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Abstract

Rhipicephalus microplus ticks feed on a bovine host for three weeks. At the attachment site,
inflammatory and immune responses are triggered resulting in the recruitment of cells and
production of a set of immunological mediators. To oppose the host’s immune responses, ticks
inoculate bioactive salivary molecules capable of interfering with these defense mechanisms.
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Serpins are among the most frequent molecules present in tick saliva and have been shown to
negatively affect the host’s anti-tick immunity. /. microp/us has at least eighteen full-length
serpins (RmS) and eleven are transcribed during blood feeding. Among them, RmS-3, RmS-6,

and RmS-17 are present in the saliva of engorged females. Here, the effect of these serpins on

the immune responses was evaluated in cells involved in innate/inflammatory (mast cells and
macrophages) and adaptive (T cells) immunity. RmS-3 modulated mast cells due to its inhibitory
activity on peritoneal rat chymase and on vascular permeability in acute inflammation. In addition,
both RmS-6 and RmS-17 inhibited vascular permeability. Of the three serpins studied, neither
affected activation nor inflammatory cytokine production by murine macrophages. On the other
hand, RmS-3 and RmS-17 presented an inhibitory effect on the metabolic activity of lymphocytes,
with the latter being the most potent, while RmS-6 had no effect on it. This activity was associated
with a decrease in lymphocyte proliferation, but not with induction of cell death. The present study
highlights the powerful modulatory role of tick salivary serpins in the host’s immune system and
inspire the discovery of targets for the treatment of inflammatory/immune disorders.
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1. Introduction

Rhipicephalus microplus, the cattle tick, has a major effect on livestock husbandry
especially in tropical countries. Along with anemia, weight loss and decreased milk
production caused by the large blood intake during heavy infestations, this species also
acts as a vector of tick-borne pathogens such as the etiologic agents of babesiosis and
anaplasmosis (Grisi et al., 2014; Jongejan and Uilenberg, 2004). To gain access to host
blood, R. microplus lacerates the skin creating a pool of blood surrounding the lesion
were the tick feeds for up to three weeks, resulting in the activation of the host’s defenses
such as pain, coagulation, inflammation, adaptive immune responses and wound healing
(Francischetti et al., 2009; Heinze et al., 2012a, 2012b). Meanwhile, the tick inoculates
saliva — a complex mixture of protein and non-protein bioactive molecules — at the feeding
site to counterbalance the host responses. Rhipicephalus microplus sialotranscriptomes
revealed the presence of transcripts coding for Kunitz-type, serpins, cystatins, lipocalins,
and many other secreted protein families with modulatory potential on their hosts (ChmelaF
etal., 2017; Maruyama et al., 2017; Tirloni et al., 2014a, 2014b); however, the biological
effects of these molecules on the vertebrate immune system are largely unknown.

Serpins are part of a ubiquitous superfamily whose many members are protease inhibitors,
although some of them evolved distinct functions such as storage, transport, blood pressure
regulation and molecular chaperoning, among others (Gettins, 2002). Serpins have been
described to interfere in several immune functions of arthropods such as regulation of the
Toll pathway and inhibition of the prophenoloxidase, which directly influences the synthesis
of melanin (Meekins et al., 2017). Salivary serpins can also participate in host-parasite
interactions by being secreted and injected into the host’s skin during the blood meal

(Kim et al., 2015; Tirloni et al., 2016). Therefore, serpins present in the saliva of blood
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feeding arthropods can interfere with the host hemostasis, Kallikrein-kinin system, and
immune responses, thus allowing the parasite to evade the host defenses at the feeding

site. Several authors have reported and characterized serpins in the saliva of different tick
species (ChmelaF et al., 2017; Meekins et al., 2017; Parizi et al., 2018). A few of these
serpins have been described to act in the modulation of the host’s immune system such as
Ixodes persulcatus 1pis-1 (Toyomane et al., 2016), /xodes ricinus immunosuppressor (lris)
and /. ricinus serpin-2 (IRS-2) (Chmelar et al., 2011; Palenikova et al., 2015), Rhipicephalus
haemaphysaloides RHS2 (Xu et al., 2019), Amblyomma americanum AAS27 (Tirloni et al.,
2019), and Haemaphysalis longicornis H1Serpin-a and HISerpin-b (Wang et al., 2019).

