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Introduction: The Neotropical tick Amblyomma sculptum is the primary vector
of Rickettsia rickettsii, the causative agent of Brazilian spotted fever, a disease
associated with high fatality rates. Tick saliva, a complex mixture of bioactive
molecules essential for successful blood feeding, facilitates pathogen
transmission and modulates host immune responses. A comprehensive
evaluation of the salivary gland transcriptome database reveals that protease
inhibitors are abundantly expressed molecules in tick saliva during feeding. Thus,
this study aims to describe and characterize the most expressed member of the
cystatin family identified in Amblyomma sculptum salivary transcriptome, named
Amblyostatin-1.

Methods: Bioinformatic tools were employed for in silico analysis of the
Amblyostatin-1 sequence and structure. A recombinant version of
Amblyostatin-1 was expressed in an Escherichia coli system, evaluated against
a panel of cysteine proteases in biochemical assays, and used to generate
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antibodies in immunized mice. The biological activities of Amblyostatin-1 were
assessed by its effects on dendritic cell maturation in vitro and in a carrageenan-
induced inflammation model in vivo.

Results: Based on its sequence and predicted three-dimensional structure,
Amblyostatin-1 is classified as an I125B cystatin, and its recombinant form
selectively inhibits cathepsins L, C, and S at different rates, with a low
nanomolar Ki value of 0.697 + 0.22 nM against cathepsin L. Regarding its
biological activities, recombinant Amblyostatin-1 partially affects LPS-induced
dendritic cell maturation by downmodulating the costimulatory molecules CD80
and CD86 at higher micromolar concentrations (3 pM) while promoting IL-10
production at nanomolar concentrations (100 nM). The apparent lack of
Amblyostatin-1-specific antibody responses in immunized mice suggests an
impairment of antigen processing and presentation in vivo. Furthermore, in a
carrageenan-induced inflammation model, Amblyostatin-1 decreased edema
formation and neutrophil infiltration into the skin without affecting other
myeloid cells.

Discussion: These findings establish Amblyostatin-1 as a novel salivary cystatin
with immunomodulatory and anti-inflammatory properties, highlighting its
potential as an immunobiological agent.

Amblyostatin-1, Amblyomma sculptum, immunomodulation, inflammation, tick-host
interaction, tick saliva

Introduction

Blood feeding is vital for ticks to successfully develop and
reproduce. However, during this process, they encounter barriers
that protect the host’s integrity (1). Ticks from the Ixodidae family
(hard ticks) must withstand vertebrate host defenses over several
days to complete their feeding. To overcome this challenge, ticks
have developed effective mechanisms throughout their evolution to
avoid rejection during feeding (2). One such mechanism is the
active secretion of saliva at the bite site, a fluid containing a complex
mixture of molecules with anti-hemostatic and immunomodulatory
properties. These molecules not only enable feeding but also
facilitate the transmission of pathogens from the tick to the
vertebrate host by modifying the host’s immune responses (3-5).
In fact, ticks are vectors of wide range of pathogens, including
Rickettsia rickettsii (Rocky Mountain/Brazilian spotted fever),
Borrelia burgdorferi (Lyme disease), Anaplasma phagocytophilum
(human granulocytic anaplasmosis), Babesia microti (babesiosis),
and tick-borne encephalitis virus (tick-borne encephalitis), among
others (6). Amblyomma sculptum [a member of the Amblyomma
cajennense species complex (7)] is the most frequently reported tick
species associated with human infestations in Brazil, where it serves
as the main vector of R. rickettsii (8). Following transmission
through the bite of an infected tick, the bacterium infects the
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host’s endothelial cells, leading to vasculitis, a condition that can
progress to a potentially fatal outcome (9). Indeed, Brazil records
high fatality rates associated with spotted fever each year (10).

Several host biological processes are modulated by tick salivary
components, which include a diverse array of protease inhibitors
found at the tick-host interface. These arthropod proteins target
specific proteolytic enzymes involved in various physiological
defense pathways, including coagulation, platelet aggregation,
complement activation, inflammation, and adaptive immunity
(11-13). Protease inhibitors represent the third most prevalent
group of salivary molecules described in the TickSialoFam
database, a comprehensive catalog of all available coding
sequences derived from tick salivary gland transcriptomes
(sialotranscriptomes) (14). The tick salivary protease inhibitors
superfamily includes cystatins, Kazal- and Kunitz-type inhibitors,
saposins, serpins, SPARC/Kazal proteins, tiropins, trypsin-like
inhibitors (TIL), and carboxypeptidase inhibitors. Among these
nine families, Kunitz-type inhibitors, serpins, and cystatins are the
primary molecules secreted in tick saliva. These molecules are
crucial for tick-host interactions and are vital for understanding
the biological processes that govern this relationship (12, 15).

The cystatin family comprises a group of tight-binding
inhibitors of host cysteine proteases that are known to be involved
in multiple processes, including the regulation of proteolysis, antigen
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processing and presentation, development of immune system
components, epidermal homeostasis, apoptosis, and neutrophil
chemotaxis during inflammation (16). According to the MEROPS
peptidase database (https://www.ebi.ac.uk/merops/), cystatins are
part of the 125 family, which is further divided into four
subfamilies (I25A-D) (17). Notably, only subfamilies 125A and
125B are present in ticks, with I25B cystatins identified in saliva
(18). The first salivary cystatin characterized from ticks was
Sialostatin L (19), whose RNA sequence was described in the
original sialotranscriptome of Ixodes scapularis (20). Since then,
salivary cystatins have been documented in several tick species,
displaying a broad range of activities in vertebrate hosts and being
explored as vaccine candidates and immunotherapeutic agents
(reviewed by 13).

