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Abstract

Background Tick bites severely threaten human health becdheg allow the
transmission of many deadly pathogens, includinyseés, bacteria, protozoa and
helminths. Pruritus is a leading symptom of tickebj but its molecular and neural

bases remain elusive.

Objective To discover potent drugs and targets for the $ipeprevention and
treatment of tick bite-induced pruritus and artludpelated itch.

Methods We used live-cell calcium imaging, patch-clamporeings, and genetic
ablation and evaluated mouse behavior to investittee molecular and neural bases

of tick bite-induced pruritus.

Results We found that two tick salivary peptides, IPDeflddRDef2, induced itch in
mice. IPDefl was further revealed to have a strommaritogenic potential than
IRDef2 and to induce pruritus in a histamine-indegent manner. IPDefl evoked itch
by activating mouse MrgprC11 and human MrgprX1 onsdl root ganglion (DRG)
neurons. IPDefl-activated MrgprC11/X1 signalingsséred downstream ion channel
TRPV1 on DRG neurons. Moreover, IPDefl also actidanouse MrgprB2 and its
ortholog human MrgprX2 selectively expressed ontroals, inducing the release of
inflammatory cytokines andriving acute inflammation in mice, although mast cell

activation did not contribute to IP-O-induced itch.

Conclusion Our study identifies tick salivary peptides aseavrclass of pruritogens

that initiate itch through MrgprC11/X1-TRPV1 sigimaj in pruritoceptors. Our work

will provide potential drug targets for the preventand treatment of pruritus induced
by the bites or stings of tick and maybe otherrapghds.

Key words Tick; Peptide; Itch; Mrgprs; TRP channel

Abbreviations

IPDef1: IP defensin 1

IP-O: Oxidated form of IPDefl

IRDef2: IR defensin 2

MRGPR: Mas-related G protein coupled receptor
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DRG: Dorsal root ganglion

TRPV1: Transient receptor potential vanilloid 1

RP-HPLC: Reverse-phase high-pressure liquid chrognaphy
a-CHCA: a-cyano-4-hydroxycinnamic acid

TFA: Trifluoroacetic acid

HEK293T: Human embryonic kidney 293T

MALDI-TOF MS: Matrix-assisted laser desorption ipaiion time-of-flight mass
spectrometry

CCTCC: China Center for Type Culture Collection

MIC: Minimum inhibitory concentration

CQ: Chloroquine

HBSS: Hank's balanced salt solution

HEPES: Hydroxyethyl piperazineethanesulfonic

Cap: Capsaisin

AITC: Allyl isothiocyanate

KO: Knockout

PBS: Phosphate buffer saline

SDS: Sodium dodecyl sulfate

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamideadettrophoresis
MCDM: Mast cell dissociation media

mSCF: Mouse stem cell factor

DMEM: Dulbecco's modified eagle medium

ELISA: Enzyme linked immune sorbent assay

MCP-1: Monocyte chemotactic protein 1

TNF-a: Tumor necrosis factar

gRT-PCR: Quantitative real time PCR

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
SEM: Standard error of the mean

MW: Molecular weight

CSuf3: Cysteine-stabilized-helical and3-sheet

GFP: Green fluorescent protein

ECso. Concentration for 50% of maximal effect

CRISPR: Clustered regularly interspaced short datimic repeats
WT: Wild-type



93
94
95
96
97
98

99
100
101
102
103
104
105
106
107
108
109
110

111

GPCR: G protein-coupled receptor
TRPAL: Transient receptor potential A1
5-HT: 5-hydroxy tryptamine

PMC: Peritoneal mast cell

CPA3: Carboxypeptidase A3

TLR4: Toll-like receptor 4

Key M essages

® Two tick salivary peptides IPDefl and IRDef2 induiteh in mice via a
histamine-independent pathway.

® |PDefl evokes itch by activating MrgprC11/X1 to siime downstream TRPV1
on DRG neurons.

® [PDefl activates MrgprB2/X2 on mast cells to caasgte inflammation.

Capsule Summary
Anti-histamine treatment does not improve the ighsymptoms of patients bitten by

ticks. Tick salivary peptides induce itch via therg@drC11/X1-TRPV1 signaling
pathway, providing potential drug targets for treant of the disease.
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Introduction

Pruritus is a dermatological symptom involving skiching but no primary skin
damage and is the most common clinical manifestaifoskin diseaseés. There are
numerous factors that can induce pruritus, suatolass warmth, chemical fibers, bites
of ticks and insects, diabetes, liver disease addely disease. In addition to the
H1/H4 receptor, Mas-related G protein coupled rtmsp (Mrgprs) and Piezo2
channels were recently identified as itch relatedmbrane proteiffs’. However, itch
Is still an unmet clinic problem with no univerdadatment because the molecular,
cellular and neural circuit mechanisms of itch hawx& been fully understood.
Therefore, it is important to identify new and sfiegruritogens to dissect molecular
and cellular mechanisms of itch as well as unrévelspecificity and selectivity of
itch receptors.

The bites or stings of many arthropods represeatobthe most common causes of
itching® ® These arthropods mainly include insects and aidsh such as fleas,
mosquitoes, bedbugs, bees, wasps, mites and &ech of them has thousands of
species on the earth, constituting a large groupcbfrelated organisms. Ticks are
small arachnids that belong to the order Ixodiddhef class Arachnida. There are
approximately 900 tick species in the world. Blaagtking ticks attack various types
of vertebrates. Moreover, some tick species caathqggens such as viruses and
rickettsiae, which can infect humans and anifmélsTick bites can lead to local
lesions and systemic illness, referred to as tiokicbsis. Pruritusis a leading
symptom of tick toxicosis. Patients bitten by lorsar ticks exhibit skin
manifestations, specifically a large number of pimipapules. Dogs bitten by the
mouro tick Ornithodoros brasiliensis also present skin rash and itch symptims
However, the molecular and neural bases of tick-ioitluced pruritus is largely
unknown.

The saliva or venoms of the itch-inducing arthraggpodntain various toxic peptides
used for prey and defense that exhibit extremelhgrde primary sequences, spatial
structures, targeting receptors and biological fions"**> It is possible that these
arthropods may produce a class of common peptrldgsiiduce itch in humans and
animals. Previous reports showed that the clagheofancient invertebrate defensin
could serve as a common peptide component in thegasar venoms of the
itch-inducing arthropod& *”. We speculated that these ancient invertebratendif

peptides may be potent candidate pruritogens.
5
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In this study, two tick salivary defensin peptidé#aDefl and IRDef2, were found
to induce histamine-independent itch in mice whi®efl had a stronger activity.
IPDefl produced itch through directly activatingshd root ganglion (DRG) neurons
and triggering C& influx. Using live cell calcium imaging, patch-oi@ recordings,
co-immunoprecipitation and gene editing, mouse MZdd and human MrgprX1
were identified as the main itchy receptors for éD on DRG neurons. The
MrgprC11/X1-TRPV1 axis in DRG neurons was an imaettsignaling pathway for
IPDefl-induced itch. Interestingly, IPDefl also izated mouse MrgprB2 and its
human ortholog MrgprX2 selectively expressed on tnaadls, thereby causing
inflammatory cytokine release and inducing acutelammmation in mice.
Unexpectedly, mast cell activation by IPDefl did nontribute to its itch-inducing
activity. Our study discloses the molecular anduéal basis of itch induced by the
tick salivary peptides and provides potential dtaggets for the prevention and
treatment of pruritus induced by the bites or &img arthropods such as ticks,

mosquitoes and ants.

Methods

Oxidative refolding and homology modeling

Reduced IPDefl and IRDef2 were synthesized by Gtapades Co., Ltd. (China),
and the purity of each peptide was greater than. Ittorm three disulfide linkages
via intermolecular oxidative refolding, the redugezptides (1 mg) were dissolved in
2 mL Tris-HCI buffer (0.1 M, pH 8.0) and incubatad25 °C for 48 h with continuous
shaking at 50 rpm. The oxidized peptides were dagtd at 12,000 rpm for 10 min
at 4 °C, and the supernatants were purified byrsevphase high-pressure liquid
chromatography (RP-HPLC) (Agilent, USA). The averagolecular mass of each
oxidized peptide was confirmed by matrix-assistedelt desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) (BaxIll, Bruker, Daltonik
GmbH, Bremen, Germany). Oxidized IPDefl and IRDefhjch were desalinated
and purified by RP-HPLC, were mixed with MALDI-mixtr solution (1 mL,
containing 10 mg/mL a-cyano-4-hydroxycinnamic acid o{CHCA), 0.1%
trifluoroacetic acid (TFA) and 45% acetonitrile)adn, 1uL of each peptide sample
mixture was spotted onto a MALDI target plate agftl to air dry at room temperature.