Rhipicephalus microplus putative serpin coding sequences have been identified (Rodriguez-
Valle et al., 2015; Tirloni et al., 2014b). Four of these serpins possess known biochemical
functions: RmS-3 inhibits chymase, chymotrypsin, and elastase; RmS-6 inhibits trypsin,
coagulation factors such as Xa, factor Xla and plasmin (Tirloni et al., 2016); RmS-15
inhibits thrombin (Xu et al., 2016); RmS-17 inhibits chymotrypsin, factor Xla, trypsin

and plasmin, and delays plasma clotting time (Tirloni et al., 2016). Both RmS-3 and
RmS-17 present inhibitory activity against cathepsin G (Tirloni et al., 2016). Considering
the inhibition profile exhibited by RmS-3, RmS-6 and RmS-17 and their potential role as
immunomodulators, the present study was designed to investigate the effect of these serpins
on the biology of cells involved in inflammation and adaptive immune responses to ticks,
such as mast cells, macrophages and lymphocytes.

2. Material and methods

2.1. Animals

Male Wistar rats, 6-8-week-old, were supplied by the Central Animal Facility, Institute

of Basic Health Sciences, Universidade Federal do Rio Grande do Sul (UFRGS). Female
C57BL/6 mice, 4-6-week-old, were bred and maintained at the I1sogenic Breeding Unit of
the Department of Immunology, Instituto de Ciéncias Biomédicas, Universidade de Sdo
Paulo (ICB/USP). Female BALB/c mice, 4-6-week-old, were originally purchased from
CEMIB/UNICAMP (Campinas, SP, Brazil) and bred at UFRGS. During all manipulation
procedures, animals were maintained under specific pathogen-free conditions and kept under
controlled temperature and luminosity, with food and water ad /ibitum. All procedures
involving vertebrate animals were carried out in accordance with internationally recognized
guidelines and in agreement with the Brazilian National Law number 11,794, Decree

6,899 and the Normative Resolutions of the National Council for the Control of Animal
Experimentation (CONCEA). The procedures were approved by the Institutional Animal
Care and Use Committee from the UFRGS (protocols # 28371 and 30927) and from
ICB/USP (protocol # 55/2015).

2.2. Expression and purification of rRmS-3, rRmS-6 and rRmS-17

Recombinant RmS-3, RmS-6 and RmS-17 were expressed and purified as previously
described (Tirloni et al., 2016). Affinity-purified proteins were dialyzed against 20 mM
Tris-HCI, NaCl 150 mM buffer pH 7.4, and stored at —80 °C until use. Endotoxin was
removed using the high capacity endotoxin removal spin columns kit and endotoxin level
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was estimated using Limulus amebocyte lysate assay (Thermo Fischer Scientific, Waltham,
MA, USA), following the manufacturer’s instructions. Endotoxin contamination did not
exceed 11 EU/mL in any of the protein samples used for the following assays.

2.3. Miles assay for vascular permeability

Wistar rats were anesthetized by an intraperitoneal injection of xylazin (10 mg/kg) and
ketamine (75 mg/kg) and injected intravenously with 700 pL of Evans blue dye (50 mg/kg
in saline) through the tail vein. After 5 minutes, animals were intradermally injected on the
dorsal region (100 pL - final volume) with: (i) saline, (ii) RmS proteins (25 ug) in saline,
(iii) agonist in saline, and (iv) agonist plus RmS (25 ug) in saline. Agonists used for Miles
assay were formalin 2% for RmS-6 and RmS-17 (Cattaruzza et al., 2014), and compound
48/80 (1 pg per spot) for RmS-3 (Chatterjea et al., 2012). Two spots of each treatment were
performed per animal (7= 6 per protein). After 60 minutes, animals were euthanized and an
area of skin that included the entire injection sites was carefully removed and photographed.
Evans blue dye spots on skin were excised and the dye was extracted incubating skin with
2.5 mL of formamide 50% for 24 hours at 55 °C. After centrifugation at 1,500 x g for 10
minutes, absorbance of the supernatant was measured at ODgognm (Muller et al., 2009).