In the present study, we molecularly and functionally
characterized Amblyostatin-1, the first salivary cystatin from the
hard tick A. sculptum. The recombinant form of this protein shares
the typical features of I25B cystatins exhibiting selective affinity for
biologically significant cathepsins involved in dendritic cell (DC)
biology and skin inflammation, along with low immunogenicity in
the vertebrate host. Collectively, our findings suggest that
Amblyostatin-1 has considerable potential for pharmacological
applications, particularly due to its specificity arising from the
evolutionary adaptations of arthropod salivary molecules at the
tick-host interface that support the hematophagous lifecycle of
these specific ectoparasites.

Material and methods
Animals

Male and female C57BL/6 mice, aged 6 to 12 weeks, were
provided by the animal facility at the School of Medicine, University
of Sao Paulo (FMUSP) and maintained at the animal facility of the
Department of Immunology, Institute of Biomedical Sciences,
University of Sao Paulo (ICB/USP). The animals were kept under
specific-pathogen free conditions with food and water ad libitum.

All procedures involving vertebrate animals were conducted in
accordance with Brazilian National Law number 11,794 (Arouca
Law), Decree 6,899 and Normative Resolutions published by the
National Council for the Control of Animal Experimentation
(CONCEA), and were approved by the Institutional Animal Care
and Use Committee (IACUC) from the University of Sao Paulo
under the protocol number 4345130622.

In silico analyses

The SignalP - 6.0 (21) tool was used to determine whether the
amino acid sequence predicted in the A. sculptum
sialotranscriptome contains a signal peptide. Putative
glycosylation sites were assessed using the NetNGlyc - 1.0 (22)
and NetOglyc - 4.0 (23) platforms. Additionally, the ProtParam
Tool (24) was employed to evaluate theoretical parameters such as
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the isoelectric point, molecular weight and protein stability.
Artificial intelligence-based modeling was performed using the
AlphaFold 2 software (25), utilizing the amino acid sequence of
the protein without the signal peptide. The resulting model was
then uploaded to the GalaxyWEB server and subjected to further
structural optimization using the GalaxyRefine tool (26, 27). Finally,
the Galaxy refined model was submitted to the SAVES v6.0
platform for validation, where Ramachandran plot analysis,
VERIFY 3D assessment, and ERRAT scoring were performed.
The 3D structure was subsequently visualized using the PyMOL
software (PyMOL, Molecular Graphics System, Version 2.5.5,
Schrédinger, LLC).

To place Amblyostatin-1 and other A. sculptum cystatins within
a phylogenetic context among tick cystatins, tick transcriptomic
sequences were retrieved from various sources. Cystatin sequences
were retrieved from the genome of Amblyomma maculatum (28),
Ixodes ricinus (29) and Ixodes scapularis (30). Automatically
annotated transcriptomic sequences were retrieved from the
genomes of Ixodes hexagonus, Ixodes pacificus, and Ixodes
persulcatus, through the Bioinformatics Platform for
Agroecosystem Arthropods (https://bipaa.genouest.org).

BLAST was used to align all retrieved sequences against known
sequences in the SwissProt-UniProt database (31, 32). Protein
sequences showing significant similarity to known cystatins were
selected. Additionally, InterProScan was used to identify which of
the retrieved sequences contained cystatin domains (33). This
information was combined to generate a catalog of cystatin
proteins from A. sculptum, A. maculatum and five different
Ixodidae species.

To investigate the similarities and conserved regions of the
cystatins, a multiple sequence alignment was performed using
Clustal Omega (34). Spurious sequences and misaligned regions
were removed using trimAl (35) and the phylogenetic tree was
generated using ggtree, an R package for visualization of tree-like
structures (36).

Expression of recombinant Amblyostatin-1

The coding sequence of Amblyostatin-1 (GenBank accession
number PV164378), excluding the signal peptide, was synthetized
and cloned into a pET-17b expression vector (Gene Universal Inc.,
Newark, DE, USA), which was used to transform BL21 (DE3) pLysS
Escherichia coli cells (Invitrogen, Carlsbad, CA, USA).
Subsequently, a pre-culture was prepared using a positive clone,
which was then transferred to 6 L of LB medium containing
ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL) and
incubated at 30°C with shaking at 225 rpm. Culture growth was
monitored by measuring the optical density (O.D.) at 600 nm. Once
the culture reached the optimal growth rate for initiating expression
(established at 0.6 < O.D. < 0.8), isopropyl-beta-D-thiogalactoside
(IPTG) was added to a final concentration of 1 mM to induce
protein expression. Cell pellets were resuspended in Tris 20 mM,
kept on ice, sonicated, and washed, yielding insoluble fraction
containing inclusion bodies. The resulting inclusion bodies were
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dissolved in 25 mL of guanidine buffer (50 mM Tris, 5 mM DTT,
and 7.5 M guanidine) for 2 hours at room temperature, and the
insoluble material was removed by centrifugation at 15,000 g/30
min/4°C. Recombinant Amblyostatin-1 was then refolded by
diluting the solution 50-fold in a buffer consisting of 0.1 M TBS,
supplemented with 1 M guanidine HCI, 500 mM L-arginine, and
10% glycerol. Following overnight incubation, the resulting solution
was concentrated by filtration through a 3 kDa MWCO membrane
(Amic0n® Centrifugal Filter Unit, Sigma Aldrich, Darmstadt,
Germany) to achieve the desired volume. Purification was
performed by size exclusion chromatography using a Superdex 75
column (Sigma Aldrich, Darmstadt, Germany) coupled to an
AKTA PureTM instrument (Life Sciences, Piscataway, NJ,
Germany), equilibrated in 100 mM Tris, 140 mM NaCl, 3 mM
KCl, 500 mM L-arginine, 1 M guanidine, 10% glycerol, pH 7.5, and
the resulting protein was stored at 4°C until use.