Mass spectrometry was performed with FlexContrdtwsre (Version 3.0, Bruker
6
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Daltonics) for a mass range of m/z from 1,000 @8,Da. The mass of the oxidized
peptide was measured in positive-ion linear modenadccelerating voltage of 25 kV.
The secondary structure of each peptide was detedry circular dichroism (CD)
spectroscopy using a JASCO J-810 spectrometer (QA8@=rnational Co., Ltd.,
Japan). The peptides were dissolved in Milli-Q watd a concentration of
approximately 20@ug/mL. CD spectra were obtained at wavelengths fi®&®h nm to
260 nm at room temperature (25 °C). The scanniregdpnvas 50 nm/min, the
resolution was 1 nm, and the response time wasc2Esch reading was repeated
three times, and the results are shown as the meséiue molar ellipticity ). The
3D-structure prediction was determined using SWAMB3DEL work-space

(http://swissmodel.expasy.org).

In vitro antimicrobial assays

Reference strains of gram-positive bacteria andhgragative bacteria were used to
evaluate thén vitro antimicrobial activity of IPDefl (IP-R and IP-CBtaphyl ococcus
aureus AB94004,S. aureus ATCC25923,S aureus ATCC6538,Micrococcus luteus
AB93113, Bacillus subtilis AB91021, Escherichia coli AB94012 andE. coli
ATCC25922 were purchased from the China Center yfe TCulture Collection
(CCTCC). The antimicrobial activities of IP-R arfé-Oin vitro were evaluated by a
two-fold serial dilution method as recommended HySCguidelines. The strains,
which were stored in a refrigerator at -80 °C, wareculated into solid medium
plates and cultivated at S8€ overnight in a thermostatic incubator. A singtdony
was selected and subcultured in liquid medium. rAlte@ernight culturing and
activation, the test strains were diluted with roedito 1d-10° CFU/mL. Then, 2L
peptide at various concentrations was added t@L8diluted culture medium
containing the test strains for a total volume @ L. The 96-well microplates were
incubated at 37C with continuous shaking at 16@m for 14-1éh, and the
absorbance at 630n was measured to determine the minimum inhibitory
concentration (MICs). The MIC was defined as thedst peptide concentration that
completely prevented growth and was measured witliceotiter optical plate reader.
To monitor the validity and reproducibility of tlzessays, incubations were performed

in triplicate with three parallel replicates.

Behavioral studies
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Two- to 3-month-old male mice (C57BL/6, 20-30 g)revboused on a 12-h light-dark
cycle at 24 °C. On the day of the experiment, thienals were allowed to acclimatize
to the test chamber for 10 minutes prior to in@ctiA pruritic substance (i.e., IPDef1,
IRDef2, histamine, CQ, PAMP9-20 or anti-IgE) wasradermally injected into the
nape of the neck after acclimatization. A bout@h#ching was defined as an episode
in which a mouse lifted its paw and scratched diyeat the area around the injection
site continuously for any length of time and lastedil the paw was returned to the
floor. The use of both forepaws was classified esming behavior and was not
considered scratching. Scratching behavior wastgieghby counting the number of
scratching bouts during the 30-min observationqeerAn antagonist (i.e., cetirizine,
JNJ7777120, AMG9810, or HC030031) or the mast stabilizer cromolyn sodium
were intraperitoneally injected 30 min before thgction of the pruritic substances.
All behavioral tests were performed by an experit@erblind to genotype. All
experiments were performed under the policies aadommendations of the
Institutional Animal Care and Use Committee of Whaniversity. Antagonists
above were purchased from Targetmol.

Geneamplification

Since Mrgprs are expressed mainly in the peripheardl central nervous systems, we
extracted total RNA from mouse DRG neurons usindzdRreagent (BBI, Toronto,
Canada). Then, total RNA was reverse-transcribedthe 1st strand cDNA using the
First Strand cDNA Synthesis Kit (Thermo ScientifildSA). Subsequently, the
synthesized cDNAs were used as templates for rarutamer p(dN)6 amplification
by PCR. The mouse and human Mrgpr genes were aadpkind characterized by
PCR. Experiments involving tissue were also perénunder the policies and
recommendations of the Institutional Animal Carel dgse Committee of Wuhan

University.

DRG neuron culture

DRG neurons from all spinal levels were collectednt 4- to 5-week-old mice,

placed in cold HBSS and treated with enzyme satuio37 °C. Briefly, neurons from
sensory ganglia were dissected and incubated foniftdn 1.4 mg/mL collagenase P
(Roche) in Hanks calcium-free balanced salt satutidhe neurons were then

incubated in 0.25% standard trypsin (vol/vol) STéfsene-EDTA solution for 3 min
8
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with gentle agitation. After trituration and cefiigation, the cells were resuspended
in media (Eagle’s MEM with Earle’s BSS medium sugpénted with 10% horse
serum (vol/vol), MEM vitamins, penicillin/streptoroip and I-glutamine), plated on
glass coverslips coated with poly-D-lysine, cultuie an incubator at 37 °C, and
used within 18 h. All results were also confirmesing neuronal cultures from adult

mice.

HEK?293T cell culture

HEK293T cells were cultured on poly-D-lysine-coatgidss coverslips. The cells
were transfected with 500 ng mougkegprs, 500 ng humamrgprs, 250 ng human
Trpal, or 250 ng humarfrpvl plasmids with Tubofect (Invitrogen). The cells wer
replated on glass coverslips 20 h after transfeciiod used for Calcium imaging or

patch-clamp recordings.

Calcium imaging

DRG neurons or HEK293T cells were loaded for 30%b in the dark with 10 puM
Fura-2AM (Yeasen Biotech Co., Ltd) supplementedhwi®01% Pluronic F-127
(wt/vol, Yeasen Biotech Co., Ltd) in physiologidinger’s solution containing 140
mM NaCl, 5 mM KCI, 10 mM HEPES, 2 mM Cafl2 mM MgCh and 10 mM
d-(+)-glucose, pH 7.4.. After washing, the cellsrevamaged at an excitation
wavelength of 340 and 380 nm to detect intracellditae calcium. Cells were
considered to have exhibited a response if the' JQ@se by at least 30% for at least
10 sec allowing us to clearly distinguish liganduoed responses from random
flickering events. Each experiment was performedeast three times with at least
100 neurons or HEK293T cells were analyzed. Forassay of calcium response
traces, each colored line represents an indivibiE neuron or HEK293T cell. For
the assay of E£g value or the response prevalence, calcium respoasesach
concentration or substance were normalized to thleximmal response elicited
subsequently. Each point represents data colldobed an independent experiment.
KCI (50 mM) was used to identify live cells. BAM&250 uM), CQ (1 mM) or
PAMP9-20 (20uM) was used as an agonist to identify the functidiegprC11,
MrgprA3 or MrgprB2, respectively. Capsaicin (1 pbt)allyl isothiocyanate (100 puM)
was used as a channel agonist to identify the iomat TRPV1 or TRPAL,
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respectively. Calcium imaging assays were perfortmgdan experimenter blind to

genotype or pretreatment.

Whole-cell patch-clamp recordings

HEK293T cells plated on coverslips were transfeteed chamber with extracellular
solution. Patch pipettes with a resistance of 244 Mere used. For current-clamp
recordings, action potentials were measured withAgon 700B amplifier and the

pCLAMP 9.2 software package (Axon Instruments).I<elere perfused with IP-O

(10 uM) for 30 s, and Cap (1 uM) or AITC (100 pMaswsed as a positive control.

All experiments were performed at room temperafdse°C).

Knockout mice

The three knockout mouse strains we used were enCh7BL/6 background.
MrgprC11 knockout mice were generated by the falhgw strategy (Cyagen
Biosciences). The MrgprCll gene (NCBI Reference uSece: NM_207540;
Ensembl: ENSMUSGO00000070552) is located on mousenubsome 7. Two exons
with the ATG start codon in exon 2 and the TGA stodon in exon 2 were identified
(Transcript: ENSMUST00000094390). Exon 2 was setéets the target site. Cas9
and gRNA were coinjected into fertilized eggs toduce KO mice. The pups were
genotyped by PCR followed by sequencing analysigonE 2 starts from
approximately 0.1% of the coding region. Exon 2arev100.0% of the coding region.
The size of the effective KO region was 964 bp. K@ region did not contain any
other known geneTrpal™ and Trpvl™ mice were obtained from Jackson
Laboratory.

