incubation, 100 pL of DCFDA, diluted with 10 pM of
PBS, was added and incubated for 30 min at 37 °C, under constant dark conditions. After incubation, cell surface
labeling was performed with monoclonal antibody PerCP anti-human CD3 or PE anti-human CD14, incubated
for 30 min on ice and protected from light. PBMCs were washed with PBS to remove unbound antibodies?.
Acquisition and analysis were performed in FACScan. The results are expressed in percentages.

Immunofluorescence. For immunofluorescence microscopy, 2x10° isolated and stimulated human
PBMC:s for 3 h, as mentioned above were seeded on 70% alcohol-washed coverslips and treated with Poly-L-
Lysine (Sigma Aldrich) and placed in 24-well plates. The cells were fixed with 4% paraformaldehyde at room
temperature for 15 min. Next, cells were incubated with the MitoSOX™ Red Mitochondrial Superoxide Indicator
(Thermo Fisher) for 30 min according to the manufacturer’s instructions. After staining, the coverslips were
mounted with Fluoroshield containing DAPI (Sigma Aldrich) and analyzed under a Nikon Eclipse 80i micro-
scope with a 100x magnification oil immersion objective. The images were collected using constant automatic
gain among the samples to quantify the differences in absolute levels of fluorescence intensity in different condi-
tions. 50 fields of view of each condition were collected impartially. The acquired images were subsequently ana-
lyzed using Image] software (National Institutes of Health) to quantify the absolute total fluorescence intensity.
The calculated fluorescence intensity of the fields of view was plotted as mean normalized intensity for the total
number of cells>.

Nitric oxide (NO) production assay. NO production by PBMCs incubated with and without CVX was
determined in the supernatant. PBMCs, at a density of 2x 10°/250 uL in RPMI assay medium, were plated in
96-well plates and incubated with RPMI (negative control), PMA (500 ng/mL; positive control) or CVX (5 and
10 pg/mL; experimental group) for 24, 48 e 72 h at 37 °C, in a humidified atmosphere of 5% CO,. After incuba-
tion, the cells supernatants were transferred to a reading plate, and Griess reagent was added (in the ratio of 1:1,
v/v) for nitrite determination®. The absorbance was measured spectrophotometrically (Bio-Tek Synergy HT
Multi-Detection, Winooski, VT), at 550 nm, data were compared to a standard curve prepared with NaNO, (2.5
to 80 uM) and expressed in terms of uM nitrite released by 2 x 10° cells.
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EIA cytokines measurements. For this assay, 2 x 10° PBMCs resuspended in RPMI assay medium were
plated and incubated with RPMI (negative control), Con-A (5 pg/mL; positive control), LPS (1 ug/mL; posi-
tive control), or CVX (5 and 10 pg/mL) at 37 °C in a humidified atmosphere (5% CO,) for 12 and 24 h. After
centrifugation, the collected supernatant was used for the quantification of IL-2, IL-10 and IL-1p levels by spe-
cific enzyme immunoassay (EIA) according to manufacture instructions (BD OptEIA Human ELISA Set). The
results were expressed in pg/mL of each cytokine.

Cell viability—MTT assay. Mitochondrial activity was measured to assess cell viability according to Pires
et al.”. In summary, PBMCs (2 x 10° cells/well) were suspended in an RPMI (control), laminarin (a p-glucan
receptor ligand; 100 pg/mL)*, N-tosyl-L phenylalanine chloromethyl ketone (an inhibitor of NF-kB Activation
by Blocking Specific Cysteine Residues of IkB Kinase; NF-«B inhibitor; 30 uM)*, Ac-YVAD-cmk (a selective,
irreversible inhibitor of interleukin-1p converting enzyme ICE; caspase-1 inhibitor; 50 uM)*, MCC950 (a selec-
tive NOD-like receptor protein-3-NLRP3 inhibitor; 10 uM)?®, Apocynin (NADPH Oxidase ROS; 300 pM)*¢ and
Rotenone (mROS inhibitor; 10 uM)*, diluted in RPMI medium, for 12 h at 37 °C, in a humidified atmosphere of
5% CO,. The concentration of the inhibitors used in this study was based on the literature as effective. Next, 10
uL of MTT (5 mg/mL) was added and incubated for 2 h. After centrifugation at 400xg for 5 min, the supernatant
was removed and 100 uL of DMSO was added to dissolve the formed crystals. Subsequently, the plates were kept
for 15 min at room temperature and evaluated in a spectrophotometer at 540 nm. The results were expressed in
percentage compared to the respective controls.