Additional attempts to express Amblyostatin-1 using the
HEK293 mammalian cell system (VR2001 vector), the Drosophila
S2 expression system (pMT/bip/v5-his A vector), and the Pichia
pastoris expression system (pPICZo.C vector) were unsuccessful (data
not shown). However, the expression of the recombinant protein in
BL21 (DE3) pLysS Escherichia coli cells and the refolding protocol
used were previously validated for other tick cystatins (19, 37-40).

Enzymatic activity assay

Cystatins are well-described competitive inhibitors of cysteine
proteases that bind to the active site of proteases, preventing peptide
bond cleavage and acting as pseudo-substrates (41). To evaluate the
inhibition specificity, five cathepsins were chosen (L, S, C, B, and H),
whose Km and Vmax are well established and can be referenced in
the BRaNE database (https://brenda-enzymes.org/). Briefly, 1 uM of
recombinant Amblyostatin-1 was preincubated with the selected
cathepsins at the concentrations indicated in the Supplementary
Table S1 for 10 minutes at 23° C. Following, 250 uM substrate was
added, and the formation of the reaction product was monitored at
365/450 nm (excitation/emission) using an Infinite 200 PRO 96-
well plate fluorescence reader (Tecan, Minnedorf, Switzerland) to
assess the loss of activity in the presence of the inhibitor.

Enzymatic assays for cathepsin L were conducted in the
presence of Amblyostatin-1, using a methodology previously
described (42). Briefly, active cathepsin L (6 nM) was incubated
with varying concentrations of Amblyostatin-1 in 50 mM sodium
acetate buffer (pH 5.5) at 37°C for 10 minutes. The fluorogenic
substrate Z-Phe-Arg-AMC was then added (43), and fluorescence
was monitored at 380/460 nm (excitation/emission) using a Synergy
HT microplate reader (BioTek Instruments Inc., Winooski, VT,
USA). Fluorescence readings were taken at 30°C over a 15 minutes
period, and enzyme activity was estimated by their Vmax. Residual
activity was calculated as Vmax of enzyme activity in the presence
of the inhibitor divided by the Vmax of the control enzyme (without
inhibitor). Residual Vmax values were plotted, and the dissociation
constant (K;) was calculated through nonlinear regression analysis
using the Morrison equation for tight-binding inhibition (44).
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DC cultures

Bone marrow cells were harvested from the femurs of mice, and
erythrocytes were lysed using ACK lysing bufter (Gibco; Thermo Fisher
Scientific, Grand Island, NY, USA). Suspensions containing 3 x 10°
cells/mL were prepared in complete medium [RPMI 1640,
supplemented with GlutaMAX, 25 mM HEPES, 10% fetal bovine
serum (FBS), 100 units/mL penicillin, 100 pg/mL streptomycin and 5.5
x 10-> M 2-mercaptoethanol — all Gibco products (Thermo Fisher
Scientific, Grand Island, NY, USA)] and distributed in 100 mm
diameter Petri dishes (10 mL). The cells were incubated with 20 ng/
mL of murine GM-CSF at 37 °C and 5% CO, to induce DC
differentiation, as previously described (45, 46). Briefly, after 4 days
of incubation, half of the culture volume was replaced with fresh
complete medium containing 40 ng/mL murine GM-CSF. Following a
total of 7 days of incubation, nonadherent cells were collected and 2 x
10° cells/well in 100 UL were distributed into flat bottom 96-well plates.
These cells were preincubated for 1 hour at 37° C and 5% CO, with
either complete medium alone or medium containing different
concentrations of recombinant Amblyostatin-1 (0.1 to 3 uM),
followed by stimulation with 200 ng/mL of ultrapure LPS
(InvivoGen, San Diego, CA, USA) for 24 hours. Unstimulated
controls (cells maintained in medium only) were also included. DCs
were then collected and prepared for flow cytometry analysis, while the
supernatant was stored at -80°C for subsequent cytokine evaluation.

Mice immunization

Mice were immunized subcutaneously with Amblyostatin-1 (5
pg/animal) emulsified in Alum (Reheis, Berkeley Heights, NJ, USA)
as an adjuvant, while control group received only PBS emulsified in
Alum, as previously described (47).The immunization process was
repeated twice at two-week intervals, resulting in a total of three
immunizations. Two weeks later, an intravenous booster (0.1 pg/
animal) was administered, and three days later, blood was collected
via submandibular vein puncture, after which serum was separated
for further experiments. As an internal control, another group of
mice was immunized under the same conditions with AsKunitz, a
previously described Kunitz-type inhibitor (48).

ELISA

Cytokines present in the DC culture supernatant were detected
by ELISA. IL-12p40 and TNF-o levels were determined using the
BD OptEIA ELISA Set kit (BD Biosciences Pharmingen, San Diego,
CA, USA), while IL-6 and IL-10 levels were measured using the
ELISA Max ™ kit (Biolegend, San Diego, CA, USA), according to
the manufacturers’ instructions. The cytokine concentrations for
each sample were calculated based on standard curves and
expressed in pg/mL using GraphPad Prism version 8.0.2
(GraphPad Software, Boston, Massachusetts USA). The limits of
detection were 15.6 pg/mL for IL-12p40 and TNF-a, 7.80 pg/mL for
IL-6, and 31.3 pg/mL for IL-10.
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In another set of experiments, we performed an in-house ELISA
to detect serum IgG antibodies, adapted from previous work of our
group (47). Briefly, plates were coated with Amblyostatin-1,
AsKunitz, or A. sculptum saliva, blocked with PBS containing 10%
FBS, and incubated with a pool of serum (1:1000) from control mice
or mice immunized with Amblyostatin-1 or AsKunitz. Bound
antibodies were detected using HRP-conjugated goat anti-mouse
IgG and revealed with TMB substrate (both from Invitrogen,
Rockford, 1L, USA). The absorbance was measured at 450 nm and
data was presented as the optical density (OD) of the readings.