I mmunoprecipitation

Cells transfected with the plamid pcDNA3.1 expregsiN-flag-tagged Mrgpr

receptors (mouse MrgprA3/C11 and human MrgprX1/X3¥4) and TRP channels
(TRPV1 and TRPA1) were washed with ice-cold PBS] proteins were extracted
according to the manufacturer’s instructions. Coanfrol) rsepresents HEK293T
cells transfected with the plamid pcDNAS.1-Flagtekfcentrifugation, an adequate
amount of soluble His-IP-O was added to the supamaand the mixture was
incubated with rotation for 4 h at a temperaturd 6€C. Subsequently, & protein G

beads and 0.pL anti-Flag antibody (Sigma) were added, and thepdes were
10
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incubated with rotation overnight. After overnightubation, the Sepharose beads
were washed three times with ice-cold modified Nbi@fer and resuspended in 5 x

SDS sample buffer. The samples were separated IBFNGE and then transferred

onto Immobilon-P membranes (Millipore) for westétat analysis.

Peritoneal mast cell purification and imaging

Three- to four-month-old adult C57BL/6 male and &enmice were killed by CO
inhalation. Ice-cold mast cell dissociation medMCDM; HBSS with 3% fetal
bovine serum and 10 mM HEPES, pH 7.2) was usedetfopn two sequential
peritoneal lavages; the media from these lavages w@mbined, and the cells were
spun down at 200g. The pellet from each mouse was resuspended ibh RIGDM,
layered on top of 4 mL isotonic 70% Percoll suspang§2.8 mL Percoll, 32QL 10 x
HBSS, 40uL 1 M HEPES, 83Q.L MCDM), and spun down for 20 min with 50@x
at 4 °C. Mast cells were recovered in the pelleriti? was asassayed by toluidine
blue staining. Mast cells were resuspended at aecaration of 5 x 10- 1 x 16
cells/mL in DMEM with 10% fetal bovine serum and 8§/mL recombinant mouse
stem cell factor (Sigma) and allowed to recoverZdr in a 37 °C incubator with 5%
CQO,. The cells were then spun down, resuspended in&1B&unted, and plated at a
concentration of 300 cells/well in 7pL HBSS in 96-well plates. After 2 h of
incubation at 37 °C and 5% GOthe mast cells were used for calcium imaging

according to the methods described above.

Hindpaw swelling and Evans blue extravasation

Adult male C57BL/6 mice were anesthetized by irgrdapneal injection of 0.2 mL
chloral hydrate (3.5%). Fifteen minutes after intlut of anesthesia, the mice were
injected with 50uL 12.5 mg/mL Evans blue (Sigma) in saline throulgé tail vein.
Five minutes after Evans blue injection, the tesissance (IP-O, 2 mg/mL,8.) was
intraplantarly injected into one hindpaw of eachus® and saline (oL) was injected
into the other hindpaw. Paw thickness was meadoyédernier calipers immediately
after injection. Fifteen minutes later, paw thickeevas measured again, and the mice
were killed by decapitation. The hindpaws of theenivere imaged, and paw tissues
were collected, dried for 24 h at 50 °C, and wetljHevans blue was extracted by
24-hour incubation in formamide at 50 °C, and tH2 @lues were read at 620 nm

using a spectrophotometer. The concentration oingvaslue dye was determined
11
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based on the corresponding standard curve andssquteas ng/mg of tissue weight.
The mice were initially treated with PBS or cromolsodium (25 mg/kg) for 3 days
by intraperitoneal injection. On the fourth daye timice were subjected to the above

experiment.

Enzyme linked immune sorbent assay (ELI1SA)

1 x 1¢*- 5 x 1¢ mast cells were incubated with test compound €mnutes before
supernatant was collected. Supernatants were sabreéd0 °C until used for ELISA.
All data were normalized according to cell numbéistamine was detected with an
ELISA Kit from Abcam according to manufacturer’ssiructions. Tryptase beta 2,
serotonin, monocyte chemotactic protein 1 (MCP-a)l aumor necrosis factor-
(TNF-0) were analyzed with ELISA Kits from Cusa Bio. Eadbt represents an

independent biological replicates from PMCs isaldtem >4 animals.

Quantitativereal time PCR (QRT-PCR)

Total RNA was extracted from PMCs or hindpaw tisswsing TRIzol reagent
(Takara), and the first-strand cDNA was reversgygcribed by using the RevertAid
First Strand cDNA Synthesis Kit (ThermoFisher Stfar). The cDNAs of the tested
cytokines and chemokines were quantitated by qRR-P@ing the Bestar®
SybrGreen gPCR master mix reagent (DBI® Bioscienthg shown data represent
the relative abundance of the indicated RNA norrealito that of GAPDH. The
nucleic acid stain (Super GelRed, no.: S-2001) puashased from US Everbright Inc.
The gRT-PCR primer sequences for the test cytolandschemokines were shown in
Table S1. All gRT-PCR experiments were performed aan ABI 7500 system

according to the manufacturer’s instructions.

Statistical analysis
The data are presented as the mean * standardoértfoe mean (SEM). Statistical
comparisons were made with unpaired Student’s t, tasd differences were

considered significant & < 0.05.

Results

Preparation, structural features and antimicrobial activity of the tick salivary
12



383  peptide | PDef1.

384  Since there have been some clinical cases of @akexd by the bites of hard ticks, we
385 wondered whether the salivary peptide IPDefl from tick Ixodes persulcatus (Fig.
386 1A) can induce itching and scratching responses in .nfioest, we chemically
387 synthesized the reduced form of IPDefl (IP-R) drehtfolded it by air oxidation in
388  slightly alkaline Tris-HCI buffer. The oxidized ptoct of IPDefl (IP-O) was purified
389 to homogeneity by reverse-phase high-performanaguidi chromatography
390 (RP-HPLC) and was eluted at a retention timg ©f 20.4 min, which was 1.4 min
391 later than the reduced form was elutéd ¢f 19.0 min) (Fig. 1B), indicating that the
392 reduced form and oxidized product of IPDefl havéfeddnt polarities. This
393 difference suggests that the formation of an intlacular disulfide bond can
394 decrease the polarity of this peptide. To verifyutiide bond formation, we analyzed
395 the reduced form and oxidized product of IPDeflngsimatrix-assisted laser
396 desorption/ionization time-of-flight mass spectrame (MALDI-TOF MS). The
397 results showed that the mass-to-charge ratios @ l&éhd IP-R were 4195.1 and
398 4201.5, respectively (Fig. 1C). The measured mideamveight (MW) of the oxidized
399 product (IP-O) was 4194.1 Da, which was 6.4 Da thas the MW of the reduced
400 form (IP-R, 4200.5 Da). These data indicate thathgdrogen atoms of the cysteines
401 of the reduced peptide were removed when threefidisubridges were formed.
402  Additionally, analysis of circular dichroism indiea that IP-O displayed a minimum
403 at 208 nm and a maximum at 198 nm (Fig. S1A), destmating that the reduced form
404  of IPDefl folds into a native-like conformation sian to that of other peptides with
405 cysteine-stabilized-helical and3-sheet (C&p) structures. In contrast to that of IP-O,
406 the secondary structure of IP-R was mainly domuohdmg irregular coils (Fig. S1A).
407  The 3D structure of IPDefl was modeled using thectire of the defensin MGD-1
408 as a template (PDB: 1FJN) with the SWISS-MODEL ser¥he predicted structure
409 of IPDefl had one-helix domain at the N-terminus and tesheet domains at the
410 C-terminus (Fig. S1B).

411 As in representative invertebrate defensins, thenectivity of three disulfide
412  bridges (Cy&Cys®, Cys-Cys® and Cy%-Cys®) formed the core skeleton of
413 IPDefl (Fig. S1B). In addition, IP-O presented hetre same secondary structure in
414  different solutions, including water, 0.9% sodiurlacide and PBS (Fig. S1C),
415 suggesting that IP-O has a stable structure irerdifft solutions. Because diverse

416  bacteria are present in the habitats of ticks awhbise IPDefl belongs to the ancient
13
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invertebrate-type defensin family and contains digulfide-paired cysteines, we
performed minimum inhibitory concentration (MIC)ptiments to investigate the
antimicrobial activities of IPDefl. IP-O effectiyeinhibited the growth of five tested
standard gram-positive bacteria, exhibiting MICues of 0.5-2uM, whereas its
reduced form IP-R showed much weaker bioactivitgirgt these bacteria, showing
MIC values of 6-16uM (Fig. S2). However, both forms of IPDefl (IP-RdaliP-O)

did not seem to exert bioactivity against two tdsttandard gram-negative bacteria,
exhibiting MIC values of more than 30M (Fig. S2). These results suggest that only
the oxidized form of IPDefl (IP-O) exerts excellenttibacterial effects against
gram-positive bacteria. Additionally, the conforioat of CSif is closely related to

the antimicrobial activity of IPDef1.

| PDef1 causes histamine-independent itch in mice.