Pharmacological treatment with laminarin. To evaluate the Dectin, a B-glucan receptor, on CVX
action on PBMCs, the cells were treated with laminarin (a -glucan receptor ligand; 100 pg/mL) dissolved in
RPMYI, for 30 min®. Hereafter, the cells were incubated with CVX at a concentration of 10 pg/mL and the
supernatant of this incubation used for the IL-10 quantification as described above. The concentration of the
ligand used in this study was based on the literature as effective and that it did not cause an adverse effect on cell
viability during the assay. Control cells (PBMCs incubated with culture medium) were incubated with the same
concentration as the vehicle used to dissolve the ligand (laminarin)*®.

Pharmacological treatment with N-tosyl-L-phenylalanine chloromethyl ketone (NF-«kB inhibi-
tor), Ac-YVAD- cmk (caspase-1 inhibitor) and MCC950 (NLRP3 inhibitor). To evaluate the par-
ticipation of NF-«kB and the inflammasome complex activation on the CVX action on PBMCs, the cells were
treated with N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (30 uM), Ac-YVAD-cmk (50 uM), MCC950
(10 uM) dissolved in RPMI, for 30 min. The concentration of the inhibitors used in this study was based on the
literature as effective and that it did not cause an adverse effect on cell viability during the assay. Subsequently,
the cells were incubated with CVX at a concentration of 10 ug/mL and the supernatant collected and used for
the IL-1p quantification (Fig. 10).

Pharmacological treatment with apocynin (NADPH Oxidase inhibitor) and rotenone (MROS
inhibitor). To analyze the involvement of ROS through NADPH Oxidase and mitochondrial in signaling for
inflammasome activation on CVX action on PBMCs, the cells were treated for 30 min with Apocynin (300 M)
and Rotenone (10 M) dissolved in RPMI. The inhibitor concentration employed in this investigation was based
on the literature and had no negative impact on viability during the experiment. Following that, the cells were
treated with CVX at a concentration of 10 g/mL, and the supernatant was collected and utilized to quantify
IL-1p.

Immunoblotting. PBMCs resuspended in RPMI assay medium were plated and incubated with RPMI
(negative control), LPS (1 pg/mL; positive control) or CVX (5 and 10 pg/mL) at 37 °C in a humidified atmos-
phere (5% CO,) for 3 h. The cells were lysed and homogenized with RIPA buffer containing phosphatase and pro-
tease inhibitors [50 mM Tris—HCI pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM PMSE, 5 ug/ml aprotinin, 5 pg/ml leupeptin, 1 mM Na;VO,].
Immunoblotting was performed using monoclonal antibodies anti-B-actin, anti-caspase-1 and anti-NLRP3. For
B-actin, caspase-1 and NLRP3 determinations, total protein extracts were prepared, resolved by 10% SDS/PAGE
and transferred onto a PVDF membrane (Hybond, Amersham Pharmacia Biotech) (Fig. S1). Immunoblotting
was performed using monoclonal antibodies to the referent proteins. Blots were developed with 3,30-diamin-
obenzidine and hydrogen peroxide. The relative immunoreactivity bands of three independent experiments
were quantified by densitometry using Image Studio Lite Ver 5.2 (LI-COR, Lincoln, Nebraska, EUA). The mean
densitometry values of tested proteins were divided by the mean densitometry values of respective p-actin values
to show the relative expression of each protein as a ration means of the protein/f-actin®.

Molecular modeling approaches. The molecular dockings performed in this study were conducted on
the ClusPro web server under the balanced coefficient®. The PDB codes for the structures used in the simula-
tions were the following: 1uos (CVX); 3wh2 (CLEC4E); 5vyb (Dectin-2). All the images and interaction maps
were made with UCSF Chimera and LIGPLOT+%6!,

The complexes obtained from dockings were assessed through molecular dynamics simulations using
GROMACS 2018.1°2 employing the CHARMM36-mar2019 force field®. All simulations were carried in a neu-
tral net charge box with 5 A from the farthest atom, solvated with TIP3P water and equilibrated with 100 mM of
NaCl. The system was minimized with the Steepest Descent algorithm until reaching energy below 100 kJ/mol/
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nm. Then, an NVT ensemble was executed, generating velocities according to Maxwell-Boltzmann distribution
at 300 K using the V-rescale thermostat® followed by the NPT ensemble using the Beredsen barostat at 1bar®.
Subsequently, a 10 ns step was executed using the Nose-Hoover Thermostat® and Parrinello-Rahman barostat®’.
Non-bonded interactions were calculated within a radius of 12 A using a switching function between 10 and
12 A. Afterwards, the trajectories were analyzed and RMSD measures were extracted from the main interacting
parties for stability assessment.

Further, the trajectories were subjected to a clusterization using the gromos method® with a RMSD distribu-
tion of 3 A. The central structures found in the 10 most populated clusters were subjected to a binding affinity
prediction using the PRODIGY web server®.

Statistical analysis. The means and S.E.M. of all data were obtained and compared by one-way ANOVA,
followed by Tukey test with significance probability levels less than 0.05.
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