Gel electrophoresis and Western blot

To assess the presence and specificity of antibodies in the serum
of immunized animals, A. sculptum saliva (250 pg), recombinant
Amblyostatin-1 (1 pg) and recombinant AsKunitz (1 pg) were
subjected to electrophoresis separation using Bolt'™ 4-12% Bis-
Tris Plus gels (Invitrogen) under the following conditions: 200 V,
120 mA, and 25 W for 30 minutes. Following electrophoresis, the
first gel was stained with Coomassie blue dye for one hour and
subsequently washed overnight with water to remove unbound dye.
The second gel was used for Western blot analysis, as previously
described (49). Briefly, the proteins were transferred onto a
nitrocellulose membrane using the iBlot® Dry Blotting System
(Invitrogen). The membranes were blocked with a Tris buffer
containing 10% FBS for two hours at room temperature. After
blocking, the membranes were washed with Tris Buffer containing
0.05% Tween-20 (TBST) and incubated overnight at 4°C with pooled
serum from non-immunized mice or mice immunized with
Amblyostatin-1 or AsKunitz (both at 1:1000 dilution). The
membranes were then washed and incubated for one hour with
horseradish peroxidase-conjugated goat anti-mouse IgG antibodies
(Invitrogen) for detection. Protein bands were visualized using the
Novex® Chemiluminescent Substrate Reagent Kit (Invitrogen) and
captured using a gel documentation system (ImageQuantTM LAS
500, GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

Carrageenan-induced paw inflammation

The carrageenan-induced paw inflammation model was
employed to test the potential anti-inflammatory effects of
Amblyostatin-1 in vivo. For this purpose, mice received 25 pL of
a 1% A-carrageenan solution (Sigma-Aldrich, St Louis, MO, USA)
in PBS, with or without Amblyostatin-1 (0.1 uM) administered into
the plantar pad of the hind paws. A control group received only
PBS. Paw thickness was assessed using a micrometer prior to
inoculation and again at 1, 4, and 24 hours post-inoculation, with
edema defined by the difference in thickness compared to the initial
measurement. Four- and 24-hours post-inoculation, the skin was
excised to analyze in vivo cellular infiltration. Briefly, the paw skin
was collected with the aid of a scalpel, cut into small fragments,
weighed, and subjected to digestion in a solution of collagenase (1
mg/mL) and DNAse (0.5 mg/mL) for 40 minutes at 37°C with
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agitation at 1250 rpm. Subsequently, samples were filtered through
a 40 um cell strainer (Corning, Durham, NC, USA), washed with
PBS, and transferred to 12 x 75 mm polypropylene tubes (BD
Falcon, Franklin Lakes, NJ, USA) for flow cytometry analysis.

Flow cytometry

DCs from the previously described cultures were collected,
washed with PBS, and incubated for 10 minutes at 4°C with Live/
Dead-Aqua to assess cell viability and with anti-CD16/CD32
antibodies to block Fc receptors. After washing, the cells were
incubated with a mixture of the following fluorochrome-conjugated
monoclonal antibodies (all from BD Biosciences): anti-CD11b-APC-
Cy7 (clone M1/70), anti-CD11c-APC (clone N418), anti-CD40-PE
(clone 3/23), anti-CD80-FITC (clone 16-10A1), anti-CD86-PECy7
(clone GL-1), anti-F4/80-Pacific Blue (clone BMS), anti-MHC II-
PerCp-Cy5.5 (clone M5/114.15.2) for 30 minutes at 4°C. Following
staining, the cells were washed and resuspended in cytometry buffer
(PBS containing 2% FBS) and kept on ice until acquisition. The gating
strategy is outlined in Supplementary Figure SI.

To analyze the cell infiltrate in carrageenan-induced edema, the
paw skin cells were labeled with Live/Dead-AmCyan for 10 minutes
at 4°C. After incubation, the cells were washed and labeled with a
mixture of fluorochrome-conjugated monoclonal antibodies against
Ly6G-FITC (clone 1A8), CD11b-APC-Cy7 (clone M1/70), CD45-
APC (clone 30-F11) diluted in flow cytometry buffer for 30 minutes
at 4°C. Following staining, the cells were washed and resuspended
in cytometry buffer and kept on ice until acquisition. The gating
strategy is outlined in the Supplementary Figure S2.

In both cases, samples were acquired using the FACSCanto' ™ II
flow cytometer (BD Biosciences, San Jose, CA, USA), and the events
were analyzed using FlowJo software, version 10.0.7 (Tree Star,
Ashland, OR, USA).

Statistical analysis

Quantitative data were expressed as the mean + standard error
of the mean (SEM). The sample size for each set of experiments is
depicted in the legend of the figures. Experimental groups were
compared with their respective controls using one-way ANOVA
followed by Tukey post-test using GraphPad Prism version 8.0.2
(GraphPad Software). Differences considered statistically significant
at p < 0.05, and the exact p value is indicated in each figure.

Results

Amblyostatin-1 is a typical member of 125B
cystatin subfamily

Our group has published a comparative sialotranscriptome

analysis of unfed and partially fed Amblyomma sculptum ticks
(50). In that study, six cystatin sequences were identified
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(Table 1), five of which were predicted to be secreted in saliva based
on SignalP analysis. The phylogenetic analysis (Figure 1) revealed
that the specific secreted A. sculptum cystatins exhibit sequence
divergence when compared to cystatins of A. maculatum, Ixodes
spp., and cystatins characterized in previous research by many
different groups globally (15). This prompted us to perform a
functional characterization of the transcript AcajSIGP-71118
(denoted with a box in Figure 1), which was the most
transcriptionally upregulated cystatin gene in partially fed females
(Table 1). Its 393 base pair sequence encodes for a 131 amino acid
protein with a predicted molecular weight of 12,710.75 Da and an
isoelectric point of 10.59. The first 18 amino acids in the N-
terminus correspond to the signal peptide, and the protein
contains four cysteine residues, one potential N-glycosylation site,
and two possible O-glycosylation sites (Figure 2A). The protein was
named Amblyostatin-1, because it is the first characterized salivary
cystatin from A. sculptum.