After preparing IPDefl, we examined whether thetidepcan induce itching and
scratching responses in mice. The reduced andzexidiorms of IPDefl (IP-R and
IP-O) were intradermally injected into the cheeksroce, and IP-O but not IP-R
elicited significant scratching behavior (vehicld,7 £ 4.0; IP-R, 23.17 + 6.1; IP-O,
116.6 + 9.9;P < 0.0001; Fig. 1D). Moreover, IP-O induced scratghbehavior in a
dose-dependent manner (Fig. 1E). The best-chaizadetype of itch in humans and
rodents, histamine-dependent itch, can be triggeyeustamine (HISF. Histamine is
mainly secreted by skin mast cells and exciteshyeaensory fibers by acting on
histamine receptof3 In our study, there was no significant differerigethe total
number of scratching bouts elicited by IP-O and ihduced by histamine (IP-O,
116.6 + 9.9; histamine, 118.4 + 8= 0.2; Fig. 1D). These data suggest that IPDefl
probably has strong pruritogenic potential and thist potential may be dependent on
its secondary structure. Considering that histamineuces pruritus in a
histamine-dependent manffer?, we wanted to know whether IP-O induces
scratching responses in mice via a histamine-depermhthway. Histamine-induced
itch can be almost completely blocked by histanreeeptor H1/4 antagonists. The
H1R antagonist cetirizine (CETY, 10 mg/kgpand the H4R antagonist JNJ7777120
(JNJ, 40 mg/kg) were administered intraperitonedlymin prior to the injection of
IP-O or HIS. Compared with vehicle (saline), CETivdaJNJ significantly reduced
histamine-induced scratching (vehicle, 116.5 + &&TY, 64.0 + 6.4;P = 0.0007;

JNJ, 69.5 + 7.8P = 0.0017), but both failed to reduce IP-O-indussdatching
14



451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

behavior (vehicle, 114.7 + 13.5; CET2.6 + 12.6;P = 0.2627; JNJ, 93.5 £ 8.8, =
0.2332) (Fig. 1F). These results suggest that IRy cause histamine-independent
itch in mice. We selected another tick salivary tkp IRDef2 froml. ricinus, to
determine the universal ability of tick salivaryptides to cause itéh** Consistently,
compared to vehicle and the reduced form of IRF#R2R), the oxidized product of
IRDef2 (IR-O) elicited significant scratching bel@v (vehicle, 7.2 £ 2.0; IR-R,
15.0 + 2.0; IR-O, 69.7 £ 5.5; Fig. S3).

| P-O activates DRG neurons with extracellular Ca?* influx.

To further investigate the neural mechanism undeglylP-O-induced itch, we
examined whether the peptide IP-O directly actsnmuse DRG neurons. Consistent
with the behavioral data (Fig. 1D), IP-O but notRRnduced a robust increase in
[Ca®™]; in DRG neurons, exhibiting an E§Qvalue of 1.47 + 0.74M (Fig. 2A, B and
C); this finding indicates that IPDefl directly aadn DRG neurons to evoke itch
through a mechanism dependent on the proper foldlirthe secondary structure of
the peptide. This increase in [(Ja in cultured DRG neurons was also seen in
representative Fura-2 ratiometric images showingR4&voked (10 puM, white
arrowheads) and IP-O-evoked (10 uM, yellow arrowlsg¢aresponses (Fig. 2C).
Notably, approximately 7% of the cultured mouse DR&Birons evoked by IP-O (10
uM) exhibited a robust increase in [€Jain each experiment, which was similar to
the percentage of DRG neurons that exhibited ame@se in [C&]; following
treatment with CQ or BAM8-22 (BAM) (IP-O, 7.5 + 24) CQ, 6.8 + 0.9%; BAM,
5.8 £ 0.9%;P = 0.2413; Fig. 2D). Previous studies have showahsbme pruritogens,
including CQ and BAM, mediate itch sensation thitoagtivating a highly restricted
population of small-diameter neurons in the DR 2° In addition, the specific
neurons that selectively detect itch-inducing cluadsi and peptides comprise
approximately 5% of all DRG neurons. These ressitggest that the IP-O-evoked
increase in [C&]; seen in DRG cultures reflects the activation spacific subset of
DRG neurons, which may be the same population aetivby CQ and/or BAM. We
performed further experiments to characterize tiveeiase in [Cd]; by extracellular
c&”" influx or intracellular C& store release in mouse DRG neurons. Extracellular
C&* was found to be necessary for the increase iAJdaduced by IP-O- and CQ,
but not that induced by BAM, because the effectthe$e two substances were almost

completely abolished in Gafree bath solution (Fig. 2E). This result suggélsa in
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the absence of extracellular ¢alP-O and CQ, unlike BAM, did not mobilize €a
release from intracellular storedowever, IP-O, CQ or BAM application in the
presence of extracellular Eatriggered C& influx across the plasma membrane
(Fig. 2E). These data show that IP-O acts on DR@ames and triggers the influx of

Cc&"* through transduction channels on the plasma merabra

Mouse MrgprC11 and human MrgprX1 are the main itch receptors for 1P-O on
DRG neurons.

IP-O directly acts on primary sensory neurons tokevitch, and the proportion of
IP-O-sensitive neurons among total DRG neuronsnsles to the proportions of
neurons activated by the two well-known mrgpr-dejgem pruritogens CQ and BAM.
Thus, it can be inferred that IP-O-induced itchmediated by an Mrgpr-dependent
neural pathway. We cloned each of the 12 mouse iMygpe that have been reported
to be itch-related functional receptors into a matam expression vector and
transfected them individually into human embryokidney 293T (HEK293T) cells.
By fusing green fluorescent protein (GFP) to thée@ninus of the Mrgpr coding
sequences, we were able to visualize the transfexdis and confirm the proper
membrane localization of the receptors. Then, waerened the effects of IP-O on the
12 mouse Mrgprs by calcium imaging. The resultsw&t that 22.4 + 2.0%
MrgprA3-overexpressing HEK293T cells and 76.4 £92.MrgprCl1-overexpressing
HEK293T cells responded to IP-O (1M). MrgprC11l conferred the strongest
responses to the peptide, with ansg@alue of 3.61 + 0.74M, whereas the other
receptors conferred either weak or no respons#setpeptide IP-O (MrgprAl, 2.0 +
0.7%; MrgprA2, 4.0 = 0.7%; MrgprA4, 6.4 + 1.0%; MmAlO, 1.0 = 0.3%;
MrgprAl12, 6.0 £ 0.7%; MrgprAl4, 1.2 + 0.3%; MrgprB14.2 + 0.5%; MrgprA19,
2.2 + 0.5%; MrgprB4, 5.4 + 0.9%; MrgprB5, 3.6 + 6P < 0.0001; Fig. 3A, B, C,
D and Fig. S4). In contrast, MrgprC11-overexpressHigK293T cells exhibited
nearly no response to IP-R (Fig. S5), indicatirgf iIPDefl activates Mrgpr receptors
through a mechanism dependent on the folding ofetondary structure. MrgprA3
and MrgprC1l were activated by their agonists CQ &AM, respectively,
confirming that they are functional receptors arelsensitive to IP-O (Fig. 3A and B).
The main MrgprXs of the human Mrgpr family (MrgprX42, X3 and X4) are much
smaller than those of the murine Mrgpr family. Wermined the effects of IP-O on

MrgprXs and found that IP-O intensely activated ptXl, exhibiting an Eg value
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of 4.22 + 0.48.M. IP-O moderately activated MrgprX2 but did noteat hMrgprx3
or MrgprX4 (MrgprX1, 77.6 £ 2.8%; Mrgprx2, 28.2 £72; MrgprX3, 6.0 £ 0.7%;
MrgprX4, 2.6 £ 0.5%;P < 0.0001; Fig. 3C, F, G, H, an#&ig. S6). Like
MrgprC1l1-overexpressing HEK293T cells, MrgprX1-aaguressing HEK293T cells
did not respond to the reduced form of IPDefl (PERg. S7). Some studies have
shown that MrgprX1/C11 is preferentially activatbg peptides that terminate in
RYG or RF-amid& ?”. Given that IP-O does not terminate with eithertimthese
results suggest that IP-O represents a complegsiytype of ligand for MrgprX1/C11.
In addition, like the endogenous ligand BAM, IP-@shthe highest affinity for the
itch receptors MrgprC11 and MrgprX1 (MrgprC11, 7&4.0%; MrgprX1, 77.6
2.8%; Fig. 3C and G), indicating that the molecutgachanism of IP-O-induced itch
may be similar to that of BAM.

