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SUMMARY

Itch is an unpleasant sensation that evokes a desire to scratch. The skin barrier is constantly 

exposed to microbes and their products. However, the role of microbes in itch generation is 

unknown. Here we show that Staphylococcus aureus, a bacterial pathogen associated with itchy 

skin diseases, directly activates pruriceptor sensory neurons to drive itch. Epicutaneous S. aureus 
exposure causes robust itch and scratch-induced damage. By testing multiple isogenic bacterial 

mutants for virulence factors, we identify the S. aureus serine protease V8 as a critical mediator 

in evoking spontaneous itch and alloknesis. V8 cleaves proteinase-activated receptor 1 (PAR1) 

on mouse and human sensory neurons. Targeting PAR1 through genetic deficiency, siRNA 

knockdown, or pharmacological blockade decreases itch and skin damage caused by V8 and S. 
aureus exposure. Thus, we identify a mechanism of action for a pruritogenic bacterial factor and 

demonstrate the potential of inhibiting V8-PAR1 signaling to treat itch.

Graphical Abstract

IN BRIEF

Itch evokes a desire to scratch, but the link between microbes and itch was unclear. 

Staphylococcus aureus, a bacterial pathogen, secretes a protease V8 which activates PAR1 

expressed on neurons to drive itch and skin damage.

INTRODUCTION

The skin is one of the most exposed barrier sites of the body, susceptible to both injury 

and pathogen invasion. It is innervated by dorsal root ganglia (DRG) sensory neurons which 

detect mechanical, thermal, and chemical stimuli, including noxious signals that cause itch 
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or pain. Pruriceptors are sensory neurons that mediate itch and a desire to scratch1–3. 

Microbes that colonize the skin play key roles in tissue homeostasis and physiology. 

However, a causative role for microbes in driving itch was unknown. We hypothesized that 

pruriceptors maybe activated following exposure to specific microbes, resulting in itch that 

drives skin damage.

Staphylococcus aureus is opportunistic bacterial pathogen and leading cause of human 

bacterial infections. Atopic dermatitis (AD) is a skin disease characterized by itchy, 

eczematous lesions. 90% of AD lesions are colonized with S. aureus, which is thought 

to be a trigger of inflammation4–7. S. aureus is also a leading cause of impetigo, a 

contagious skin infection characterized by itchy lesions8. Despite its association with 

these pruritic conditions, the contribution of S. aureus to itch is unclear. S. aureus 
encodes several virulence factors that promote colonization and tissue invasion, including 

α-hemolysin (Hla), phenol soluble modulins (PSMs), and proteases9,10. Methicillin-resistant 

S. aureus (MRSA) continues to spread, necessitating an improved understanding of bacterial 

pathogenesis and host responses to this pathogen4,11. We previously found that nociceptors 

detect S. aureus and its toxins to produce pain during subcutaneous infections12–14. 

Pruriceptor nerve endings are mainly found in the epidermis, unlike nociceptors, which 

innervate both skin and deeper tissues1.

Itch provokes a desire to scratch, a behavioral reflex that could exacerbate skin damage. 

The importance of the itch-scratch cycle in skin pathology and negative impact on patient 

quality of life is well known for conditions including AD15, prurigo nodularis16, and 

psoriasis17. Scratching produces pain, which can temporarily suppress itch through spinal 

circuitry18,19. Mechanical damage caused by scratching disrupts the skin barrier and can 

amplify inflammation. Therefore, understanding the triggers and factors that cause itch is 

critical for treatment of skin diseases.

Here we find that S. aureus epicutaneous exposure induces robust itch and scratch-induced 

damage, which is mediated by the V8 protease. Pruriceptors are activated by V8 protease 

through PAR1. Targeting PAR1 abrogates itch, leading to improved skin pathology. Our 

findings uncover a role for bacterial proteases in itch and PAR1 as a candidate for 

therapeutic development.

RESULTS

Epicutaneous S. aureus exposure induces itch and alloknesis

To investigate how S. aureus impacts itch, we adapted a murine model of epicutaneous 

exposure relevant to AD20–23. In this model, S. aureus is applied topically to depilated 

back skin under gauze, and mice wrapped with occlusive Tegaderm tape during bacterial 

exposure, resulting in epidermal breakdown at the inoculation site. At the experimental 

endpoint, tape and gauze are removed for inflammation and itch analysis (Fig. 1A, Fig. 

S1A).

We utilized USA300/LAC MRSA strain, which represents the leading cause of community-

associated MRSA24. Female and male mice were treated with MRSA, and inflammation 
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scored at 5-days post-exposure. MRSA induced significant exposure-site dermatitis, 

quantified as a sum of edema, skin scale, erythema, thickness in both sexes (Fig. 1B). 

Histology showed hyperkeratosis, spongiosis, and inflammatory infiltrates (Fig. S1B). 

S. aureus-exposed mice showed higher transepidermal water-loss (TEWL) than controls, 

indicating disruption of skin barrier function (Fig. S1C).

We next investigated the role of S. aureus in itch. Spontaneous itch behaviors were assessed 

by placing mice in an infrared behavior observation box (iBOB) to record animals’ activity 

over 90 min (Fig. 1C). Videos watched by blinded observers quantified scratching bouts 

(Supplemental video 1). Control mice produced minimal scratching while male and female 

animals treated with S. aureus exhibited significantly increased scratching behaviors (Fig. 

1D). While dermatitis was observed by day 3, significantly increased scratching behaviors 

occurred by day 5 after S. aureus application (Fig. S1D–E).

Alloknesis is itch evoked by innocuous mechanical stimuli or touch1,25. It is a form of 

dysesthesia driven by pruriceptor sensitization or spinal cord changes25,26 and regulated by 

Merkel cells27. Alloknesis can potentiate the itch-scratch cycle in AD patients. In mice, 

alloknesis is measured by stimulation with a 0.07 g filament that normally does not elicit 

responses, but induces itch following sensitization28. We stimulated mice with this filament 

9 times and quantified scratching (Supplemental Video 2). MRSA application induced 

significant alloknesis compared to PBS-treated controls (Fig. 1E). While prior reports 

showed sex-dependent differences in itch29,30, we found no differences in MRSA-induced 

itch and alloknesis between female and male mice (Fig. 1D–E).

Itch induced scratching exacerbates skin damage

Itch-evoked scratching exacerbates skin damage in AD patients. To quantify damage caused 

by scratching, S. aureus exposed mice were allowed to freely scratch the back for 7-hrs 

after Tegaderm/gauze removal. Total area of damaged skin was quantified using image 

analysis. Compared to controls, mice inoculated with MRSA had dramatically increased 

total damaged skin following scratching, resulting in areas of skin damage beyond bacterial 

exposure site (Fig. 1F). We confirmed that scratching drives damage by wrapping a cohort of 

infected mice with bandages after Tegaderm/gauze removal. Wrapped mice prevented from 

scratching had significantly less skin damage than mice allowed to scratch (Fig. 1G). As a 

second way to prevent scratching, we trimmed nails of mice after Tegaderm/gauze removal 

(Fig. S1F). Nail trimming reduces itch/scratch-induced damage in mice31. Female and male 

mice that received nail trims had less skin damage than control mice after 7-hrs of recording 

(Fig. S1G).

Subcutaneous S. aureus infection does not induce itch

S. aureus is also a leading cause of human abscesses due to subcutaneous infections11,24. 

However, dermonecrotic skin infections are often painful but not itchy. We next 

determined whether S. aureus deeper infections caused itch. We infected mice with 

MRSA by injecting subcutaneously in the back, inducing skin lesions by day 5 (Fig. 

1H). Epicutaneous applications were performed in parallel, and itch behaviors measured. 

While spontaneous itch and alloknesis occurred after epicutaneous MRSA exposure, mice 
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infected subcutaneously did not show spontaneous itch or alloknesis (Fig. 1I–1J). Therefore, 

while epicutaneous application causes itch, subcutaneous infection does not, indicating that 

bacterial localization affects neuronal phenotypes.