2.4. Enzymatic assays

For rat peritoneum-derived cell chymase activity assay, Wistar male rats (n = 3) were
euthanized and the peritoneal cavity was washed with 10 mL of cold sterile phosphate-
buffered saline (PBS), pH 7.4. The cell-free supernatant was discarded after centrifugation
(300 x gfor 5 min at 4 °C) and the cells in the pellet were suspended in red blood

cell lysis buffer (155 mM NH4CI, 10 mM KHCOg, 0.1 mM EDTA, pH 7.4), incubated

for 5 minutes at room temperature following centrifugation (300 x g for 5 min at 4 °C).
Supernatant was discarded and washed repeated twice. Cell pellet was suspended in lysis
buffer (20 mM Tris-HCI, 2 M NaCl, pH 7.4). After lysis, extract was centrifuged (12,000
gfor 15 min at 4 °C). Supernatant containing chymase activity (1 U) was incubated with
recombinant serpins (1 uM) at 37 °C for 15 min. Reaction was triggered following addition
of substrate N-Succinyl-Ala-Ala-Pro-Phe-pNA (0.2 mM - final concentration). Protease
kinetics was monitored for 15 min at 30 °C with reads at every 11 seconds in triplicate
using a SpectraMax M3 plate reader (Molecular Devices, San Jose, CA, USA). One unit
of chymase is defined as the amount of protease necessary to achieve a velocity of 0.020
mOD405nm/s using experimental conditions described above.

2.5. Macrophage cultures

Peritoneal macrophages were recruited by intraperitoneal injection of mice with 1 mL 4%
sterile thioglycolate medium (Becton, Dickinson and Company, Sparks, MD, USA). After

4 days, the animals were euthanized, and the peritoneal cavity lavage was collected with 5
mL of cold sterile PBS (pH 7.4). The cell-free supernatant was discarded after centrifugation
(300 x gfor 5 min at 4 °C) and the cells in the pellet were suspended in RPMI 1640 medium
(Gibco Invitrogen, Grand Island, N, USA), diluted in Turk’s solution (4 mg/L gentian
violet in 3% acetic acid) and counted in a Neubauer chamber. A suspension containing 2

x 108 cells/mL was prepared in RPMI 1640 medium, distributed into sterile 96-well plates
in aliquots of 100 puL/well and incubated for 2 h at 37 °C and 5% CO, for macrophage
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adhesion. Cell monolayers were washed 3 times with warm PBS (at 37 °C) to remove non-
adherent cells and the adherent cells (considered macrophages) were cultured in complete
medium [RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2
mM L-glutamine, 100 units/mL penicillin, 200 pg/mL streptomycin, 25 mM HEPES and 2.5
x 10° M 2-mercaptoethanol (all from Gibco Invitrogen)] as described (Breijo et al., 2018).

2.6. Nitric oxide (NO) determination

Macrophages were prepared as described earlier and maintained in complete medium
(control group) or pre-incubated with R. microplus serpins (10-1000nM) for 1 h followed
by activation with 10 ng/mL of ultrapure LPS (InvivoGen, San Diego, CA, USA) plus

10 ng/mL of murine IFN-y (Sigma-Aldrich, St. Louis, MO, USA). Cell-free supernatant
was collected after 48 h and nitrite (NO2™) was evaluated in the culture supernatant by
Griess reaction as previously described (Medeiros et al., 2004; Sa-Nunes et al., 2007a).
Briefly, equal volumes of the supernatants and the Griess reagent (1% sulfanilamide in

5% phosphoric acid and 0.1% N-(1-Naphthyl) ethylenediamine dihydrochloride in distilled
water, /) were mixed and incubated for 10 min at room temperature. The optical density of
each well was evaluated at OD554nm ON a plate reader (SpectraMax M3, Molecular Devices,
San José, CA, USA) and NO,- concentrations were deduced from a standard curve prepared
with sodium nitrite (NaNO>) concentrations dissolved in complete medium.