Coimmunoprecipitation was also used to determinesthmdr the peptide IP-O
directly interacts with the tested mouse and huMegprs. The peptide His-IP, which
contains IPDefl fused to a six-histidine residugeatathe N-terminus, was chemically
synthesized and oxidatively refolded accordinghe procedure described for the
peptide IP-O above (Fig. S8). HEK293T cells weransfected with a plasmid
expressing an N-flag-tagged mouse Mrgpr (MrgprCi1A8) or human Mrgpr
(MrgprX1, X2, X3 or X4). The results of coimmunopigtation showed that both
mouse MrgprC11 and MrgprA3 directly interacted witle peptide IP-O (Fig. S9A).
Furthermore, human MrgprX1 and MrgprX2 but not Mx® and MrgprX4 directly
interacted with the peptide IP-O (Fig. S9B).

To further investigate the role that MrgprC11 play$P-O-induced itch, MrgprC11
knockout C57BL/6 mice were generated by the CRISRR? approach (Fig. S10).
Then, we compared IP-O-evoked “Casignals in DRG neurons isolated from
MrgprC11-deficient mice to those in DRG neuronslasad from wild-type (WT)
littermates and found that €asignals evoked by IP-O were significantly atteedat
in MrgprC11-deficient DRG neurons compared to WT ®Reurons (Fig. 3l).
Moreover, BAM-evoked responses were also attenuaedirgprCl1-deficient
neurons compared to WT neurons. These results sutjggt MrgprC11 is the key
neuroreceptor for both IP-O and BAM. Compared tosthisolated from WT mice,
the cultured DRG neurons isolated from MrgprClligieft mice showed a decrease
in the proportion of IP-O-sensitive neurons (Fid).3A similar decrease in the

percentage of BAM-sensitive neurons was observeDR& neurons isolated from
17
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MrgprC11-deficient mice compared with those isalateom WT mouse DRG

neurons (Fig. 3J). To further investigate th&ivo role of MrgprC11 in IP-O-induced
itch, we evaluated the itching responses inducelPH in MrgprC11-deficient mice.

As expected, the scratching response induced Iy Were dramatically alleviated in
MrgprC11-deficient mice compared with those of Witen(Fig. 3K). Together, these
data indicate that MrgprC11 is the main itch recegor IP-O on mouse DRG
neurons and plays a key role in IP-O-induced itch.

TRPV1 isthe downstream ion channel coupled to I P-O-activated MrgprC11/X1
on DRG neurons.

Mouse MrgprC11 and human MrgprX1 were identifiedtss main receptors for the
peptide IP-O. However, the signaling pathway amdabannel downstream of IP-O
are unknown. It has been observed that many G iproteipled receptors (GPCRS)
on DRG neurons transduce signals via TRP chaffnéfs TRPV1-expressing
afferents mediate responses to a variety of pgeits, and TRPV1-deficient mice
display reduced responses to histarfine€Q and BAM activate a subset of
TRPV1-positive neurorf These findings suggest that TRPV1 is a likelydidate
transduction channel in Mrgpr pruritic pathways tthehould not be ignored.
Accordingly, we used live-cell calcium imaging twaenine the overlap between the
sensitivity of WT mouse DRG neurons to IP-O and TifRPV1 agonist capsaicin.
AMG9810, an inhibitor of TRPV1, severely attenuatied effect of IP-O (1@M) on
WT mouse DRG neurons (Fig. 4A). After washout, IRr@uced a relatively normal
increase in [C4]; (Fig. 4A). Subsequent exposure to capsaicin (1 phyuced a
further increase in [C3]; in all IP-O-positive cells (Fig. 4A). These datalicate that
TRPV1 is likely involved in the signaling pathwagsaciated with IP-O-induced itch.
We then compared IP-O-evoked “asignals in DRG neurons isolated from
TRPV1-deficient mice to those in DRG neurons isadatrom WT littermates and
found that C& signals evoked by IP-O were significantly atteedatin
TRPV1-deficient DRG neurons compared to WT DRG aesr (Fig. 4B). As
expected, capsaicin-evoked responses were alsouatéel in TRPV1-deficient
neurons compared to WT neurons, but the TRPAL agallyl isothiocyanate (AITC)
evoked C4' signals in both TRPV1-deficient and WT DRG neur(ffig. 4B). These
results indicate that IP-O-activated DRG neurongress both TRPV1 and TRPAL,

whereas TRPV1 but not TRPAL is required for theOHévoked signaling pathway.
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587  Cultured DRG neurons isolated from TRPV1-deficiemte showed a decrease in the
588 proportion of IP-O-sensitive neurons compared witat exhibited by WT mouse
589 DRG neurons (Fig. 4C). A similar decrease in thepprtion of IP-O-sensitive
590 neurons was observed in WT mouse DRG neurons dreatk the TRPV1 antagonist
591 AMG9810 (Fig. 4C). Furthermore, there was a sigatffit reduction in the proportion
592 of histamine-sensitive cells in the DRG from TRP§dficient mice and
593 AMG9810-treated DRG neurons from WT mice compareth that in WT DRG
594  neurons (Fig. 4C). These findings are consistetit thie previous finding that TRPV1
595 is required for histamine signaling in sensory nes¥. In contrast, the number of
596 CQ-responsive cells was similar in WT mouse DRGrores, AMG9810-treated WT
597 mouse DRG neurons, anTipvl"‘ mouse DRG neurons (Fig. 4C), indicating that
598 TRPVL1 is not required for CQ signaling, which issistent with the findings of a
509 previous study’. In addition, we evaluated the itching responsehiced by these
600 three substances in TRPV1-deficient mice. Simitathiat evoked by histamine, the
601  scratching response induced by IP-O was signifigaileviated in TRPV1-deficient
602 mice compared with WT mice (Fig. 4D). There wassignificant difference in the
603 total number of scratching bouts induced by CQ avereriod of 30 min between
604 TRPV1-deficient and WT mice (Fig.4D). Thus, oursults indicate that the
605 functional TRPV1 channel is required for IP-O-evdk®RG activation and
606  IP-O-induced itch in mice.

607 Consistent with this conclusion, calcium imagindigated that capsaicin but not
608 IP-O affected the Ca response of mouse TRPV1 expressed in heterologous
609 HEK293T cells (Fig. S11A). Whole-cell patch-clamgcordings showed that the
610 peptide IP-O did not affect the currents of TRPWem@xpressing HEK293T cells
611 (Fig. S11B). Furthermore, co-immunoprecipitationpesments showed that the
612 peptide IP-O did not directly interact with TRPVhamnels (Fig. S11C). All these
613  results suggest that the peptide IP-O is not atdagonist of TRPV1.

614

615 TRPA1 is not required for MrgprC1l/X1-mediated DRG neuron activation by
616 |P-O.

617  Although TRPV1 is required for IP-O-evoked ‘Caignals, it does not mediate all
618 forms of itch. TRPAL, which is highly expressed ansubset of TRPV1-positive
619 neurons, is activated by a number of pain-producsampounds, including