MYD88, mast cells and basophils do not mediate S. aureus itch

Given that S. aureus exposure mediates itch, determining underlying mechanisms could 

lead to therapies to limit itch-induced skin damage. Previous studies showed that S. 
aureus exposure induces IL-36 release, which activates IL-36R signaling through MYD88 

to drive skin inflammation20. Using Myd88−/− mice, we observed a significant reduction 

in dermatitis and TEWL after S. aureus exposure compared to WT mice (Fig. S2A–

B). Bacterial load did not differ (Fig. S2C). However, we did not detect differences in 

spontaneous itch behaviors or alloknesis in Myd88−/− mice compared to controls following 

S. aureus exposure (Fig. S2D–E).

Mast cells are key drivers of itch by releasing pruritogens including histamine, serotonin, 

and tryptase32. We utilized KitW-sh mice, which lack mast cells, to determine their role 

in S. aureus itch. We found no difference in dermatitis or TEWL between KitW-sh and 

WT animals following S. aureus application (Fig. S2F–G), but there was an increase in 

bacterial load in KitW-sh mice (Fig. S2H). We did not detect differences between WT and 

KitW-sh mice in spontaneous itch and alloknesis following MRSA exposure (Fig. S2I–J). 

Basophils also drive itch in AD by release of leukotrienes, histamine and serotonin33,34. To 

determine whether basophils mediate itch during S. aureus exposure, we treated mice with 

Ba103 antibody to deplete basophils35 or control IgG (Fig. S2K). Flow cytometry revealed 

basophil recruitment in mouse skin following S. aureus exposure and that Ba103 antibody 

successfully eliminated basophils (Fig. S2L). After S. aureus exposure, we observed no 

differences in dermatitis, TEWL, bacterial load, spontaneous itch, and alloknesis between 

mice injected with Ba103 and mice injected with control IgG (Fig. S2M–Q). Taken together, 

mast cells and basophils are not required for S. aureus-induced itch or dermatitis.

IL31RA, IL4RA, and lymphocytes do not mediate S. aureus itch

Itch is associated with type 2 inflammation and can be driven by cytokines including IL4, 

IL13, and IL3136. We investigated the role of IL31 in S. aureus-mediated itch. IL31 was 

elevated in skin on day-5 after S. aureus exposure (Fig. S3A). We administered siRNA 

via intrathecal injection37 to knock down expression of the IL31 receptor, Il31ra, in DRG 

neurons. RT-qPCR analysis of thoracic DRGs confirmed that Il31ra siRNA reduced Il31ra 
expression compared to control siRNA injection (Fig. S3B). Mice treated with Il31ra siRNA 

showed no differences in S. aureus induced dermatitis, TEWL, bacterial load, spontaneous 

itch, and alloknesis compared to control siRNA-treated mice (Fig. S3C–G). Pruriceptors 

also express IL4ra, which mediates IL4 and IL13 signaling to drive itch33. We exposed 

Il4ra−/− and WT control mice to S. aureus. We observed no differences in dermatitis, TEWL, 

bacterial load, spontaneous itch, and alloknesis between Il4ra−/− and control mice (Fig, 

S3H–L). Therefore, type 2 cytokines likely do not mediate S. aureus induced itch.

We next ascertained roles for lymphocytes in itch. Rag2−/−Il2gr−/− mice are deficient in 

T, B, NK cells and ILCs38,39. Following MRSA exposure, we did not observe differences 
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in dermatitis, TEWL, spontaneous itch, and alloknesis in Rag2−/−Il2gr−/− mice compared 

to WT controls (Fig. S3M–N, P–Q). We recovered more tissue bacteria load from 

Rag2−/−Il2rg−/− mice, indicating that lymphocytes affect bacterial clearance (Fig. S3O). 

Overall, we ruled out a role for MYD88, mast cells, basophils, IL31RA, IL4RA, and 

lymphocytes in itch (Table S1).

S. aureus localizes near epidermal sensory nerves

Pruriceptive nerve endings are mainly located in epidermis40. We hypothesized that bacteria 

may localize to areas close to nerves during epicutaneous exposure to drive itch. Nav1.8 

is a voltage-gated sodium channel expressed in C-fibers including pruriceptors41,42. Nav1.8-
Cre mice were bred with tdTomato reporter mice to label sensory neurons. Mice were 

topically treated with GFP-expressing MRSA or PBS. Whole mount imaging showed 

Nav1.8-TdTomato+ nerves in dermis and epidermis. Sensory innervation was maintained 

throughout the thickened dermis and epidermis below the S. aureus exposure site. In MRSA-

exposed mice, we observed GFP+ bacteria localized close to Nav1.8-TdTomato+ sensory 

nerves in the epidermis (Fig. 2A).

S. aureus Agr is required for itch

Because bacteria were localized close to nerve endings, we hypothesized that secreted 

factors from S. aureus could activate neurons to drive itch. S. aureus virulence factors are 

regulated by its Agr quorum sensing system, including expression of multiple secreted 

cytolytic toxins and proteases (Fig. 2B)43. Mice were exposed to WT MRSA or an 

Δagr isogenic mutant strain. We observed significant reductions in spontaneous itch and 

alloknesis in mice exposed to Δagr compared to WT MRSA (Fig. 2C). Δagr strain also 

induced less dermatitis (Fig. 2D). Fewer bacteria were recovered from skin of Δagr 
compared to WT MRSA-exposed mice (Fig. S4A). Thus, Agr mediates both itch and 

inflammation.

Bacterial toxins (Hla, PSMs) do not mediate S. aureus itch

Agr controls expression of phenol soluble modulins (PSMs) and α-hemolysin (Hla) (Fig. 

2B). We tested requirement of these toxins in itch by inoculating mice with WT MRSA or 

isogenic strains lacking Hla (Δhla) or PSMs (Δpsmα Δpsmβ Δhld; ΔPsms). Epicutaneous 

exposure to Δhla or ΔPsms MRSA resulted in similar spontaneous itch and alloknesis 

as WT MRSA (Fig. 2E). MRSA ΔPsms caused less exposure-site dermatitis than WT 

MRSA, whereas MRSA Δhla induced similar inflammation as WT MRSA (Fig. 2F). These 

results are in line with previous reports demonstrating PSMs driving inflammation20,23. 

We observed no differences in bacterial load for WT, Δhla, or ΔPsms MRSA (Fig. S4A). 

Thus, S. aureus toxins are not required for itch. Furthermore, itch and inflammation can be 

decoupled, given that MRSA ΔPsms induced itch despite absence of dermatitis (Fig. 2E–F).

Proteases are necessary for S. aureus itch

Proteases from plants, allergens, and mammals have been shown to cause itch44,45. S. aureus 
produces 10 proteases including cysteine, serine, and metalloproteases46, and these proteases 

are under Agr control (Fig. 2B). We tested the requirement for S. aureus proteases in itch 

Deng et al. Page 6

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by inoculating mice with WT MRSA or isogenic mutant lacking genes for all 10 proteases 

(ΔaurΔsspABΔscpA;spl∷erm; ΔProtease)47. Spontaneous itch behaviors and alloknesis were 

significantly reduced in mice exposed to Δprotease compared to WT MRSA (Fig. 2G). 

MRSA Δprotease strain was shown previously to induce less inflammation48. We found 

a similar reduction in dermatitis in animals inoculated with Δprotease compared to WT 

MRSA (Fig. 2H), and decreased bacterial load (Fig. S4A). Therefore, S. aureus proteases are 

necessary for itch and inflammation.

We next aimed to identify the role of specific S. aureus protease(s) in itch. Compared to 

WT MRSA, treatment with MRSA lacking aureolysin (Δaur) resulted in no difference in 

dermatitis, while a strain deficient in both staphopain A and staphopain B (ΔscpAΔsspB) 

caused a slight decrease in dermatitis (Fig. S4B). Mice inoculated with Δaur or ΔscpAΔsspB 
had no differences in spontaneous itch, alloknesis, or bacterial load compared to mice 

treated with WT MRSA (Fig. S4A, C–D). MRSA secretes 6 serine protease-like proteins 

(Spls). MRSA lacking all serine protease-like proteins SplA-F (spl∷erm) caused a similar 

degree of dermatitis, spontaneous itch, and alloknesis as WT MRSA (Fig. S4B–D). These 

data rule out 9/10 known proteases in itch, narrowing the search to serine protease V8, 

which is encoded by sspA gene49.