2.7. Phagocytosis assay

Peritoneal macrophages were collected as described earlier. A suspension of 1 x 108
cells/mL was distributed in 24-well plates containing a glass coverslip on the bottom of
each well in aliquots of 100 pL/well. Cells were allowed to adhere to the coverslips (at 37
°C) for 20 minutes and non-adherent cells were washed with warm PBS. Adherent cells
were incubated for 1 hour and forty minutes in complete medium, followed by addition of
recombinant 500 nM of either RmS-3, RmS-6, RmS-17 or no serpin or then 106 zymosan
particles opsonized with mouse serum. Cells were allowed to phagocyte for 40 minutes

and then washed twice with PBS. Coverslips were immediately removed and stained with
hematoxylin-eosin (Newprov Kit, Pinhais, PR, Brazil). Phagocytosis was evaluated by light
microscopy (Zeiss Axiolab — Zeiss, Oberkochen, Germany). Percentage of phagocytosis was
determined by the number of macrophages that had three or more zymosan particles in each
100 cells (Peres et al., 2005).

2.8. Spleen cell cultures

Spleens from naive mice were aseptically removed and transferred into tubes containing 5
mL of RPMI 1640 medium. The organ was pressed through a 40-um-pore-size cell strainer
(BD Falcon, Franklin Lakes, NJ, USA) with the aid of a sterile syringe plunger. Cells were
centrifuged at 300 x g for 5 min at 4 °C and, after discarding the supernatant, the red blood
cells were lysed by ACK lysis buffer (Gibco Invitrogen). After further washes, the cells were
diluted in Turk’s solution, counted in a Neubauer chamber, suspended at 5 x 106 cells/mL in
complete medium and distributed into sterile 96-well plates in aliquots of 100 pL/well.
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2.9. Resazurin reduction assay

Resazurin reduction assay was employed to evaluate metabolically active spleen cells (S&-
Nunes et al., 2009; Sa-Nunes et al., 2007b). Spleen cells were prepared as described earlier
and maintained in complete medium (control group) or preincubated with R. microplus
serpins (10-1000nM) for 1 h followed by stimulation with concanavalin A (Con A - Sigma-
Aldrich) at 1 pg/mL final concentration for 72 h. The metabolic activity of the cells was
evaluated by adding resazurin (10 pg/mL final concentration) to all wells in the last 24

h incubation, followed by reading the culture absorbance at OD57gnm and ODggonm in @
plate reader (SpectraMax M3, Molecular Devices, San José, CA, USA) and the results are
expressed as the difference between the readings as previously described (Bizzarro et al.,
2013).

2.10. Cytokine determination

The cell-free supernatants of macrophages and lymphocyte cultures described above were
collected and the levels of TNF-a, IL-12p40 and IL-6 (for macrophages), and IFN--y (for
lymphocytes) were determined by BD OptEIA ELISA Sets according to manufacturer’s
instructions (BD Biosciences). The detection limit for each cytokine analyzed was 31.2
pg/mL.

2.11. Lymphocyte proliferation

Spleen cells were prepared as described earlier and stained with CFSE as previously
described (Quah et al., 2007). Briefly, a suspension containing 107 cells/mL were labeled
with 1 uM of CFSE (CellTrace CFSE Cell Proliferation kit — Invitrogen, Eugene, OR, USA)
diluted in 1 mL of PBS. Cells were incubated for 5 min at room temperature, washed 3
times with PBS, suspended at 2 x 106 cells/mL. Cells were distributed in 24-well plates

(500 pL/well), followed by preincubation with R. microplus serpins (1000 nM) for 1 h and
stimulation with suboptimal (0.5 pg/mL) and optimal (1 ug/mL) concentrations of Con A for
72 h. Cells were then stained at 4 °C for 30 min with fluorochromeconjugated anti-mouse
CD3, CD4 and CD8 monoclonal antibodies, acquired by a FACSCanto Il flow cytometer
and analyzed by the FlowJo software as described earlier.