Amblyostatin-1 sequence presents the three typical cystatin
motifs - N-terminal G, QxVxG and a C-terminal PW segment —
also found in other cystatins (Figure 2B). The three-dimensional
structure of the secreted form of Amblyostatin-1 (excluding signal
peptide) was developed using the AlphaFold 2 software. The
predicted structure reveals a twisted antiparallel B-sheet
composed of four B-strands connected by two loops (L1 and L2)
surrounding an a-helix, which is characteristic of cystatins. The
loop region and N-terminus are likely interaction sites for
Amblyostatin-1 with its targets (Figure 2B) The validation of the
refined model shows high structural quality: ERRAT?2 yielded an
overall quality factor of 95.455 (Supplementary Figure S3A), while
the Ramachandran plot indicated that 93.9% of residues fall within
the most favored regions (Supplementary Figure S3B), indicating
excellent backbone conformational accuracy. The Verify3D
assessment revealed that 54.87% of residues achieved a 3D-1D
score of at least 0.1 (Supplementary Figure S3C), suggesting a
moderate level of compatibility between the predicted fold and its
amino acid sequence. Similar results were obtained with other
structure prediction platforms that use homology modeling, such
as Modeller and Rosetta (data not shown). Overall, these findings
confirm that the in silico modeling of Amblyostatin-1 structure

10.3389/fimmu.2025.1585703

exhibits robust stereochemical integrity and moderate sequence-
structure compatibility.

Recombinant Amblyostatin-1 targets
cathepsinL, S, and C

The activity of recombinant Amblyostatin-1 as a cysteine
protease inhibitor was tested against five different cathepsins.
Inhibition percentages for each enzyme were calculated by
comparing the initial rates of enzymatic activity in the absence
and presence of Amblyostatin-1. Under the conditions described in
the Supplementary Table SI, Amblyostatin-1 inhibits cathepsin L
(Figure 3A), cathepsin S (Figure 3B), and cathepsin C (Figure 3C),
while no inhibitory effect was observed on cathepsin B (Figure 3D)
or cathepsin H (Figure 3E).

Due to limited protein yield, an enzymatic kinetic assay with
varying concentrations of Amblyostatin-1 was performed only in
the presence of cathepsin L, the protease that exhibited the highest
apparent inhibition profile (Figure 3A). A significant inhibition of
cathepsin L protease activity was observed, with an estimate Ki
value of 0.697 + 0.22 nM (Supplementary Figure S4).

Amblyostatin-1 selectively modulates DC
biology

Given that salivary cystatins from other tick species with similar
target profiles interfere with DC phenotypes, we tested whether
Amblyostatin-1 would affect the maturation of these cells induced
by a bacterial mimic. When cultured with Amblyostatin-1 alone, the
basal expression of costimulatory/accessory molecules CD40,
CD80, and CD86 remained unchanged. Upon stimulation with
LPS from gram-negative bacteria, all these molecules were
upregulated as expected. However, when DCs were preincubated
with Amblyostatin-1 prior to LPS stimulation, a selective
concentration-response inhibition was observed.

A slight decrease in the percentage of CD40" DCs and the
median fluorescence intensity (MFI) of this marker was noted in the

TABLE 1 Coding sequences (CDSs) of cystatins differentially expressed in the salivary glands of A. sculptum in response to feeding.

Fold-change

Annotation Accession number (RNA-seq)
(GenBank)
Fed (72 hours)
AcajSigP-71118 tick_cistatins_1 - signalP detected PV164378 0.06 16.38
AcajSigP-68043 tick salivary cystatin - signalP detected PV164380 0.11 9.05
AcajSigP-6968 tick salivary cystatin - signalP detected PV164379 0.26 3.81
AcajSigP-75579 cystatin - signalP detected JAU02687.1 0.50 1.95
Acaj-76693 intracellular cystatin JAU02694.1 1.07 0.93
AcajSigP-29822 tick_cistatins_1 - signalP detected PV164377 391 0.25
Data extracted from A. scultum sialotranscriptome (50).
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Amblyostatin-1 is highlighted within a blue lined box.

presence of 3 UM Amblyostatin-1, although the difference did not
reach statistical significance (Figures 4A, B, respectively).
Conversely, preincubation of DCs with 3 pM Amblyostatin-1
followed by LPS stimulation significantly reduced the percentage
of CD80" and CD86" DCs (Figures 4C, E, respectively). For MFI of
these markers, reductions were observed at 3 and 1 uM of
Amblyostatin-1 for CD80 (Figure 4D) and at 3, 0.3 and 0.1 uM
for CD86" (Figure 4F).

Next, the production of cytokines by DCs was assessed in the
culture supernatants. Similar to DCs maintained in medium only,
cells incubated with Amblyostatin-1 produced very low or
undetectable levels of all evaluated cytokines. As expected, DCs
stimulated with LPS produced high levels of TNF-o (Figure 5A), IL-
6 (Figure 5B) and IL-12p40 (Figure 5C), and IL-10 (Figure 5D), as is
typical for activated cells. Preincubation of DCs with Amblyostatin-

1 did not alter the production of TNF-a, IL-6 or IL-12p40 at any
tested concentrations. Interestingly, an inverse concentration-

response increase in IL-10 production was observed in LPS-

Frontiers in Immunology 07

stimulated DCs preincubated with the inhibitor, reaching
statistical significance at 0.1 UM Amblyostatin-1 (Figure 5D). The
viability of DCs under various conditions was also evaluated to rule
out any cytotoxic effects of Amblyostatin-1, and cell viability was

found to be similar across all experimental groups (data not shown).