S. aureus V8 protease contributes to itch and skin inflammation

To test the requirement of V8 protease in itch, we generated a sspA deletion mutant (ΔsspA) 

that does not disrupt downstream sspB gene encoding Staphopain B (Fig. S5A). We also 

engineered chromosomally complemented strain ΔsspA+sspA and confirmed loss of V8 

protease activity in ΔsspA and restoration of protease activity in ΔsspA+sspA complement 

(Fig. S5A). Epicutaneous application of ΔsspA MRSA resulted in significantly less itch 

behaviors measured by spontaneous itch and alloknesis compared to WT bacteria (Fig. 

3A–B). Itch behaviors were restored in mice exposed to ΔsspA+sspA strain (Fig. 3A–B). 

Reduction in scratching resulted in decreased total skin damage in animals exposed to 

MRSA ΔsspA (Fig. 3C). Epicutaneous application of ΔsspA MRSA resulted in reduction 

in dermatitis and lower TEWL measurements, indicating reduced skin barrier damage, 

compared to mice inoculated with WT or complemented MRSA strains (Fig. 3D, Fig. 

S5B). We observed no differences between WT and MRSA ΔsspA strains in adherence to 

KERTr keratinocyte cells in vitro, suggesting that reduction in itch and inflammation are 

independent of adherence defects (Fig. S5C). We did observe a decrease in tissue bacterial 

load in mice infected with ΔsspA mutant (Fig. S5D). Therefore, V8 protease is a critical 

bacterial factor that drives itch. Mutant bacterial strains used and role of bacterial factors on 

itch and inflammatory parameters are summarized in Table S1.

V8 is upregulated in mouse skin and human AD skin lesions

Having identified V8 protease as a mediator of itch, we next quantified sspA transcript at 

different time points in S. aureus exposure model (Fig. 3E). sspA transcript increased over 

time, becoming significantly higher on day 5 compared to day 1 post-exposure (Fig. 3F). 

By contrast, psmA1 transcript did not change and we did not detect hla transcript from 

mouse skin samples during MRSA exposure (Fig. 3G–H). The timing of increased sspA 
transcript coincides with when we observed robust induction of itch (Fig. S1E). We next 
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determined whether S. aureus V8 (sspA) is expressed in human skin samples relevant to 

disease. We obtained skin swabs from healthy individuals, non-lesional and lesional skin 

from AD patients. We observed significantly higher amounts of sspA transcript in lesional 

AD skin samples compared to healthy controls (Fig. 3I).

V8 injection induces itch and skin damage

We next tested whether purified V8 protease causes spontaneous itch or pain behaviors. 

Following intradermal cheek injections, pruritogens induce mice to scratch with the hind-

paw, whereas pain-inducing algogens cause mice to wipe with the forelimb (Fig. 3J)50,51. 

We found that injecting 40U V8 protease induced robust itch and not pain (Fig. 3K–L). 

As a positive control and comparison, we injected mice with histamine, a pruritogen which 

produced itch (Fig. 3K–L). By contrast, the TRPV1 ligand capsaicin caused pain behaviors 

(Fig. 3K–L). V8 protease injection induced itch in a dose-dependent manner (Fig. S5E). Itch 

likely depends on protease activity, as mice injected with heat-inactivated V8 did not exhibit 

increased scratching compared to untreated V8 (Fig. S5F). While 40U of V8 protease 

induced itch specifically, 200U of V8 caused both itch and pain behaviors (Fig. S4G–H).

V8 protease injection was also sufficient to cause alloknesis. Mice injected with vehicle, 

histamine, or V8, followed by alloknesis measurements (Fig 3M). V8 protease resulted 

in significantly higher alloknesis at every time point measured up to 1 hr compared to 

histamine and buffer alone (Fig. 3N), and remained elevated in V8-treated mice at 3 hrs 

post-injection (Fig. S5I).

We next tested whether V8-induced scratching drives skin damage. Mice were injected 

intradermally into back skin with PBS or V8. One set of V8-injected mice were allowed to 

scratch while another group was prevented from scratching by wrapping with bandages (Fig. 

S5J). At 3- and 6-hrs post-injection, V8 protease-injected mice that could scratch exhibited 

higher TEWL than PBS-injected controls, indicating skin barrier damage (Fig. S5K–L). In 

contrast, V8 protease did not induce higher TEWL in animals prevented from scratching 

compared to PBS-injected controls (Fig. S5K–L).

V8 protease cleaves PAR1

We hypothesized that specific host receptors may mediate neuronal recognition of V8 

protease to drive itch. Proteinase-activated receptors (PARs) are G protein-coupled receptors 

activated by proteolytic cleavage of an extracellular N-terminal domain, leading to exposure 

of a tethered ligand that induces activation52,53. Humans and mice express four PAR family 

members, with PAR1, PAR2, and PAR4 having intracellular signaling capabilities54,55. 

PARs are expressed in pruriceptive neurons and their activities linked to itch45.

We employed a luminescence-based PAR cleavage assay56 to determine whether V8 can 

proteolytically cleave PARs (Fig. 4A). V8 protease potently cleaved human PAR1 (EC50 = 

4 Units of activity (U)/mL), but did not cleave PAR2, and had modest activity in cleaving 

PAR4 (EC50 = 219 U/mL) (Fig. 4B). As positive controls, we performed PAR cleavage 

assays with canonical PAR-ligand proteases thrombin (PAR1, PAR4) or trypsin (PAR2) (Fig. 

4C). As a second assay, human embryonic kidney (HEK-293) cells expressing PAR1 tagged 

N-terminally with mRFP and C-terminally with eYFP were exposed to V8. Microscopy 
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showed V8 treatment resulting in cleavage and removal of N-terminal mRFP tag. Only 

cleaved receptor (solely eYFP-positive) was detected at cell membrane after V8 exposure 

(Fig. S6A).

To map potential V8 cleavage sites in N-terminus of PAR1, we incubated a limiting 

concentration of V8 protease with C-terminally His6-tagged ligand of human PAR1 

(hPAR122–102) attached to Ni-NTA beads. Mass spectrometry analysis of supernatant 

identified 10 cleavage sites (Fig. 4D, S6B, Table S2) including sites upstream and 

downstream of canonical thrombin cleavage site (R41/S42), and several peptide fragments. 

V8 protease did not cleave at E/D|P, possibly due to steric hindrance documented with 

other proteases57. We tested whether V8 protease cleaves the tethered ligand and disarms 

PAR1 by monitoring thrombin evoked calcium signaling in HEK cells expressing hPAR1 

after exposure to V8. We observed no change in intracellular calcium between cells treated 

with thrombin alone or pre-treated with 2 U/mL V8 protease and thrombin, indicating 

that, at a lower concentration, V8 cleaves upstream of the thrombin cleavage site (Fig. 

S6C). At 20 U/mL, V8 abrogated responses to thrombin, suggesting that V8 can cleave 

downstream of thrombin site at higher concentrations (Fig. S6D). We further tested whether 

V8 affected PAR1 activation by the synthetic peptide TFLLR-NH2, observing no inhibition 

of TFLLR-NH2 response with 2 U/mL and 20 U/mL V8 protease (Fig. S6E–F). Intact 

TFLLR-NH2 responses suggest that V8 does not cleave at receptor sites involved in tethered 

ligand binding such as extracellular loops and ligand binding pocket.

PAR1 is expressed by DRG neurons

PAR1 expression and activation has been demonstrated in human and mouse DRG 

neurons58,59. We determined whether PAR1 is expressed in DRG neurons linked to itch. 

PAR1 is encoded by F2r gene53,60. We performed RNAscope in situ hybridization (ISH) 

analysis in mouse DRG to visualize F2r transcripts along with pan-neuronal marker Tubb3 
(Fig. 4E), finding F2r expression in 40% of mouse DRG neurons (Fig. 4F). Analysis of 

a scRNAseq dataset of mouse neurons61 showed F2r expression in several DRG subsets, 

including neurons previously linked to itch: NP2 neurons that express mrgpra3 and hrh12,32, 

and peptidergic neurons that express s1pr362 (Fig. S7A). We also performed RNAScope 

analysis of F2R expression in human DRG samples, observing F2R in 35% neurons, in 

accordance with previous studies59. F2R+ neurons were small in diameter (average 53.1 

μm) and positive for TRPV1 and NPPB, a marker of pruriceptive neurons63,64 (Fig. 4G–H). 