2.12. Assessment of cell viability

Spleen cells were prepared as described earlier and maintained in complete medium or
incubated with the R. microplus serpins (1000 nM) for 2 h in polypropylene round-bottom
tubes (17 x 100 mm) at 37 °C and 5% CO». As an internal control, a group incubated
with the salivary gland extract (SGE) of Aedes aegypti, a preparation known to decrease
both metabolic activity and proliferation of lymphocytes through cell death (Bizzarro et
al., 2013), was included in the assay. Then, cells were washed with flow cytometry buffer
(PBS containing 1% FBS), transferred to flow cytometry tubes (12 x 75 mm) and stained
with fluorescence-conjugated anti-CD3, anti-CD4 and anti-CD8 monoclonal antibodies
(BioLegend) diluted in flow cytometry buffer for 30 min at 4 °C in the dark. Cells were
then washed twice with annexin buffer (10 mM HEPES, 140 mM NacCl, 0.25 mM CacCl)
and centrifuged at 300 x gfor 5 min at 4 °C. The cell pellet was resuspended in 100 pL of
annexin buffer and 5 pL of annexin V-FITC (BioLegend) were added to each sample, which
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was then incubated in the dark for 10 min at room temperature. Sample acquisition was
performed by a FACSCanto Il flow cytometer (BD Biosciences) to evaluate the percentage
of annexin V* cells. Data was analyzed using the FlowJo software, version 10.0.5 (Tree Star

Inc., Ashland, OR, USA).

2.13. Statistical analysis

For the comparison of the experimental groups, Student’s ztest or analysis of variance
(ANOVA) followed by Tukey as a post-test were used. A pvalue < 0.05 was considered

statistically significant.

3. Results

3.1. rRmS-3, rRmS-6 and rRmS-17 reduce vascular permeability induced by inflammatory

stimuli

Enzymatic assays showed that RmS-3 inhibits rMCP-1 by 87% in vitro (Fig. 1). The

identity of enzyme was confirmed by mass spectrometry analyses of a rat peritoneum extract
(Supplementary Fig. S1). Together with the previous findings showing that recombinant
RmS-3, RmS-6 and RmS-17 have as biochemical targets chymase and trypsin-like proteases
(Tirloni et al., 2016), our results suggest a potential role of these serpins on inflammatory
conditions. Thus, in order to further evaluate the 7 vivo activities of the serpins, two
different models of acute inflammation were employed in rats, according to the inhibitory
profile of each serpin. Strikingly, RmS-3 was shown to significantly reduce the vascular
permeability induced in the skin by compound 48/80 (p = 0.0007 - Fig. 2A-B), a polymer
that promotes mast cell degranulation. Similarly, both RmS-6 (Fig. 2C-D) and RmS-17 (Fig.
2E-F) decreased vascular permeability in the skin induced by formalin (p=0.0009 and p=
0.0002, respectively), a preparation known to activate trypsin-like proteases.

3.2. rRmS-3, rRmS-6 and rRmS-17 do not affect macrophage biology

The ability of macrophages to phagocyte opsonized zymosan particles was not altered

in the presence of these 3 serpins (Supplementary Fig. S2A). When compared with

cells maintained in medium only, the activation with IFN-vy plus LPS induced a

significant production of NO, as expected. The incubation of macrophages with increasing
concentrations of RmS-3, RmS-6 and RmS-17 prior to IFN-y plus LPS activation did not
affect NO production, even at the higher concentration used (Supplementary Fig. S2B).
Regarding inflammatory cytokines TNF-a,, IL-12p40 and IL-6, none of the serpins was
able to interfere with their production by activated macrophages (Supplementary Fig. S2C-
E, respectively). Of note, cells cultured in the presence of the serpins produced almost
undetectable levels of NO and cytokines (data not shown).