620 isothiocyanate®. In addition, TRPAL is activated downstream of sd@PCRs. Thus,
19
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we further examined whether there is an overlagvéen the sensitivity of WT mouse
DRG neurons to IP-O and the TRPA1 agonist AITC. 88D031, an antagonist of the
TRPAL channéf, had little effect on IP-O-evoked €asignals in DRG neurons from
WT mice (Fig. 5A). We then compared IP-O-evoked'Gagnals in DRG neurons
isolated from TRPA1-deficient mice to those isafateom WT littermates. The
results indicated that IP-O-evoked“aignals were similar in TRPA1-deficient and
WT DRG neurons (Fig. 5B). In addition, the TRPVloaigt capsaicin induced
similar C&* signals in both TRPA1-deficient and WT DRG neutomhereas
AITC-evoked responses were significantly attenuaiedTRPA1-deficient DRG
neurons compared to WT DRG neurons (Fig. 5B). Thieda indicate that TRPAL is
unlikely to be involved in the IP-O signaling patnw Both DRG neurons isolated
from TRPA1-deficient mice and AMG9810-treated DR&urons isolated from WT
mice showed similar responses to IP-O as DRG neursmiated from WT mice
(Fig. 5C). Likewise, no difference was observed the proportion of
histamine-sensitive neurons among these three lohd@RG neurons (Fig. 5C). In
contrast, the proportion of CQ-sensitive neuronrgncultured neurons isolated
from TRPAl-deficient mice was decreased compareth what among neurons
isolated from WT mice (Fig. 5C). Similar results reveobserved for WT neurons
treated with the TRPA1 antagonist HC-030031 (F@).5These findings show that
TRPAL1 is required for CQ signaling in sensory nastdn contrast, the numbers of
CQ-responsive cells among WT mouse neurons, AMGo&Hled WT mouse
neurons, and mutant neurons were similar (Fig. d@)icating that TRPV1 is not
required for CQ signaling. These results were cetapf consistent with the finding
of a previous repoft. Furthermore, we evaluated the itching responsesced by
IP-O, HIS and CQ in TRPA1-deficient mice. No sigrant difference in the total
number of scratching bouts induced by IP-O overeaod of 30 min, which was
similar to that induced by HIS, was found betwed®PA1l-deficient and WT mice
(Fig. 5D). However, the scratching response indune@Q in TRPA1-deficient mice
was significantly alleviated compared with thatMT mice.

Correspondingly, the results of the calcium imageyperiment indicated that
AITC but not IP-O activated mouse TRPA1 expressecheterologous HEK293T
cells (Fig. S12A). Whole-cell patch-clamp recordirghowed that the peptide IP-O
did not affect the currents of the TRPA1 channatrexpressed in HEK293T cells

(Fig. S12B). Moreover, coimmunoprecipitation expents showed that the peptide
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IP-O did not directly interact with the ion chani@PAl (Fig. S12C). Taken together,
our results indicate that TRPAL is not required If&1O-evoked excitation of DRG

neurons or subsequent IP-O-induced itch in mice.

IP-O activates mast cells through MrgprB2 and induces acute inflammation in
mice.

The above results show that IP-O evokes itch bgctiy activating MrgprC11/X1 to
regulate downstream TRPV1 on pruriceptors and that MrgprC11/X1-TRPV1
pathway is an important signaling pathway for IRrR@uced itch. However, we found
that IP-O moderately activated human MrgprX2 (athalog of mouse MrgprB2)
(Fig. 3G) selectively expressed on mast cells btion primary sensory neurons. It is
possible that some mast cell-derived mediatorsh ag proteases and 5-HT, are
involved in IP-O-induced itch. Therefore, we exaedrthe effect of IP-O on mouse
MrgprB2 by calcium imaging as described above. Tésults showed that some
MrgprB2-overexpressing HEK293T cells responded”®l (Fig. 6A). We also found
that IP-O directly activated peritoneal mast cMCs) isolated from mice (Fig. 6B).
Sodium cromoglicate (cromolyn), a mast cell stabiij can effectively inhibit granule
release. We evaluated the itching responses indugéd-O, PAMP9-20 and anti-IgE
in cromolyn-treated mice. In contrast to the sdmag responses induced by
PAMP9-20 and anti-IgE, there was no significanfedénce in the total number of
scratching bouts induced by IP-O over a period@frBn between cromolyn-treated
and vehicle-treated mice (Fig. 6C). It is likelyathmast cells activated by IP-O made
little contribution to itchingand had unknown effects in mice. Evans blue
extravasation assays showed that intraplantar tiojecof IP-O induced acute
inflammation in mice (Fig. 6D, E). We measured piinckness of the mice before
and after IP-O treatment, and found that the pasktless was significantly increased
after the injection of IP-O (Fig. S13). In additjiorcompared with that in
vehicle-treated mice, acute inflammation induced WO was reduced in
cromolyn-treated mice (Fig. 6F).

The activation of mast cells by intraplantar inject of IP-O caused acute
inflammation in mice, but it was unclear which negdrs released from mast cells
were required for this effect. We detectedvitro release of histamine, serotonin,
tryptase beta 2, TNk-and MCP-1 from mouse peritoneal mast cells upomusation

by IP-O (12, 25, 5QuM), PAMP (100uM), Anti-IgE (25 pug/mL). Compared with
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vehicle, IP-O resulted in the releases of histamserotonin and tryptase beta 2
(Fig. 6G-1). In addition, IP-O also induced theeates of TNk and MCP-1 with an
moderate increasement (Fig. S14). These mediatdeased from mast cells may
have an effect on recruiting immune cells and f#&tihg the progress of
inflammation. Further, we analyzed the mMRNA expmsf more cytokines and
chemokines in IP-O-treated PMCs. Among the tegikige and chemokine genes, no
significant change was observed at the level of WAR&kpression after IP-O
stimulation in PMCs (Fig. S15), which was consisteith the degranulation release
of mast cells. Taken together, these results stghas IP-O activates mast cells
through MrgprB2/X2 and induces acute inflammatiart that mast cell activation

appears to make little contribution to IP-O-indudtet.

Discussion

As vectors of various pathogens, ticks commonlyugsd skin pruritus by biting
humans and animals. Which class of substance casm@éching and itching
following a tick bite: the carried pathogens or egehous components expressed by
ticks? We postulated that endogenous componeriisksfare most likely responsible
for itch induction for two reasons. First, doggdrit by the tickO. brasiliensis exhibit
continuous and intense itching behavior, but typtazk-borne pathogens are not
detected in the sera of bitten dggick bites with and without pathogens both lead
to skin pruritus in dogs. Second, many arthropddsband stings can cause itching
behavior, but ants, bees, spiders and scorpions haw yet been found to transmit
pathogens.

We found that two tick salivary defensin peptidd®Defl and IRDef2,
significantly induced itching and scratching beloavin mice upon intradermal
injection. Defensins in the saliva of ticks wersativered to act as new pruritogenic
agents, at least partially explaining the pathaalgiphenomenon of skin pruritus
caused by tick bites. Defensins in the saliva okgishare high homology and
structural similarity with ancient invertebrate ee$ins. Thus, we found a new large
class of pruritogenic peptide agents that is cotepledifferent from previously
reported pruritogenic peptides such as BAM&?2hd mouse/human beta-defendins
37 Our findings provide many new molecular probes &mols for studying itch

receptors.
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Interestingly, our study revealed that the tickvsaly peptide IPDeflexerts two
activities through two different signaling pathwagsmice: MrgprC11/X1-mediated
DRG neuron activation and MrgprB2/X2-mediated neask activation. First, IPDefl
triggers DRG neuron activation by specifically agtion MrgprC11/X1 on DRG
neurons and induces cellular calcium influx into ®Rneurons through the
downstream TRPV1 channel, which causes itching icemSecond, IPDefl also
activates mast cells through MrgprB2/X2, a recediscovered membrane receptor
on mast cells that induces acute inflammation icemBesides taking part in the
pathology and mortality caused by envenomationt iwelts were previously found to
play an important role in detoxification of harmfubisons. Mast cell degranulation
releases carboxypeptidase A3 (CPA3) and chymask,reauces the toxicity of
animal venoms (like scorpions, bees and snakedphsading their venom peptidés
% 1t is still unclear whether IPDefl induces masliscto release CPA3 or chymase
for detoxification by activating MrgprB2/X2.

Coimmunoprecipitation, calcium imaging, genetic atlbon and behavior
experiments revealed the molecular mechanism bghwiie peptide IPDefl directly
interacts with Mrgprs (mainly MrgprC11/X1) and aeiies DRG neurons to induce
itch. However, this mechanism is not related tohlstamine signaling pathway. We
not only found a class of new pruritogenic peptadents responsible for arthropod
bite- or sting-induced itch but also revealed #lated neural mechanisms, laying the
foundation for the development of anti-itch drugs dombat arthropod bite- or
sting-induced pruritus. Moreover, an inhibitor dRFV1 was shown to specifically
block calcium influx into DRG neurons activated the tick peptide IPDefl and
inhibit the pruritus induced by IPDefl in cell amdhimal behavior experiments.
TRPV1 is a promising target of anti-itch drugs, ait&l inhibitors are potential
candidates for preventing and treating the pruritngluced by tick bites.
Coincidentally, Li et al. reported a case of a rbdten by the tick. persulcatus on
Yunmeng Mountain in Beijing, China. The patient sedpuently developed topical
edematous erythema and itching, but oral antihistarand topical calamine lotion
did not improve his itching symptoms. This obseoratsuggests that antihistamine
drugs do not have an effect against pruritus indumetick bites, providing evidence
that tick bite-induced pruritus is independent lo¢ thistamine-related pathway. In

short, our study identifies potential therapeutigets and drugs for the prevention
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and treatment of pruritus induced by the bitestmgs of arthropods such as ticks,
mites, fleas, mosquitoes, bees, wasps, spidersamgions.