Recombinant Amblyostatin-1 does not
induce antibody generation in mice

The presence and specificity of anti-Amblyostatin-1 antibodies
in immunized mice was assessed. As a reference, another group of
mice was immunized with AsKunitz, a Kunitz-type inhibitor
previously described (48). As expected, serum from animals that
received the adjuvant only (control) did not recognize recombinant
Amblyostatin-1, AsKunitz, or A. sculptum saliva (Figure 6A).
Intriguingly, the serum of mice immunized with recombinant
Amblyostatin-1 did not recognize either the respective inhibitor
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In silico analysis of the Amblyostatin-1. (A) Amino acid sequence of Amblyostatin-1. The signal peptide is shown in blue, cysteine residues in red,
O-glycosylation sites in green, and N-glycosylation sites in purple. The boxes highlight the three cystatin motifs: (G), (QxVxG), and (PW). (B) Three-
dimensional structure modeled using AlphaFold 2 software. Colors indicate the confidence score of the model: red — very high (pLDDT > 90), light

red — high (90 > pLDDT > 70), yellow —

or A. sculptum saliva, similar to the control. In contrast, the serum
of mice immunized with recombinant AsKunitz recognized the
respective inhibitor; however, A. sculptum saliva was not recognized
(Figure 6A). To evaluate the specificity of these interactions, the sera
were blotted against the respective targets. Multiple bands for A.
sculptum saliva and a single band for recombinant Amblyostatin-1
were observed in gel electrophoresis, close to the 15 kDa marker
(Figure 6B). However, no reaction was detected when
Amblyostatin-1 antiserum was blotted against the same material
(Figure 6C). To rule out any experimental artifacts, a similar
approach was applied to AsKunitz, where multiple bands for A.
sculptum saliva and a single band for recombinant AsKunitz were
observed in gel electrophoresis, between the 10 and 15 kDa markers
(Figure 6D). A strong reaction was observed when AsKunitz
antiserum was blotted against recombinant AsKunitz, but not
against saliva (Figure 6E), suggesting that this Kunitz-type
inhibitor is either not secreted in A. sculptum saliva or its
amounts are below the detection limit of the assay. Together,
these findings indicate that Amblyostatin-1 presents low
immunogenicity to mice.
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low (70 > pLDDT > 50), blue — very low (pLDDT < 50).

Amblyostatin-1 reduces edema and
leukocyte infiltration to the skin

The enzymatic profile and increased production of IL-10 point
out a potential anti-inflammatory role for Amblyostatin-1. To test
this hypothesis, the carrageenan-induced paw edema - an in vivo
experimental model of acute skin inflammation - was performed in
the presence or absence of the inhibitor. Remarkably,
Amblyostatin-1 exhibited substantial anti-inflammatory activity,
resulting in reduced paw edema throughout the evaluation
period, with statistically significant effects observed at 4 and 24
hours of post-carrageenan inoculation (Figure 7A).

The skin cellular infiltrate was characterized at these time points
to identify the populations affected by Amblyostatin-1. Animals
inoculated with carrageenan plus PBS exhibited an increased
number of immune cells (CD45" cells) at both 4 and 24 hours
post-injection compared to the steady-state group. A 30% reduction
in CD45"
carrageenan plus Amblyostatin-1 at both time points; however,

cells was observed in the group co-inoculated with

this difference was not statistically significant when compared to the
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Residual enzymatic activity of different cathepsins in the presence of Amblyostatin-1. The kinetics of cystatin inhibitory activity were evaluated
against cathepsin L (A), S (B), C (C), B (D) and H (E). Inhibition percentages for each enzyme were calculated by comparing the initial rates of
enzymatic activity in the absence and presence of Amblyostatin-1, under the conditions described in the Supplementary Table S1.

carrageenan plus PBS group (Figure 7B). As expected, there was an
acute peak of neutrophils (CD11b"Ly6G" cells) at 4 hours post-
carrageenan inoculation, which is typical for this model. However,
in the presence of Amblyostatin-1, neutrophil infiltration to the skin
was significantly reduced. No differences between the groups were
observed at 24 hours post-inoculation (Figure 7C). For the other
myeloid cell populations (CD11b*Ly6G ™ cells), a similar trend to
that of CD45" cells was observed, showing a non-significant
reduction in the group receiving carrageenan plus Amblyostatin-1
at 4 and 24 hours post-inoculation (23% and 36%, respectively)
when compared to the group receiving carrageenan plus
PBS (Figure 7D).

It is important to emphasize that the tissue digestion process
utilizing collagenase and DNAse may be aggressive to the cells,
potentially affecting cell viability. Nevertheless, all the experimental
groups were similarly impacted by this procedure (data not shown),
supporting the conclusion that the observed phenotype is due to the
effects of Amblyostatin-1 on cell migration and/or recruitment,
rather than an experimental artifact.

Discussion

This study provides structural, phylogenetic, biochemical, and
functional insights into Amblyostatin-1, a novel member of the
cystatin family from A. sculptum saliva. The Amblyostatin-1
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transcript (AcajSIGP-71118), originally described in the species’
sialotranscriptome, was shown to be upregulated in partially
engorged females compared to non-fed females (50), suggesting
its involvement in blood feeding. In silico analysis of the protein’s
physicochemical properties, along with the modeled three-
dimensional structure, classifies Amblyostatin-1 as a member of
the 125B subfamily of protease inhibitors (17). Notably, despite
being uncommon among these cystatins, Amblyostatin-1 has two
predicted O-glycosylation sites and one N-glycosylation site,
indicating potential post-translational modifications that may
significantly impact the protein functionality (23). If these
predicted modifications occur, they could result in structural
alterations or enhanced functions of the protein, influencing its
folding, stability, and interactions, thereby impacting its
biological activity.