3.3.  rRmS-3, rRmS-6 and rRmS-17 selectively affect metabolic activity, IFN-y production
and proliferation of lymphocytes without inducing cell death

Next, the role of RmS-3, RmS-6 and RmS-17 on parameters associated with T lymphocyte
biology was assessed. None of the serpins changed the basal metabolic activity of the
spleen cells maintained in medium only. When stimulated with Con A, however, spleen
cells presented a partial decrease in their metabolic activity in the presence of the highest
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concentration of RmS-3 (1000 nM - p < 0.05), while RmS-6 had no effect on it (Fig. 3A and
3B, respectively). Under the same experimental conditions, the metabolic activity of Con
A-stimulated spleen cells was decreased in a concentration-response manner in the presence
of RmS-17, with a significant effect at 300 nM and 1000 nM (p < 0.05 - Fig. 3C). Regarding
Con A-induced IFN-y production, a similar profile was observed: RmS3 partially inhibited
the cytokine production at 1000 nM (Fig. 3D), RmS6 did not change its production (Fig.
3E), and RmS17 significantly inhibited the cytokine production (p < 0.05) at both 300 nM
and 1000 nM (Fig. 3F).

In order to evaluate if the changes in the lymphocyte metabolic activity were associated
with impaired cell proliferation, a CFSE dilution assay was evaluated by flow cytometry.
As expected, naive T lymphocytes do not proliferate when incubated with medium (Fig.
4A) or in the presence of the serpins only (Fig. 4B, 4C and 4D for RmS-3, RmS-6 and
RmS-17, respectively). Under suboptimal activation conditions, T lymphocytes presented
a weak proliferation (Fig. 4E) that was partially inhibited in the presence of RmS-3 (Fig.
4F), did not change in the presence of RmS-6 (Fig. 4G) and was completely inhibited in
the presence of RmS-17 (Fig. 4H). However, under optimal activation conditions, almost
all lymphocytes proliferated (Fig. 4 | - p< 0.05) and this robust proliferation was barely
affected in the presence of RmS-3 or RmS-6 (Fig. 4J and 4 K, respectively). Nevertheless,
the presence of RmS-17 inhibited Con A-induced lymphocyte proliferation (Fig. 4L).

Subsequently, it was evaluated whether the decreased metabolic activity/proliferation of
lymphocytes in the presence of R. microplus serpins was due to cell toxicity, by determining
the cell death in the presence of the proteins. Annexin V staining in CD4* T cells

showed that compared with cells maintained in medium only (Fig. 5A), the incubation

of T lymphocytes with RmS-3 (Fig. 5B), RmS-6 (Fig. 5C) or RmS-17 (Fig. 5D) did not
induce exposure of phosphatidylserine on the outer membrane of the cells. On the other
hand, the presence of A. aegypti SGE, a negative internal control, induced around 50% cell
death under the same conditions (Fig. 5E). Similar results were achieved in CD8" T cells:
compared to medium incubation (Fig. 5F), none of the serpins changed annexin V staining
(Fig. 5G-I) while A. aegypti SGE induced increased cell death (Fig. 5J).

4. Discussion

The serpin superfamily comprises thousands of proteins with similar structure but different
functions, found in genomes of all kingdoms (Gettins, 2002; Silverman et al., 2010). In
arthropods, the first serpin biochemically characterized was from the hemolymph of the
silkworm Bombyx mori (Sasaki and Kobayashi, 1984). Since then, a growing number of
arthropod serpins have been identified in different tissues and fluids, presenting a wide
range of functions in development, wound healing, immunity, melanization, antimicrobial
and intracellular signaling, among others (Meekins et al., 2017). In ticks, salivary serpins
are of special interest because of their potential ability to modulate vertebrate host’s
hemostasis and immunity during the blood meal, and a number of recent reviews have
covered important aspects of these host-parasite interactions (ChmelaF et al., 2017; Meekins
etal., 2017; Parizi et al., 2018). However, while a substantial number of studies focused on
the description of the biochemical targets of tick salivary serpins, less is known about their
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role on the host’s inflammation and immunity. The present study attempted to address this
point by evaluating the activities of RmS-3, Rm-S6 and RmS-17 on several parameters of
vertebrate innate and adaptive immune system.