The generation of peptides that induce itch reduftem the interaction between
and coevolution of parasites and hosts or preypaadators. We speculate that there
are two possible driving forces of this phenomertérst, the generation of itchiness
is a self-alarm and self-defense mechanism in hmspgedators. Itch helps hosts or
predators scratch away external thredtss easily understood that hosts or predators
evolve to produce itching signals against arthropatgs or stings. Second, the
salivary or venom glands of these arthropods haweéved to produce peptides that
induce pruritus, which are their molecular weapéms predation and defense, to
attack hosts, protect against enemies or deter ettos’®. During long-term
evolution, multiple peptide and protein familiesvhabeen recruited to the animal
salivary or venom systeifts Defensins have also been recruited to animataalid
venoms as chemical weapons for predation and defénefensins belong to a class
of ancient cationic peptides that are widely dmtted in fungi, plants and animals
and are effector molecules of the innate immuné¢esysexhibiting broad-spectrum
antimicrobial activity against a range of bacteara viruse¥. Consistent with our
finding that the ancient invertebrate defensin IADEom the tickl. persalcatus
evokes itch by directly activating MrgprC11/X1 e&psed on DRG neurons, mouse
and human beta-defensins have also been identfgegruritogens that activate
Mrgprs or Toll-like receptor 4 (TLRAY " These results suggest that ancient
invertebrate defensins were recruited early totitlesalivary systems and innovated
a new toxicological function of itch induction. Ostudy not only reveals a new
toxicological effect and mechanism of defensinsahva or venoms but also brings to

light a new link between neurobiology and immunglog
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Figure L egends

Fig. 1. The tick peptide IPDefl causes histamine-independent itch in mice. (A)
Amino acid sequence of the peptide IPDefl from tiblke Ixodes persulcatus. IP-R
and IP-O are the reduced and oxidized forms of fPDespectively. SH represents
the thiol group of cysteine. The connectivity osulfide bonds is indicated by the
solid line with S-S. The cysteine residues are stad yellow, and the basic residues
are displayed in blueBj Oxidative refolding of chemically synthetic limeeDefl.
RP-HPLC shows the difference in retention tirig) (between IP-R and IP-OC}
MALDI-TOF MS analysis of IP-R (small) and IP-O (@g). ©) Scratching responses
induced by intradermal injection of vehicle (salime= 8), IP-R (5Qug, n = 6), IP-O
(50 ug, n = 7), histamine (HIS, 10mol, n = 7) and chloroquine (CQ, 204, n = 9)

in mice. €) Dose-dependent scratching responses inducedragi@mmal injection of
vehicle (saline, n = 6), IP-O (18, n = 6), IP-O (2ug, n = 7) and IP-O (5Qg, n =
6). (F) Difference in scratching responses induced bsad#rmal injection of IP-O
(25 pug, n = 6), HIS (10umol, n = 6) and saline in vehicle-treated (white),
cetirizine-treated (CETY, light gray) and JNJ77701&ated mice (JNJ, dark gray).
Each dot represents an individual mouse. All deggpeesented as the means = SEMs.
n.s, not significant? > 0.5; ** P < 0.01; *** P < 0.0001.

Fig. 2. IP-O activates mouse DRG neurons with extracellular Ca®* influx. (A)
Representative calcium traces of cultured mouse DiR@ons in the presence of
IP-R (10 uM) and IP-O (10uM). (B) Representative Fura-2 ratiometric images of
IP-R-evoked (10 uM, white arrowheads) and I[P-O-edok(10 pM, yellow
arrowheads) responses in cultured mouse DRG neuftresscale bar represents 20
pm. C) Dose-response curve of cultured mouse DRG neumhz-O (1, 2, 4, 8 and
16 uM, respectively). n = 3 experiments/grou®) (Percentage of cultured mouse
DRG neurons that responded to IP-R (10 uM), IP-O (M), BAM8-22 (BAM, 50
uM) and CQ (1 mM). n = 3 experiments/group. Altadare presented as the means
+ SEMs. n.s, not significan® > 0.5; *** P < 0.001. E) Representative calcium
traces of cultured mouse DRG neurons that respotosée-O (10 pM, left), CQ (1
mM, middle) and BAM (50 uM, right) in the absenaedgpresence of extracellular

calcium (2 mM C&).
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Fig. 3. Mouse MrgprC11 and human MrgprX1 are two itch receptors for 1P-O.

(A, B) Representative calcium traces showing the regsoot mouse MrgprA3 and
MrgprC11 expressed on HEK293T cells to IP-O (@d). (C) Percentage of 12
mouse Mrgprs (MrgprAl, A2, A3, A4, A10, A12, A1418, Al19, B4, B5 and C11)
expressed on HEK293T cells that responded to 1R-©.5 experiments/groupD}
Dose-response curve for MrgprC11 expressed on HEK2®lls to IP-O (1, 2, 4, 8
and 16uM). n = 3 experiments/groupE( F) Representative calcium traces showing
the responses of human MrgprX1 and MrgprX2 expesseHEK293T cells to IP-O
(10 uM). (G) Percentage of human Mrgprs (MrgprX1, X2, X3 art) ¥xpressed on
HEK293T cells that responded to IP-O. n = 5 expernts/group. ) Dose-response
curve for MrgprX1l expressed on HEK293T cells toQP, 2, 4, 8 and 1aM,
respectively). n = 3 experiments/group). Representative calcium response traces of
wild-type (left) andMrgprC11” (right) mouse DRG neurons exposed to IP-O (10
uM), BAM (50 uM) and KCI (50 mM), respectivelyd)( Prevalence of IP-O and
BAM sensitivity in WT (white) andMrgprC11” DRG neurons (black). n = 4
experiments/group.K() Difference in scratching responses induced byad#rmal
injection of IP-O (25:g) in WT (white, n = 8) antrgprC11” mice (black, n = 10).
All data are presented as the means + SENPs<*0.05; *** P < 0.001.

Fig. 4. TRPV1 is the downstream ion channel that mediates | P-O-evoked DRG
neuron activation and IP-O-induced itch in mice. (A) Representative calcium
traces of WT DRG neurons exposed to IP-O (10 pNgvieng pretreatment (3 min)
with or without AMG9810 (50 uM).R) Representative calcium traces of WT (left)
and Trpvl” (right) DRG neurons exposed to IP-O (10 pM) fokalv by
allyl isothiocyanate (AITC, 100 uM) and capsaicap, 1 pM). C) Prevalence of
IP-O, histamine (HIS, 1 pM) and CQ (1 mM) sensifivin WT(white),
AMG9810-treated WT DRG (50 uM, gray) afithvl’ DRG neurons (black). n = 4
experiments/group.)) Difference in scratching responses induced byad#rmal
injection of IP-O (25ug, n = 6), HIS (1Qumol, n = 6) and CQ (20Qg, n = 6) in WT
mice (white) andlrpvl’ mice (black). All data are presented as the meaBEMs.
n.s, not significant? > 0.5; ** P < 0.01; ** P < 0.001.

Fig. 5. TRPAL is not required for 1P-O-evoked DRG neuron activation or
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IP-O-induced itch in mice. (A) Representative calcium traces of WT DRG neurons
exposed to IP-O (10 uM) following pretreatment (8)ywith or without the HC
030031 (500 pM).R) Representative calcium traces of WT (left) angal’ (right)
DRG neurons exposed to IP-O (10 uM) followed bysedgn (Cap, 1 uM) and
allyl isothiocyanate (AITC, 100 uM)Q) Prevalence of IP-O, histamine (1 uM) and
CQ (1 mM) sensitivity in WT (white), HC 030031-tted WT (500 puM, light gray)
and Trpal” DRG neurons (dark gray). n = 4 experiments/grg@). Difference in
scratching responses induced by intradermal imeatf IP-O (259, n = 6), HIS (10
umol, n = 6) and CQ (200g, n = 6) in WT (white) andrpal’ mice (dark gray). All

data are presented as the means + SEMs. n.sgndtcgint,P > 0.5.