Mining scRNAseq data of human DRG neurons, we detected enrichment of F2R in a subset 

of putative pruriceptors expressing NPPB, IL31RA and GFRA2 (Fig. S7B)65.

V8 activates mouse and human DRG neurons

Having confirmed that purified V8 protease induces itch and cleaves PAR1, we next tested 

whether V8 could directly activate sensory neurons. Mouse DRG neurons were loaded with 

calcium indicator Fura-2, followed by application with vehicle or V8 protease. V8 protease 

induced DRG neuron calcium influx, including a concentration-dependent increase in the 

number of responsive neurons and the amplitude of calcium responses to V8 (Fig. S7C–D). 

We subsequently analyzed neuronal responses to 40 U/mL of V8, an amount that induced 

itch in vivo (Fig. 3) and at mid-dose range (Fig. S7C). At 40 U/mL, V8 protease induced 
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intracellular calcium responses in ~10% of mouse DRG neurons (Fig. 5B). Neurons were 

subsequently exposed to pruritogens histamine, chloroquine, or sphingosine-1-phosphate 

(S1P), followed by capsaicin and KCl to mark ligand-responsive subsets (Fig. 5A). Many 

V8-responsive cells also responded to pruritogens: V8 activated 25% histamine-responsive, 

38% chloroquine-responsive, 25% S1P-responsive neurons; V8 activated 22% capsaicin-

responsive neurons (Fig. 5B, S7E).

We previously showed that S. aureus Hla and N-formylated peptides can activate DRG 

neurons to mediate pain12. Using calcium imaging, we determined whether V8-responsive 

neurons responded to Hla or fMLF. Hla induced the highest proportion of DRG neuron 

responses, followed by V8, then fMLF (Fig. S7F). ~74% V8-responsive neurons responded 

to Hla, and ~26% V8-responsive neurons to fMLF (Fig. S7F). We next performed 

intradermal cheek injections with Hla or fMLF. While fMLF did not induce itch or pain, 

Hla injection induced both itch and pain (Fig. S7G). These data suggest that Hla is capable 

of inducing itch, though ΔHla mutant MRSA did abrogate itch following S. aureus exposure 

(Fig. 2).

We also tested whether human DRG neurons could respond to V8 with freshly dissociated 

DRG neurons dissected from organ donors. Human neurons were loaded with the calcium 

indicator Fluo-4, and intracellular calcium changes measured after treatment with V8 

protease and capsaicin (Fig. 5C). 26.5% of human DRG neurons were activated by V8, 

and 95.5% of V8 responsive cells responded to capsaicin (Fig. 5D). These data show that V8 

can induce calcium influx in both mouse and human DRG neurons.

PAR1 mediates V8 induced neuronal activation and itch

To test whether V8 activation of neurons is dependent on PAR1, we performed calcium 

imaging of DRG neurons from wildtype (F2r+/+) or F2r−/− mice. Compared to neurons from 

wildtype animals, F2r−/− neurons were not responsive to treatment with V8 protease (Fig. 

5E). We asked if blocking protease activity or PAR1 signaling reduces neuron responses 

to V8. Mouse DRG neurons were pre-treated with serine protease inhibitor TLCK66,67 or 

PAR1 antagonist Vorapaxar68 (Fig. 5F). Pre-treatment with TLCK or Vorapaxar eliminated 

V8-induced calcium influx in neurons (Fig. 5F–G). In contrast, neither Vorapaxar nor TLCK 

affected responses to capsaicin (Fig. 5F, H). These results demonstrate that PAR1 is required 

for V8 activation of sensory neurons.

We next tested the requirement of PAR1 for V8-induced itch in vivo. We performed 

intradermal cheek injections with PBS or V8 protease into wildtype (WT) and F2r−/− mice. 

V8 elicited significantly less scratching in F2r−/− mice than WT mice, and no significant 

differences between V8 and PBS-treatment in F2r−/− mice (Fig. 6A). To determine whether 

V8 injection induces immune cell recruitment dependent on F2r, we performed flow 

cytometry to characterize skin immune cells in WT and F2r−/− mice after treatment with 

PBS or V8 (Fig. S8A). We observed a baseline increase in T cells in F2r−/− mice compared 

to WT, and increased T cells in WT mice treated with V8 compared to PBS. Macrophages 

decreased in F2r−/− mice at baseline, and further decreased in mice injected with V8. There 

were no changes in neutrophils, eosinophils, mast cells, basophils, and dendritic cells (Fig. 

S8B).
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We examined the contribution of other protease-activated receptors in V8-induced itch. 

DRG neurons express various members of the Mas-related G coupled receptors (MRGPRs) 

family, including MRGPRA3, MRGPRX1, and MRGPRD, which have been linked to itch69. 

We found that mice lacking the Mrgpr locus (Mrgpr−/−) showed similar acute itch behaviors 

following V8 intradermal cheek injection as wild-type mice (Fig. S9A). PAR2, encoded by 

F2rl1, also mediates protease-induced itch responses45,70. However, we did not find PAR2 

cleavage by V8 (Fig. 4B). F2rl1−/− mice also showed similar itch as WT mice when injected 

with V8 (Fig. S9A).

F2r targeting in DRG neurons inhibits V8 and S. aureus itch

We next determined the role of F2r in DRG neurons in V8-induced itch using siRNA and 

conditional knockout approaches. Using intrathecal injections of siRNA to target sensory 

neurons37, we injected mice with vehicle, control siRNA, or F2r siRNA (Fig. 6B). RT-qPCR 

of thoracic DRGs confirmed efficient knockdown of F2r in animals treated with F2r siRNA 

but not control siRNA (Fig. S9B). We next injected V8 protease intradermally at the upper 

back of mice to observe spontaneous scratching behaviors. F2r siRNA-treated animals had 

significantly reduced V8-induced itch compared to mice injected with vehicle or control 

siRNA (Fig. 6B). We next determined if F2r knockdown in DRGs inhibits itch during 

epicutaneous S. aureus exposure. Following F2r or control siRNA injection, mice were 

inoculated with WT MRSA or treated with PBS (Fig. 6C). At 5-days post-exposure, we 

observed no differences in dermatitis, skin barrier damage (TEWL), and tissue bacterial 

load between control and F2r siRNA treated mice (Fig. S9C–E). We observed a significant 

reduction in spontaneous itch behaviors and alloknesis for mice injected with F2r siRNA 

(Fig. 6D–E). F2r knockdown mice also showed less total skin damage caused by scratching 

(Fig. 6F). Therefore, knockdown of F2r expression in DRG neurons leads to inhibition of 

itch caused by V8 protease and S. aureus.

To target F2r specifically in sensory neurons, we generated Trpv1ΔF2r conditional knockout 

mice by crossing Trpv1cre with F2rfl/fl mice (Fig. 6G). Trpv1cre lineage-based analysis has 

shown that it targets both peptidergic and non-peptidergic C-fibers71. Trpv1ΔF2r mice or 

cre-negative control littermates were treated with PBS or exposed to MRSA. We found 

no differences in dermatitis, TEWL, and skin bacterial load between the two groups (Fig. 

S9F–H). Similar to mice injected intrathecally with F2r siRNA, Trpv1ΔF2r mice exhibited 

significantly less spontaneous itch and alloknesis following MRSA exposure compared to 

control mice (Fig. 6H–I).

PAR1 pharmacological inhibition reduces S. aureus itch and skin damage

We next investigated the therapeutic potential of PAR1 blockade in blocking itch and skin 

pathology. Vorapaxar is an FDA-approved PAR1 antagonist and drug used for reducing 

the risk of thrombotic cardiovascular events72. We found that co-administration of V8 and 

Vorapaxar resulted in significantly reduced scratching for all doses of Vorapaxar tested (Fig. 

7A). We also tested the effect of another PAR1 antagonist, SCH79797, and found that 

all doses of this drug reduced scratching responses to V8 (Fig. S9I). In contrast, PAR4 

antagonist BMS986120 minimally affected V8-induced itch, though it did have anti-pruritic 

effects at the highest dose (Fig. S9J). SCH79797 has direct antimicrobial effects, whereas 
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Vorapaxar does not affect bacterial growth73,74. Therefore, we focused on Vorapaxar for 

further tests in mice.