Previous evidence has shown that RmS-3, RmS-6 and RmS-17 inhibit trypsin-like proteases
and chymase (Tirloni et al., 2016), which are abundantly present in mast cell granules

and released upon cell activation (Pejler et al., 2010). Mast cells reside in the skin and

are present at early stages of an acute inflammatory response, such that caused by the
introduction of of the tick mouthparts following attachment to the host. This suggests that
tick salivary serpins might attenuate mast cell-induced inflammation and could contribute
to the activities of tick saliva in modulating these cells, since they are involved in the host
responses against ticks (Engracia Filho et al., 2006; Matsuda et al., 1987, 1985).

Mast cell chymase affects inflammation at different levels, activating the cleavage of
pro-inflammatory cytokines/chemokines and of protease-activated receptor 2 (PAR-2),
degradation of endothelial cell-cell contacts, activation of extracellular matrix—degrading
enzymes, and recruitment of eosinophils/neutrophils (Pejler et al., 2010). Our results
show that RmS-3 inhibits rat peritoneum-derived rMCP-1, the main chymase produced
by connective tissue—type rat mast cells in the peritoneum. RmS-3 also reduces
vascular permeability induced by compound 48/80 which is able to induce plantar mast
cell degranulation accompanied by thermal hyperalgesia, tissue edema, and neutrophil
influx (Chatterjea et al., 2012). Taking altogether, these results suggest that RmS-3

can significantly modulate early steps of inflammatory responses that occur after tick
infestations by inhibiting chymase, released by mast cell activation.

RmS-6 and RmS-17 reduced formalin-induced vascular extravasation. The injection of
formalin into the mouse paw locally releases several forms of active trypsin-like serine
proteases. Trypsin-like proteases are expressed in the nervous system and in epithelial
tissues where they are the most powerful activators of PAR-2, indicating that they are
important factors in neurogenic inflammation and pain in the skin (Cattaruzza et al., 2014;
Knecht et al., 2007). These proteases generate PAR-derived peptides and activate cells via
PAR-2-dependent mechanism, resulting in an acute inflammatory response characterized
by edema formation in the paw (Cattaruzza et al., 2014; Knecht et al., 2007). Considering
this, tick injection of RmS-6 and RmS-17 into the feeding site could interfere with serine
protease-derived pro-inflammatory and algesic responses in the skin during tick feeding.

The immunomodulatory role of serpins was described in many organisms including
mammals, birds, worms, plants and insects, presenting different mechanism of action and
targeted cells (Silverman et al., 2010). Regarding arthropods, despite a reasonably common
in vitro inhibition of macrophage activation (Brake and Pérez De Ledn, 2012; Chen et

al., 2012; Kopecky and Kuthejlova, 1998; Kuthejlova et al., 2001; Rodrigues et al., 2018;
Urioste et al., 1994) and lymphocyte proliferation (Anguita et al., 2002; Bergman et al.,
1995; Ferreira and Silva, 1998; Gillespie et al., 2001; Kotsyfakis et al., 2006; Schoeler

et al., 2000; Turni et al., 2004; Urioste et al., 1994; Wang et al., 2017) caused by tick
saliva, SGE or some of its constituents, studies on the role of tick salivary serpins in

the biology of these cells are scarce. We demonstrated that RmS-3 and RmS-17 from
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R. microplus, has an impact in T lymphocytes by decreasing metabolism, proliferation

and cytokine production. Similar activities were found in salivary serpins described in

other arthropods. Iris was the first serpin shown to directly inhibit the proliferation of
murine spleen cell stimulated by Con A and the production of IFN-y by human PBMC
stimulated by PHA, CD3/CD28 or LPS (Leboulle et al., 2002). Iris was later described to
bind monocytes/macrophages and decrease the production of TNF-a induced by Toll-like
receptor agonists /in vitro, in addition to protect mice against LPS-induced toxic shock /n
vivo (Prevot et al., 2009). IRS-2, the second /. ricinus salivary serpin described, indirectly
inhibited lymphocyte differentiation to a Th17 profile, but this phenotype was due to an
interference with IL-6/STAT-3 signaling pathway on dendritic cells (Palenikova et al., 2015).
More recently, two salivary serpins from H. longicornis (HISerpin-a and HISerpin-b) were
characterized and shown to inhibit the production of inflammatory cytokines triggered