Among all tested expression systems, only the prokaryotic
system successfully yielded a sufficient amount of protein for
biochemical and biological assays (data not shown). Importantly,
the inhibition profile against cathepsins matches those documented
for different cystatins, indicating that the functional conformation
of the recombinant protein may be preserved. In fact, in our
experience, recombinant cystatins expressed in both prokaryotic
and eukaryotic systems exhibit comparable affinity constants
against target cysteine proteases (19, 51-53). Nevertheless,
heterologous expression of tick salivary cystatins in prokaryotic
systems has led to the purification of proteins with inhibitory
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Expression of accessory/costimulatory molecules by DCs in the presence of Amblyostatin-1. DCs were preincubated with medium or Amblyostatin-1
at different concentrations for 1 hour and subsequently stimulated with LPS for 24 hours. DCs were evaluated by flow cytometry for the percentage
of CD40* (A), CD80* (C), and CD86" (E) cells and for the median fluorescence intensity (MFI) of CD40 (B), CD80 (D), and CD86 (F). Data represent
the mean + SEM in the different groups from two independent experiments. Significant p values are indicated in the figure. All comparisons were
made by one-way ANOVA with Tukey post-test (n = 4-9 per group). ns, non-significant.

activities in the picomolar range (19, 37), and the inhibition profile
of Amblyostatin-1 agrees with that of most tick salivary cystatins
previously reported (40).

Although various cystatin transcripts have been sequenced in A.
sculptum sialotranscriptome (50), sequence similarity is variable,
reflecting the diverse functions of these molecules (54, 55). Besides
the three typical cystatin motifs (N-terminal G, QxVxG and a C-
terminal PW segment), Amblyostatin-1 shares conserved regions
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with selected cystatins that align with the cystatin alpha-helix and
the region following the QxVxG motif, forming the first loop
(hairpin loop 1). The similarity among these proteins primarily
occurs in the alpha-helix forming region. Functional cystatins
inhibit papain-like cysteine proteases (family C1) through a
reversible binding mechanism, competing with substrates for the
enzyme’s active site (56, 57). A proposed inhibitor-enzyme
interaction model suggests that the cystatin binding site is
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Cytokine production by DCs in the presence of Amblyostatin-1. DCs were preincubated with medium or Amblyostatin-1 at different concentrations
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(D) levels. Data represent the mean + SEM in the different groups from two independent experiments. Significant p values are indicated in the figure
All comparisons were made by one-way ANOVA with Tukey post-test (n = 4 per group). ns, non-significant.

complementary to the protease’s active-site cleft, enabling effective
inhibition via a tight-binding mechanism (i.e., Ki in the nanomolar
to picomolar range) (57, 58). The inhibition of cathepsin L by
Amblyostatin-1 was evaluated under the assumption that it follows
a mechanism similar to that of previously described cystatins.
Kinetic analysis using the Morrison equation, which characterizes
the reversible inhibition of enzyme-catalyzed reactions by tight-
binding inhibitors (44). confirmed a low nanomolar Ki value for
cathepsin L inhibition.

Given that two previously described salivary cystatins from ticks
- OmC2 from O. moubata and Sialostatin L from I. scapularis — also
target cathepsin S and have been shown to inhibit DC maturation
(59, 60), Amblyostatin-1 was tested for this activity. Because DCs
are the most powerful skin-resident antigen-presenting cells and
readily interact with salivary molecules and other physiological tick
components during infestation, tick salivary molecules present an
exquisite propensity to modulate DC biology (61). Indeed,
Amblyostatin-1 was found to affect DC maturation by reducing
the expression of costimulatory molecules CD80 and CD86
following LPS stimulation, without significantly changing the
expression of CD40, or the production of proinflammatory
cytokines, or the viability of these cells. It is known that
inhibition of cathepsin S directly impacts the processing of the

Frontiers in Immunology

11

major histocompatibility complex class II (MHC II)-associated
invariant chain in DCs (62, 63). This may indicate that
Amblyostatin-1 interferes with the maturation and function of
these cells. Although we have not tested whether Amblyostatin-1
is internalized by DCs to exert its biological activities, this capacity
has been demonstrated for other tick-derived cystatins. For
example, OmC2 was taken up by human DCs and translocated to
proteolytically active compartments involved in antigen processing,
where it bound to cathepsins S and C (59, 60). Furthermore, murine
DCs incubated with Sialostatin L accumulate an invariant chain
intermediate (Ii-p10), which is cleaved into the class II-associated
invariant chain peptide (CLIP) within lysosomal compartments, a
process dependent on cathepsin S (59, 60). A similar mechanism
may occur with Amblyostatin-1, potentially explaining the absence
of T-dependent antibodies following immunization with the
protein, as their production is reliant on antigen processing and
presentation by both DCs and B lymphocytes. Moreover, the
unknown concentration of Amblyostatin-1 in tick saliva, along
with the modulation of its expression during different phases of
infestation, may limit the development of detectable antibody
responses under natural conditions, though this assumption
requires further investigation. Indeed, tick salivary cystatins have
previously been proposed as “silent antigens” because they are not
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Amblyostatin-1 does not induce humoral immune responses in immunized mice. Mice were immunized with recombinant Amblyostatin-1 or
AsKunitz as described in Material and Methods. Control mice received only PBS in adjuvant. Blood of these mice was collected and serum was
separated for the assays. (A) ELISA assay to evaluate the antiserum recognition of Amblyostatin-1, AsKunitz, and A. sculptum saliva, used as a plate
coating (n = 4 animals per group); (B) Gel electrophoresis of A. sculptum saliva and recombinant Amblyotatin-1; (C) Western blot assay to evaluate
the antiserum recognition of Amblyostatin-1 and A. sculptum saliva; (D) Gel electrophoresis of A. sculptum saliva and recombinant AsKunitz;

(E) Western blot assay to evaluate the antiserum recognition of Amblyostatin-1 and A. sculptum saliva.

recognized upon natural exposure of vertebrate hosts to ticks, and
humoral immune recognition requires the injection of artificially
high amounts of recombinant proteins (64).