Vorapaxar also significantly reduced V8 protease-induced alloknesis. We found that 

vorapaxar treatment reduced alloknesis responses up to 3 hours after V8 injection (Fig. 7B–

C). Mice injected with V8 protease had higher TEWL measurements in back skin, which 

could be blocked by Vorapaxar treatment or wrapping with bandages to prevent scratching 

(Fig. 7D). Therefore, blocking PAR1 reduced itch and scratch-induced skin barrier damage 

after V8 injection.

We next investigated whether Vorapaxar could treat itch during S. aureus epicutaneous 

exposure. Mice were gavaged daily with Vorapaxar or vehicle control (Fig. 7E). We found 

that, similar to F2r siRNA, Vorapaxar treatment had no effect on dermatitis, TEWL, and 

bacterial load (Fig. 7F, S9K–M). Vorapaxar significantly reduced spontaneous itch behaviors 

and alloknesis following epicutaneous S. aureus application (Fig. 7G–H). We also recorded 

less skin damage from scratching for the mice treated with Vorapaxar and MRSA (Fig. 

7I–J). In summary, pharmacological inhibition of PAR1 in mice significantly reduces itch 

behaviors that drives skin damage during bacterial exposure.

DISCUSSION

The underlying mechanisms of itch during microbial exposure were not previously 

understood. Here, we established that human pathogen S. aureus induces robust itch and 

scratch-induced damage during epicutaneous exposure. By screening through bacterial 

genetic mutants in vivo (Table S1), we find V8 protease as necessary and sufficient for 

itch and alloknesis. S. aureus V8 induced mouse and human pruriceptor neuron activation, 

which was mediated by host receptor PAR1. PAR1 inhibition prevented neuronal activation, 

itching, and skin damage. Our findings reveal a role for bacteria in causing itch and highlight 

the importance of the itch-scratch cycle in skin injury.

Given that S. aureus produces 10 proteases, it was striking that V8 protease specifically 

mediated itch. Staphopains A and B, Aureolysin, and SPLs did not contribute to itch. V8 is 

a serine protease with specificity to cleaving after glutamic acids, and in some conditions 

after aspartates75. V8 protease has been shown to be a dominant S. aureus virulence factor 

causing damage to keratinocytes76. Topical application of V8 increased TEWL and serum 

IgE levels in hairless mice77. A recent study profiled skin from healthy adults and AD 

patients for S. aureus virulence factors, and sspA transcript was detected in samples from 

both healthy and AD skin78. We found sspA transcript increased in AD compared to 

healthy skin. Reports have demonstrated that nearly all S. aureus isolates contain the sspA 
gene79–81. Antibodies specific to V8 can be detected from humans who have previously 

been infected with S. aureus and in the general population82,83.

In addition to V8, S. aureus Hla activated DRG neurons and induced itch and pain when 

injected. PSMs can also cause itch and pain when injected into the mouse cheek84. While 

Hla and PSMs can induce itch, we found no difference in spontaneous itch or alloknesis in 

mice inoculated with S. aureus deficient in these toxins (Fig. 2). Levels of Hla and PSMs 
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produced by S. aureus on the skin surface maybe insufficient to induce itch. Matching this 

point, while sspA transcripts were high at day-5 following MRSA inoculation, we did not 

observe increased psma1 or hla transcripts (Fig. 3). How S. aureus regulates expression of 

these factors on skin surface remains to be determined.

Non-microbial proteases have been linked to itch. Our study adds a bacterial protease as 

a pruritogen that acts through PAR1. Many previous reports have focused on the action 

of proteases on PAR2 and PAR4 in itch45. Plant proteases including cowhage mucanain, 

bromelain, and papain induce itch by acting via PAR2 and PAR4. Keratinocytes and immune 

cells express cathepsin S, which can induce itch through PAR2 and PAR4. Mast cell tryptase 

and chymase can also induce itch. A recent report found that mast cell tryptase activates 

PAR1 to cause anaphylaxis85. Keratinocytes produce kallikrein (KLK) proteases including 

KLK5 and KLK14 which can cleave PAR286 and drive itch87,88 S. aureus can also induce 

keratinocyte expression of KLKs89. Our finding that PAR1 mediates itch during S. aureus 
exposure introduces this receptor as a driver of itch. PAR1 was expressed across several 

sensory neurons, including those expressing Nppb, Mrpgra3, and S1pr32,61. In humans, 

its expression was more linked to NPPB+ neurons65. How protease activation of PAR1+ 

neuronal subsets induces signaling at the cellular level remains to be fully determined.

We observed that dermatitis at the site of bacterial exposure can be decoupled from itch 

and scratching behavior. PSMs and MYD88 were previously shown to drive inflammation 

following MRSA exposure20,23. We found that bacteria lacking PSMs caused decreased 

dermatitis but still induced itch; similarly, Myd88−/− mice showed decreased dermatitis, 

but still scratched. Therefore, itch and scratching behavior do not require pre-existing 

inflammation and skin barrier disruption. Our results indicate that V8 acts directly through 

neuronal PAR1 to induce itch independent of inflammation.

The role of other microbial proteases in itch requires further investigation. Bacteria 

produce numerous proteases that have various roles in health and disease90. Staphylococcus 
epidermidis, an opportunistic pathogen frequently found on healthy and AD skin, makes the 

protease EcpA which causes skin damage in AD patients91. Streptococcus pyogenes, another 

skin pathogen, produces proteases including SpeB which impact skin infection92. Beyond 

bacteria, how fungi, viruses and parasites contribute to itch are unknown.

Neuronal sensing of pathogens can mediate early defense responses to infection through 

neurogenic inflammation93. Nociceptors release neuropeptides including calcitonin gene-

related peptide (CGRP) or substance P (SP) to mediate vascular94,95 and immune changes96. 

PAR1 activation on primary afferents can induce release of CGRP and SP, provoking 

neurogenic inflammation97. Neuronal PAR1 activation could therefore mediate quick and 

sustained depletion of neuropeptides from primary afferents and downstream immune 

modulation.

Pathogens may hijack itch and other neural reflexes for their advantage. Mycobacterium 
tuberculosis (Mtb) directly activate vagal nociceptor neurons through a sulfolipid SL-1 

to mediate coughing in guinea pigs, which could facilitate pathogen transmission98. S. 
aureus induces itch and scratching behaviors which mediate skin damage. This may impact 
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bacterial spread deeper in the skin or result in dissemination to distant body sites. Scratching 

could also facilitate bacterial spread to other hosts. Further investigation into how bacteria 

induce maladaptive behaviors to mediate invasion and dissemination are needed.

We found that blocking PAR1 reduced itch in mice, and V8 activates and cleave human 

PAR1. Therefore, PAR1 could be an attractive candidate to target for itch therapies. 

Vorapaxar is currently FDA-approved for prevention of thrombotic cardiovascular events72. 

Future development of topical application of such PAR1 antagonists could avoid adverse 

events caused by systemic delivery. There is interest in intrathecal injection as a method 

to deliver therapeutic siRNAs to modulate gene expression in neurons99. Itch is a major 

cause of suffering for the many patients with pruritic diseases accompanied by microbial 

dysbiosis15,19,100,101. Targeting PAR1 or bacterial proteases including V8 may be promising 

approaches. Therefore, our study reveals a distinct bacterial-driven itch mechanism that 

contributes to skin pathology and may be targeted for therapeutic treatment of itch.

Limitations of Study

While our study shows that V8 protease mediates S. aureus induced itch and acts through 

PAR1 on pruriceptors, we cannot fully rule out indirect mechanisms by which V8 could 

act. V8 could activate endogenous mammalian proteases, which may in turn act on PAR1. 

V8 protease cleaves human pro-thrombin, although the activity of this cleavage product is 

unknown102, and Thrombin is a PAR1 agonist that can be produced by keratinocytes103. 

Another limitation is that while PAR1 knockdown and pharmacological blockade by 

Vorapaxar greatly reduces itch caused by both V8 and S. aureus exposure, it does not 

completely abrogate itch down to baseline levels in animals injected with V8 protease 

(Fig 6–7). Therefore, V8 could partially induce itch via mechanisms independent of PAR1. 