by LPS in bone marrow-derived macrophages (Wang et al., 2019). Our work shows that
RmS-17, and RmS-3 to a lesser degree, are now members of a selective group of T cell
inhibitory serpins found in tick saliva displaying no effect on macrophage activation. The
exact mechanism of action of such selective activity remains to be elucidated, but it differs
from that described for A. aegypti salivary components since no cell death is involved in the
process (Bizzarro et al., 2013).

The present work unveils the multifunctional role of R. micropl/us salivary serpins on
vertebrate immunity. Based on their biochemical targets, we revealed the anti-inflammatory
activities of RmS-3, RmS-6 and RmS-17 as inhibitors of mast cell proteases. In addition,
RmS-17 presented a potent inhibition of metabolic activity, IFN-y production and
proliferation of lymphocytes without promoting cell death, a phenotype that is partially
shared with RmS-3. Knowing that inflammation and adaptive immune responses to protect
the host against pathogens transmitted by R. microplus, the salivary serpins may provide

a strong immunomodulatory microenvironment at the skin that in turn facilitates pathogen
transmission. The biological functions of these serpins on role of immune cells in many
inflammatory and autoimmune disorders suggest the potential use of the R microplus serpins
as a potential source of immunomodulators to treat these conditions.
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Fig. 1.

Rhipicephalus microplus serpin RmS-3, but not RmS-6 or RmS-17, inhibits rat MCP-1

(rMCP-1) protease activity. The activity was measured in the presence of each serpin (1000
nM) using a specific colorimetric substrate as described in the Material and Methods.
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Fig. 2.

R/%/;oicepha/us microplus serpins decrease vascular permeability induced by inflammatory
stimuli. Wistar rats were injected i.v. with Evans blue dye followed by i.d. inoculation

of saline, recombinant RmS-3, RmS-6 or RmS-17 and received inflammatory stimuli
(compound 48/80 or 2% formalin) in the presence or absence of serpins. After 1 h, animals
were euthanized and an area of skin that included the entire injection sites was carefully
removed and photographed (A, C, E). Evans blue dye spots on skin were excised and the
dye was extracted and measured at ODgyonm (B, D, F). *p < 0.05 versus control group (skin
inoculated with saline); #p < 0.05 versus “48/or “formalin” group.
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0
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Rhipicephalus microplus serpins differentially affect the metabolic activity and the IFN-y

production of murine T cells. Spleen cells were incubated with medium only or with

different concentrations of each serpin (10 — 1000 nM) for 1 h and stimulated or not with
Con A (1 pg/mL). The metabolic activity was evaluated by absorbance at 570 and 600 nm
(A-C). The IFN-y production was evaluated by ELISA (D-F). Results are expressed as the
mean + SEM. *p < 0.05 versus control group (cells incubated with medium only); #p < 0.05

versus “Con A” group.
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Fig. 4.

Rhipicephalus microplus serpins differentially affect proliferation of murine T cells. Spleen
cells were collected and CFSE-stained, incubated with medium only or with the serpins (1
UM each) for 1 h and stimulated or not with suboptimal (0.5 pg/mL) or optimal (1 pg/mL)
concentrations of Con A. Proliferation was determined by flow cytometric analysis of CFSE

dilution as described in Material and Methods.
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Annexin V

Fig. 5.
Rhipicephalus microplus serpins do not affect lymphocyte viability. Spleen cells were

incubated with medium only, with each serpin (1000 nM) or with Aedes aegypti salivary
gland extract (SGE — 10 pg/mL) for 2 h. Cells were stained with fluorescence-conjugated
anti-CD3, anti-CD4 and anti-CD8 monoclonal antibodies followed by annexin V and
acquired by a flow cytometer to evaluate the percentage of annexin V* cells.
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