Unlike other tick salivary cystatins, Amblyostatin-1 increased
IL-10 production by LPS-stimulated DCs at nanomolar
concentrations. Interestingly, the whole saliva of a range of tick
species also induces the IL-10 production by activated DCs;
however, this phenotype has been attributed to the presence of
non-protein salivary molecules such as prostaglandin E, (PGE,)
and adenosine (65, 66). IL-10 is an anti-inflammatory and
regulatory cytokine, part of a cytokine family that plays multiple
roles in health and disease (67, 68). Although this phenotype is
novel for tick salivary cystatins, scientific literature shows that
helminth cystatins can induce IL-10 production and promote the
development and influx of IL-10-producing cells across various
experimental models. Notable examples include AvCystatin/Av17
from Acanthocheilonema viteae (69-71), Onchocystatin from
Onchocerca volvulus (72), CsStefin-1 from Clonorchis sinensis
(73), Sj-Cys from Schistosoma japonicum (74), Ts-Cys from
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Trichinella spiralis (75), among others. As these cystatins belong
to the I125A and I25B subfamilies and exhibit multiple target
specificities, it is challenging to establish a unified pattern that
explains IL-10 induction by Amblyostatin-1. Therefore, findings
regarding Amblyostatin-1 as an additional salivary molecule
capable of enhancing IL-10 production in activated DCs warrant
further investigation. For instance, kinetic analyses and isothermal
titration calorimetry may be used to better characterize the
biochemical properties of the molecule and strengthen these
findings. In addition, in vivo studies using RNA interference-
mediated silencing of Amblyostatin-1 in ticks during infestation
would validate its functional role in modulating host
immune responses.

Together, the induction of IL-10 and the inhibition of
cathepsins involved in cell migration and function pointed out for
a potential modulation of inflammatory responses by
Amblyostatin-1. Indeed, the recombinant protein has been shown
to reduce edema formation in a carrageenan-induced inflammation
model, as well as decrease neutrophil infiltration into the skin.
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Amblyostatin-1 presents anti-inflammatory activity in vivo. Mice received an inoculation of carrageenan (1%) plus PBS or carrageenan (1%) plus
Amblyostatin-1 (0.1 uM) in their hind paw, and the edema formation was evaluated at 1, 4 and 24 hours post-inoculation (A). In another set of
experiments, the skin was removed, processed and the inflammatory infiltrate was evaluated by flow cytometry. The following populations were
phenotyped: (B) total immune cells (CD45" cells), (C) neutrophils (CD11b*Ly6G* cells), and (D) non-neutrophil myeloid cells (CD11b*Ly6G™ cells).
Data represent the mean + SEM in the different groups from two independent experiments. Significant p values are indicated in the figure. All
comparisons were made by one-way ANOVA with Tukey post-test (n = 4-6 animals per group). CRGN, carrageenan; Ambly-1, Amblyostatin-1; ns,

non-significant

Other salivary cystatins with similar target profiles that have
demonstrated comparable anti-inflammatory effects by inhibiting
neutrophil migration in vivo include Sialostatin L, Sialostatin L2,
Iristatin, Ricistatin, and Mialostatin (19, 37, 38, 40, 76). Although
this model does not replicate the tick-host skin interface, it is a skin
inflammation protocol known to recruit neutrophils, the primary
cell type that migrates during initial tick infestations and may play a
role in the formation of feeding lesion (77-80).

It is important to highlight that, contrary to ticks found in the
Northern Hemisphere, very little is known about the saliva of
endemic tick species in South America. To date, only five A.
sculptum salivary proteins have been characterized at a functional
level: Amblyomin-X and AsKunitz, both of which are both Kunitz-
type protease inhibitors (48, 81, 82); evasin ACA-01, a chemokine
binding protein (83); As8.9kDa and AsBasicTail, representing the
8.9 kDa and basic tail families, respectively (48). In addition, PGE,
(a non-protein molecule) has been isolated from A. sculptum saliva
(46). Thus, Amblyostatin-1 emerges as a novel immunomodulator
from A. sculptum, contributing to the expanding list of tick salivary
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cystatins that exert immunomodulatory roles on the immune
system of the vertebrate host.

In conclusion, Amblyostatin-1 belongs to 125B subfamily of
protease inhibitors and functions as a regulator of DC activation. It
downmodulates the expression of costimulatory molecules CD80
and CD86, while selectively enhancing IL-10 production by LPS-
stimulated DCs, and does not impact TNF-o, IL-12p40, or IL-6
production. Additionally, Amblyostatin-1 reduces inflammation in
a carrageenan-induced paw edema murine model and affects
neutrophil infiltration without interfering with the migration of
other leukocyte types at the site of inflammation. The inhibitory
kinetics of Amblyostatin-1 toward its other targets still remain to be
determined to confirm whether the affinities for particular
cathepsins are associated with the phenotypes observed. These
findings underscore the potential use of these molecules in
developing strategies to control tick parasitism, as well as their
potential application as therapeutic agents for human inflammatory
and autoimmune diseases, particularly those involving pathogenic
protease activity.
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