We observed a reduction in skin bacterial load in mice inoculated with ΔsspA MRSA, 

suggesting a fitness defect. More studies are needed to understand how V8 promotes MRSA 

virulence. V8 protease may act directly on keratinocytes, immune cells, or other skin cells 

to drive inflammation and barrier damage. V8 might also synergize with other S. aureus 
factors such as PSMs to drive tissue damage, resulting in deeper infection and pain. Because 

pain behavior analysis is not optimized for mouse back, it is not currently possible to assess 

how pain contributes to this model. While the model of epicutaneous S. aureus inoculation 

is widely used for topical exposure, it involves occlusion by Tegaderm tape, and is self-

limiting, which may not reflect S. aureus dynamics in human AD lesions. It also mimics 

aspects of infection such as bacterial epidermal invasion. Additional studies are needed to 

examine V8 protease and PAR1 in itch in the context of human S. aureus colonization and 

AD. It would be of interest to test if human DRG neurons responding to V8 protease can 

response to other pruritogens. Due to limitations in availability of human donors, we mainly 

utilized mouse DRG neurons in this study. Future studies with human neurons are needed to 

show what subsets of neurons can respond to V8 protease and mediation through PAR1.

Deng et al. Page 14

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Please direct requests for further information, resources, and reagents to 

the lead contact, Isaac Chiu (Isaac_chiu@hms.harvard.edu).

Materials availability—Bacterial strains generated in this study are available upon signing 

a materials transfer agreement (MTA).

Data and code availability

• Microscopy data, flow cytometry data, and mouse behavior recordings will be 

shared by the lead contact upon request. This paper analyzes existing, publicly 

available single cell RNA-seq data. These accession numbers for the datasets are 

listed in the key resources table.

• This study did not generate any sequencing data or original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—All animal experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Harvard Medical School under protocol numbers IS000000543 

and IS000000546 and were conducted in accordance with National Institutes of Health 

(NIH) animal research guidelines. Mice were bred and housed in individually ventilated 

micro-isolator cages within a full barrier, specific pathogen-free animal facility at Harvard 

Medical School under a 12h light/dark cycle with ad libitum access to food and water. 

Age-matched littermate male and female mice were used for experiments.

C57/BL6 mice that were free of rodent pathogens and Staphylococcus aureus were 

purchased from Taconic Biosciences. C57/BL6J mice, Ai14 strain B6.Rosa26-stop(flox)-

tdTomato (#007914) 104, Myd88 knockout strain B6.129P2(SJL)-Myd88tm1.1Defr/J 

(#009088) 105, F2rl1 knockout strain B6.Cg-F2rl1ftm1Mslb/J (#004993) 106, mast cell 

deficient B6.Cg-KitW-Sh mice (#030764), and Trpv1-Cre+/+ B6.129-Trpv1tm1(cre)Bbm/J 

strain (#017769) were obtained from the Jackson Laboratory (Bar Harbor, ME). 

Rag2−/−Il2rg−/− strain C57BL/6NTac.Cg-Rag2tm1Fwa Il2rgtm1Wjl was obtained from Taconic 

Biosciences. F2r-flox mice were generated previously107. Trpv1-Cre+/+ mice were crossed 

with F2r-flox mice to generate Trpv1ΔF2r mice. Balbc/J (#00651) and Il4ra−/− (#003514) 

strain BALB/c-Il4ratm1Sz/J were purchased from Jackson Laboratory (Bar Harbor, ME). 

Mrgpr knockout mice 108 were provided by Xinzhong Dong (Johns Hopkins University). 

Nav1.8-Cre mice 109 were provided by John Wood (University College London). Nav1.8-

Cre+/+ mice were crossed with Ai14 mice to generate Nav1.8tdTomato mice. F2r knockout 

strain B6.129S4-F2rtm1Ajc/J mice were obtained by recovery from cryopreservation from 

Jackson Laboratories (#002862).
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Human subjects for skin swab collection—Experiments involving human subjects 

were done according to protocols approved by University of California, San Diego IRB 

(Project#140144). Written informed consent was obtained from all subjects. Swabs of 

surface microbiota from a 5 cm2 area of the antecubital fossa skin of both left and right arms 

were collected from 14 healthy subjects and 13 patients with AD as previously described 
91. Demographic details including age, sex, and race are given in Table S3. For subjects 

with AD, swabs were collected from both lesional and non-lesional skin. Swabs were stored 

in tryptic soy broth (TSB) and 16.67% glycerol at −80°C with swab intact until follow-on 

analysis was performed.

Human DRG samples from organ donors—Human lumbar DRGs were obtained 

from organ donors in collaboration with Southwest Transplant Alliance, as previously 

described65. Demographic details including age, sex, and race are given in Table S3. 

Human DRGs were immediately frozen in pulverized dry-ice on-site for RNAScope 

analysis or immersed in N-methyl-D-glutamate-artificial cerebrospinal fluid (NMDG-aCSF) 

for subsequent calcium imaging experiments110. All tissue procurement procedures were 

approved by the institutional review board at University of Texas at Dallas.

METHOD DETAILS

Bacterial strains and culture—All procedures related to bacterial strains and infectious 

disease work were approved by the Committee on Microbiological Safety (COMS) at 

Harvard medical school and were conducted under Biosafety Level 2 protocols and 

guidelines. All Staphylococcus aureus strains used in this study are listed in the Key 

Resources Table. Bacteria were grown in tryptic soy broth (TSB) at 37°C and growth was 

monitored by measuring the optical density at 600 nm (OD600). S. aureus CA-MRSA strains 

LAC/USA300 (wildtype, WT) and GFP-MRSA are previously described12. Δagr and Δhla 
MRSA were obtained from Dr. Victor Torres111. The Δpsmα Δpsmβ Δhld (ΔPsms) MRSA 

strain was a gift from Dr. Michael Otto112.

Deletions of aureolysin (Δaur), staphopain A and staphopain B (ΔscpA ΔsspB) and SplA-F 

(Δspl∷erm) strains were generated as previously described113. The V8 protease deletion 

(ΔsspA) was generated using homologous recombination as previously described, resulting 

in an encoded small peptide MKGPR* in its place114. Complementation of ΔsspA was 

achieved by cloning sspA with 245 bp of the promoter sequence into a pLL29-derived vector 

where the tetracycline antibiotic resistance cassette was replaced with an erythromycin 

resistance cassette (pLL29erm)115,116. The resulting plasmid was integrated at the φ11 attP 
site in RN4220 using helper plasmid pLL2787 and moved into the ΔsspA strain by phage 

transduction. The resulting strains were PCR and sequence verified.

V8 protease activity assays—Activity assays for V8 protease were performed as 

previously described with some modifications117. Filtered supernatants were further 

concentrated with an Amicon Ultra-15 Centrifugal Filter (10 kDa cutoff), dialyzed in 20 

mM Tris pH 7.4, and normalized to a protein concentration of 0.45 mg/mL by the Pierce 

BCA Protein Assay (ThermoFisher) before beginning the FRET assay.
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Epicutaneous MRSA exposure and measurement of itch and inflammation—
The murine model of epicutaneous Staphylococcus aureus exposure was adapted from20,23. 

Prior to MRSA application, mice were shaved and treated with chemical depilation to 

remove back fur. Two days after fur removal, a 1 cm2 gauze piece of soaked with 100uL of 

bacterial suspension was placed onto the skin just below the shoulder blades and the animals 

were covered with Tegaderm occlusive tape. Control animals were treated with gauze soaked 

with 100uL sterile PBS. Mice were monitored daily and the Tegaderm tape and gauze were 

removed at the endpoint so that inflammation and itch could be measured.

S, aureus exposure site dermatitis:  Inflammation caused directly by bacterial exposure 

was measured immediately after tape and gauze removal (before mice were able to scratch 

the back skin). Four parameters (edema, skin scale, erythema, and thickness) were assigned 

a score from 0 (none) to 3 (severe) and these measurements were summed for a total score of 

between 0 to 12 per mouse (Fig. S1B).

Transepidermal water loss:  Following skin score assessment, a Tewameter TM300 device 

(Courage and Khazaka Electronic GmbH) was used to record TEWL at the site of gauze 

placement on the skin.