Fig. 6. IP-O activates mast cells through MrgprB2 and induces acute
inflammation in  mice. (A) Representative calcium traces of mouse
MrgprB2-overexpressing HEK293T cells to IP-O (1M). (B) Representative
calcium traces of isolated mouse peritoneal mdi (MCs) to IP-O (1QuM). (C)
Difference in scratching responses induced by dietnaal injection of IP-O (259, n
=7), PAMP (PAMP9-20, 27g, n = 10) and anti-IgE (jig, n = 9) in vehicle-treated
(saline, white) or cromolyn-treated mice (light gra(D) Representative images of
Evans blue extravasation 15 min after intraplamgaction of saline (quL, left paw)

or IP-O (5uL, 2 mg/mL, right paw). n =6 K) Quantification of Evans blue content in
the paws after injection of saline or IP-®) Quantification of Evans blue content in
the paws after injection of saline or IP-O in PB&ted and cromolyn-treated mice.
(G-1) In vitro release of histamine (G), serotonin (H) and tryptaeta 2 (I) from
mouse PMCs upon stimulation by IP-O (12, 25, 80) or PAMP (100uM) or
Anti-IgE (25 pg/mL) or vehicle alone (IP-O = @M). Each dot represents an
independent biological replicate from PMCs isolatétdm >4 animals. All
concentrations n = 3. All data are presented asens + SEMs. n.s, not significant,
P>0.5*P<0.05;, *P<0.01; ** P <0.001.
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Table S1.The gRT-PCR primer sequences for the test mouse cytokines and

chemokines

Name Direction Sequence (5'-3)
TPH1 + ACGTTCCTCTCTTGGCTGAA

- TAGCACGTTGCCAGTTTTTG
SERT + TCACATATGCGGAGGCAATA

- CTATCCAAACCCAGCGTGAT
Mcpt6 + CATTGATAATGACGAGCCTCTCC

- CATCTCCCGTGTAGAGGCCAG
TNF-o + TAGCCAGGAGGGAGAACAGA

- CCAGTGAGTGAAAGGGACAGA
IL-1B + TACATCAGCACCTCACAAGC

- AGAAACAGTCCAGCCCATACT
MCP-1 + TTAAAAACCTGGATCGGAACCAA

- GCATTAGCTTCAGATTTACGGGT
VEGF + CAACTTCTGGGCTCTTCTCG

- CCTCTCCTCTTCCTTCTCTTCC
CXCL1 + GTCAGTGCCTGCAGACCATG

- TGACTTCGGTTTGGGTGCAG
CXCL2 + GCCAAGGGTTGACTTCAAGA

- TTCAGGGTCAAGGCAAACTT
GAPDH + AGGTCGGTGTGAACGGATTTG

- TGTAGACCATGTAGTTGAGGTCA
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Supplementary Figure L egends

Fig. S1. Structural features of the peptide IPDefl from the tick Ixodes
persal catus.

(A) Secondary structure analysis of the reduced {I@fi®l oxidated (IP-O) forms of
IPDefl. CD spectrum shows structure difference betw IP-R and IP-O.B)
Secondary structure analysis of IP-O in differealusons. C) The homologous
model of IPDefl. The 3D-structure of IPDefl is simoas a solid ribbon model and
three disulfide bonds are displayed as a line mblddiagram was generated using
SWISS-MODEL.

Fig. S2. Antimicrobial activities of the peptide IPDefl (IP-R and IP-O) against
standard bacteria strains.

Y xais shows MIC values of IP-R and IP-O againgé fgram-positive bacteria and
two gram-negative bacteria. n.s, not significdhtz 0.5; *P < 0.05; ** P < 0.01;
*xx P < (0.0001.

Fig. S3. Thetick salivary peptide IRDef2 inducesitch responsesin mice.

(A) Amino acid sequence of the peptide IRDef2 fromtibkl. ricinus saliva. Def2-R
and Def2-O are the reduced and oxidatized formdRbdef2, respectively. SH
represents the thiol group of cysteine. The conmeanode of disulfide bond is
displayed in a solid line with S-S. The cysteinsidaes are shaded with brilliant
yellow, acidic residues are displayed in pink aadib residues are displayed in blue.
(B) Scratching responses induced by intradermaltioje©f vehicle (saline), Def2-R
(25 ng) and Def2-O (25ug) in mice. Each dot represents an individual moddle
groups n = 6. All data are presented as means +.3E\VInot significantP? > 0.5;
% P < 0.0001.

Fig. $4. | P-O failsto activate mouse MrgprAl, A2, A4, A10, A12, Al4, A16, A19,
B4, and B5.
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(A-J) Representative calcium traces of mouse Mrgprs (Mx@ipA2, A4, A10, Al2,
Al4, A16, A19, B4, and B5) expressed on HEK293Tsctl IP-O (10uM). n = 3

experiments/group.

Fig. Sb. I P-R failsto activate mouse MrgprC11.
Representative calcium traces of mouse MrgprCltessed on HEK293T cells to
IP-R (10pM).

Fig. S6. I P-O failsto activate human Mrgpr X3 and MrgprX4.
(A, B) Representative calcium traces of human MrgprX3 ngbrX4 expressed on
HEK293T cells to IP-O (1QM). n = 3 experiments/group.

Fig. S7. I P-R failsto activate human Mrgpr X1.
Representative calcium traces of human MrgprX1 esged on HEK293T cells to
IP-R (10pM).

Fig. S8. Preparation and structural feature of the peptide His-I P-O.

(A) Amino acid sequence of the peptide fused witixadns-tag at the N-terminus of
IPDefl (His-IP). The connection mode of disulfidend is displayed in a solid line.
Cysteine residues are shaded with brilliant yellamg basic residues are displayed in
blue. B8) Oxidative refolding of chemically synthetic His-IRP-HPLC shows
retention time Tr) difference between the reduced (His-IP-R) anddatkzed
(His-IP-O) peptides(C) Secondary structure analysis of His-IPDefl. Clecsmum
shows structure difference between His-IP-R andIPH®.

Fig. S9. IP-O directly interacts with mouse MrgprA3/C11 and human
MrgprX1/X2. (A, B) Co-immunoprecipitation analysis of the peptide IRv{th the
mouse MrgprA3/C11 and human MrgprX1-X4. HEK293Tixc@lere transfected with
the plamid pcDNA3.1 expressing different N-flag-gad mouse Mrgprs (MrgprA3
and C11) A) and human Mrgprs (MrgprX1, X2, X3 and X8)( respectively.

Fig. S10. Creation of MrgprC11 knockout mice by CRISPR/CasO.
(A, B) Strategy and genotyping resultshdfgprC11 knockout mouse.
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Fig. S11. IP-O fails to interact with TRPV1 directly. (A) Representative calcium
traces of TRPV1 expressed on HEK293T cells to IA@uM). (B) Effect of IP-O on

the current of TRPV1-overexpressing HEK293T cgi3) Co-immunoprecipitation
analysis of the peptide IP-O with the mouse TRPV1.

Fig. S12. IP-O fails to interact with TRPA1 directly. (A) Representative calcium
traces of TRPA1-overexpressing HEK293T cells t®IR10uM). (B) Effect of IP-O
on the current of TRPALl-overexpressing HEK293T <scell ©)
Co-immunoprecipitation analysis of the peptide IRvith the mouse TRPAL.

Fig. S13. IP-O increases the paw thickness of mice. (A) Change in the paw
thickness (%) of mice after the intraplantar inj@ctof saline (5uL, left paw) and
IP-O (5uL,2 mg/mL, right paw). n = 6.8) Change in the paw thickness (%) of mice
after the intraplantar injection of saline (B) and IP-O (5uL, 2 mg/mL) in
PBS-treated mice and cromolyn-treated mice. nAll@lata are presented as means *
SEM. n.s, not significan® > 0.5; *P < 0.05; *** P < 0.001.

Fig. S14. 1P-O induces the release of TNF-a and MCP-1 from mouse PMCs. (A,

B) In vitro release of TNF: (A) and MCP-1B) from mouse PMCs upon stimulation
by IP-O (12, 25, 5QuM), PAMP (PAMP9-20, 10uM), Anti-IgE (25 pg/mL) or
vehicle alone (IP-O = @M). All concentrations n = 3. All data are presehss the
means = SEMs. n.s, not significaRt> 0.5; *P < 0.05.

Fig. S15. Effection of IP-O on the mRNA expresssion of the inflammatory
cytokines and chemokines in mouse PMCs. Mouse PMCs (1 x 10 5 x 1¢) were
incubated with test substances for 30 minutes befoe total intracellular RNA were
collected. TPH1, SERT, Mcpt6, TNk-IL-18, MCP-1, VEGF, CXCL1 and CXCL2
were analyzed by gPCR. All groups n = 3. All data presented as the means *

SEMSs. n.s, not significang > 0.5.