Alloknesis:  Mice were stimulated 9 times with a 0.07g von Frey filament on the back skin 

near the exposure site. Bouts of scratching that occurred immediately after stimulation were 

recorded as a response.

Spontaneous itch:  Prior to MRSA exposure, mice were habituated to the infrared behavior 

observation box (iBOB). Following tape and gauze removal at the endpoint of exposure, 

mice were returned to their home cage for several hours and allowed to groom the skin/fur 

that was previously covered by tape. After grooming behaviors returned to baseline, mice 

were place in iBOB for 90 minutes of video recording. Bouts of scratching were counted by 

observers blinded to the treatment groups.

Scratch-induced skin damage:  Immediately after tape and gauze removal, mice were 

photographed from above, returned to their home cage, and allowed to freely scratch the 

back skin for 7 hours. After scratching, mice were anesthetized and photographed. Blinded 

observers analyzed the images to measure the total shaved skin area and the skin area that 

appeared inflamed (including the infected lesion site and the surrounding scratched areas) 

using ImageJ. The area of damaged skin was calculated as the percentage of inflamed skin 

area out of the total shaved area.

Bacterial load:  Mice were euthanized according to approved veterinary protocols and the 

back skin was dissected and placed in 1 mL sterile PBS and bead beaten for 10 min to 

homogenize the tissue. The resulting tissue homogenate was serially diluted and plated on 

CHROMagar (Hardy Diagnostics) supplemented with 5.2 μg/mL cefoxitin to enumerate 

MRSA CFU.

Histology—Mice were euthanized by CO2 inhalation and the back skin was dissected 

and fixed for 24h at 4°C in 4% paraformaldehyde. Fixed skin samples were embedded 
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with paraffin, sectioned, and stained with hematoxylin and eosin (H&E) dyes by the 

Harvard Medical School Rodent Histopathology Core. Stained sections were imaged by 

light microscopy on an Eclipse Ti-S/L100 inverted microscope (Nikon) and images collected 

by NIS-Elements AR software.

Subcutaneous MRSA infection—Mice were injected subcutaneously with 50μL of 107 

CFU of MRSA in PBS. At 5-days post-infection, mice developed large dermonecrotic 

lesions at the infection site. Alloknesis was assessed by stimulating the skin close to the 

necrotic tissue. Spontaneous itch was measured by counting bouts of scratching to both the 

infected area and the healthy back skin surrounding the lesion.

Whole mount confocal microscopy—Nav1.8tdTomato mice were treated epicutaneously 

with GFP-MRSA or sterile PBS. At 5 days post-treatment, mice were euthanized following 

approved veterinary protocols and the skin was dissected and fixed for 24h at 4°C in 

4% paraformaldehyde. Following fixation, the skin was imaged using a Leica Stellaris 8 

confocal microscope.

Mouse skin RNA isolation and quantitative real-time PCR—Mouse skin tissue 

was placed into TRIzol reagent (thermos Fisher) and homogenized by bead beating 

for 10 min. RNA was isolated using the Direct-zol RNA MiniPrep Plus kit according 

to manufacturer’s instructions (Zymo Research). RNA was reverse-transcribed using the 

iScript cDNA synthesis kit (Bio-Rad). Primers (sspA primers sspA-F AND sspA-R, psmA1 
primers psmA1-F and psmA1-R, and hla primers hla-F and hla-R) and cDNA were mixed 

with Power SYBR green PCR master mix (Life Technologies) and qPCR was performed 

using a QuantStudio Real-Time PCR instrument (Thermo Fisher).

Human skin swab RNA isolation quantitative real-time PCR—RNA was isolated 

using the Purelink RNA isolation kit according to manufacturer’s instructions (Thermo 

Fisher Scientific). For human swabs, 250μL of sample was removed from collection tubes 

and added to 500μL of RNA Protect Bacteria Reagent (Qiagen) for 10min at RT, then 

pelleted (13,000RPM, 10’, RT). Pellet was resuspended with 700μL of RNA lysis buffer 

with 1% Beta-mercaptoethanol followed by column-based isolation of RNA. RNA was 

reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). qPCR reactions were 

run on a CFX96 Real-Time Detection System (Bio-Rad) with cDNA, 2x SYBR Green qPCR 

Master Mix, and sspA specific primers sspA-F and sspA-R previously described78.

Cheek injections and measurement of itch and pain—Mouse cheeks were shaved 

2 days before experiments and were habituated for 30 minutes in iBOB chambers. Male 

and female mice were injected intradermally in the cheek with 20μL of PBS, V8 protease 

(40U), histamine (100μg), or capsaicin (40μg). For injections with antagonists, V8 protease 

was mixed with vorapaxar, SCH79797, or BMS986120 30 minutes prior to injection. 

Immediately after injection, mice were place into iBOB chambers and recovered for 30 

minutes. Itch and pain behaviors were scored by blinded observers.

Alloknesis—The napes of mouse necks were shaved 2 days before experiments and mice 

were habituated in alloknesis chambers for 1 hour. Mice were injected intradermally in 
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the upper back with 50μL of PBS, V8 protease (40U), or histamine (100μg). The skin 

surrounding the injection site was mechanically stimulated for 1 second 3 times in a row 

with a 0.07g Von Frey filament, and this was repeated 3 times for a total of 9 stimulations.

KERTr cell culture and adherence assays—KERTr immortalized human 

keratinocytes were obtained from the American Type Culture Collection (#CRL-2309) 

and maintained in keratinocyte serum-free medium (Gibco #17005-042) with added 

Keratinocytes Supplements (Gibco #37000-015) including bovine pituitary extract (BPE; 

Gibco 13028-014) and human recombinant epidermal growth factor (EGF, Gibco 

#10450-013) and further supplemented with 35 ng/mL human recombinant epidermal 

growth factor (EGF; BD #354052).

Assays to quantify cell surface-adherent bacteria were performed as previously described118. 

Briefly, MRSA strains were grown to mid-log phase to infect confluent cell monolayers 

(multiplicity of infection [MOI], 1). Following a 30 min incubation, cells were treated 

with trypsin and lysed with 0.025% Triton X-100. The lysates were then serially diluted 

and plated on tryptic soy agar (TSA) to enumerate bacterial CFU. Experiments were 

performed four times with four replicates per MRSA strain, and results from a representative 

experiment are shown in Fig. S5D.

Expression and purification of recombinant PAR1 N-terminus—A codon-

optimized sequence of human PAR1A22-T102 with a starting methionine was cloned 

into vector pTEV20 at the BspQ1 site119. The construct was transformed into E. coli 
BL21-Rosetta cells (Novagen) and grown overnight in LB supplemented with ampicillin 

(100 μg/mL) and chloramphenicol (10 μg/mL) at 37 °C. Overnight was subcultured at a 

1:8 dilution in Terrific Broth (TB, BD Difco) supplemented with ampicillin (100 μg/mL) 

and chloramphenicol (10 μg/mL) and grown at 37 °C shaking at 220 RPM to a cell 

density of OD600 0.8-1.0 as measured in a cuvette with 1 cm pathlength. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added at a final concentration of 1 mM, and the culture 

was incubated at 25 °C for 2 hours. Cells were then centrifuged at 3,900 x g in an Eppendorf 

5810R centrifuge set at 4 °C for 30 minutes. Centrifuged cell paste was stored at −80 °C. 

For purification, thawed cell paste was resuspended in Buffer A (0.1 M sodium phosphate 

buffer, pH 7.8, 0.2 M NaCl, 6 M urea) at a ratio of 5 mL buffer: 1 g cell mass, and cells 

were lysed by pushing lysate through a 28G needle attached to a syringe three times or until 

cells were lysed. Lysate was centrifuged at 3,900 x g in an Eppendorf 5810R centrifuge set 

at 4 °C for 30 minutes, and supernatant was filtered with a 0.45 μm filter. Filtered lysate 

was loaded onto a 5 mL HisTrap-FF column (Cytiva) equilibrated with Buffer A. A gradient 

of Buffer B (0.1 M sodium phosphate buffer, pH 7.8, 0.2 M NaCl, 0.5 M imidazole, 6 M 

urea) was applied from 0-100% over 10 column volumes (CV). PAR1A22-T102-His6 eluted 

at 41-56% Buffer B. Fractions were collected, dialyzed thrice in 1 L storage buffer (0.01 M 

sodium phosphate buffer pH 7.8, 6 M urea), and flash frozen in liquid nitrogen for storage at 

−80 °C.

Limited proteolysis of PAR1 N-terminus—Unless otherwise specified, tubes were 

incubated at room temperature for 10 min on a tube revolver (Thermo Scientific) set to 15 

speed, and beads were separated from supernatant with a magnetic separation rack for 2 
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min (New England Biolabs). Per tube, 400 μL of Pierce™ Ni-NTA Magnetic Agarose Beads 

were equilibrated with storage buffer, and 1.5 mg of thawed PAR1 recombinant N-terminus 

was applied to the beads. Beads were washed thrice with storage buffer and thrice with 

reaction buffer (0.01 M sodium phosphate buffer, pH 7.8) to wash off unbound protein and 

renature N-terminus. V8 protease (E.C. 3.4.21.19, Sigma) was added at a concentration of 

10 μg/mL V8 protease in 500 μL total volume, and reaction was incubated rotating for 

30 minutes. Supernatant was removed and added to formic acid for a final concentration 

of 0.5% formic acid and immediately flash frozen. Resin beads were washed thrice with 

reaction buffer and incubated for 10 minutes with 400 μL elution buffer (0.01 M sodium 

phosphate buffer, pH 7.8, 500 mM imidazole). Supernatant was removed and added to 

formic acid for a final concentration of 2% formic acid and immediately flash frozen. 

Samples were submitted to Dr. Greg Sabat at the University of Wisconsin-Madison Mass 

Spectrometry Core for solid phase purification and LC-MS/MS analysis.

Mass Spectrometry—Samples were desalted using Pierce C-18 Tips, 100μl bed 

(ThermoFisher Scientific) per manufacturer protocol and eluted in 10μl of 70/30/0.1% 

ACN/H2O/TFA. Dried to completion in the speed-vac and finally reconstituted in 20μl 

of 0.1% formic acid / 3% ACN. Peptides were analyzed by nanoLC-MS/MS using the 

Agilent 1100 nanoflow system (Agilent) connected to hybrid linear ion trap-orbitrap mass 

spectrometer (LTQ-Orbitrap Elite™, Thermo Fisher Scientific) equipped with an EASY-

Spray™ electrospray source (held at constant 35°C). Chromatography of peptides prior to 

mass spectral analysis was accomplished using capillary emitter column (PepMap® C18, 

3μM, 100Å, 150x0.075mm, Thermo Fisher Scientific) onto which 2 μl of extracted peptides 

was automatically loaded. NanoHPLC system delivered solvents A: 0.1% (v/v) formic acid , 

and B: 99.9% (v/v) acetonitrile, 0.1% (v/v) formic acid at 0.50 μL/min to load the peptides 

(over a 30 minute period) and 0.3μl/min to elute peptides directly into the nano-electrospray 

with gradual gradient from 0% (v/v) B to 30% (v/v) B over 80 minutes and concluded with 

5 minute fast gradient from 30% (v/v) B to 50% (v/v) B at which time a 5 minute flash-out 

from 50-95% (v/v) B took place. As peptides eluted from the HPLC-column/electrospray 

source survey MS scans were acquired in the Orbitrap with a resolution of 120,000 followed 

by CID-type MS/MS fragmentation of 30 most intense peptides detected in the MS1 scan 

from 350 to 1800 m/z; redundancy was limited by dynamic exclusion. Elite acquired 

MS/MS data files were converted to mgf file format using MSConvert (ProteoWizard: 

Open Source Software for Rapid Proteomics Tools Development). Resulting mgf files were 

used to search against Uniprot Escherichia coli reference database (UP000000625, 4,520 

total sequences) appended with PAR1 (1-102 aa) protein along with a cRAP common lab 

contaminant database (116 total entries) using in-house Mascot search engine 2.7.0 [Matrix 

Science], assuming the digestion enzyme GluC, with fixed Cysteine carbamidomethylation 

and variable Methionine oxidation plus Asparagine or Glutamine deamidation. Peptide mass 

tolerance was set at 10 ppm and fragment mass at 0.6 Da. Protein annotations, significance 

of identification and spectral based quantification was done with Scaffold software (version 

4.11.0, Proteome Software Inc., Portland, OR). Peptide identifications were accepted if they 

could be established at greater than 60.0% probability to achieve an FDR less than 1.0% 

by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could 

be established at greater than 98.0% probability to achieve an FDR less than 1.0% and 
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contained at least 2 identified peptides. Protein probabilities were assigned by the Protein 

Prophet algorithm (Nesvizhskii, Al et al Anal. Chem. 2003;75(17):4646-58). Proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis alone 

were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide 

evidence were grouped into clusters.

Culturing and calcium imaging of mouse DRG neurons—One day prior to calcium 

imaging, DRGs from male and female mice were collected and digested using a mixture 

of 2.5mg/mL Collagenase A and 1mg/mL Dispase II for 40 min. A single cell suspension 

was obtained by triturating the samples through 18G, 21G, and 26G needles. Neurons 

were separated from other cells and debris using BSA gradient and plated onto laminin-

coated 35mm dishes or 96-well plates in Neural Basal Medium (NBM) (Thermo Fisher) 

supplemented with B27 serum-free supplement (Invitrogen), L-Glutamine (Invitrogen), Pen/

Strep (Cellgro), and 25ng/mL NGF (Invitrogen).

Neurons were cultured overnight at 37C with 5% CO2, then loaded with 5μM Fura-2-AM in 

NBM for 30 min. For experiments with histamine, chloroquine, S1P, and capsaicin, neurons 

were washed with Krebs-Ringer buffer (KR) (Boston BioProducts) and 100μL of KR, 

V8 (69.2μM), histamine (100μM), chloroquine (1mM), S1P (1μM), capsaicin (1μM), and 

KCl (100μM) were sequentially pipetted into the 35mm dish. Images were acquired with 

alternating 340/380 nm excitation wavelengths using a Nikon Eclipse Ti inverted microscope 

and Zyla sCMOS camera (Andor). For experiments with Hla, fMLF, and V8 protease, 

neurons were washed with KR and 100μL of KR, V8, Hla, fMLF, and KCl were sequentially 

pipetted onto the cells. Ratiometric analysis of 340/380 signal intensities was performed as 

described in14. For V8 dose-response experiments, calcium imaging of neurons in 96-well 

plates was performed as described in 120.

Culturing and calcium imaging of human neurons—Human lumbar DRGs were 

cleaned of any fat and connective tissue surrounding the ganglion. The protocol for the 

dissociation of DRGs for calcium imaging was inspired by 121. The DRG was cut into 

roughly 1-2 mm chunks and immersed in pre-warmed 5 ml enzyme solution containing 

2 mg/ml STEMxyme I (Worthington, LS004106) and 0.1 mg/ml DNAse I (Worthington, 

LS002139) in HBSS without calcium and magnesium (ThermoFisher, 14170161). The 

tissue-enzyme solution was gently and constantly mixed at 37°C in a shaking water bath. 

The tissue was triturated every 20 min using fire-polished glass pipette until a roughly 

homogenous solution was obtained (about 40 min). This mixture was passed through a 

100 μm cell strainer (Corning, 352360) and the flow-through was layered onto 3ml of 

10% bovine serum albumin density gradient. The resulting solution was centrifuged for 

900 x g for 5 min at room temperature. The supernatant was removed and the pellet was 

resuspended in BrainPhys media (STEMCell, 05790) containing 1% penicillin-streptomycin 

(ThermoFisher, 15070063), 1% N2-A (STEMCell, 07152), 2% SM1 (STEMCell, 05711) 

and 1% GlutaMax (ThermoFisher, 35050061). Cells were plated onto 35 mm dishes that 

were pre-coated with poly-D-lysine (>300,000, Sigma Aldrich, P7405) overnight and then 

coated with laminin from human placenta (Sigma Aldrich, L6274) for 2-3 hours at 37°C 
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right before culturing. Cells were initially cultured for 2 hours in a 50μl droplet followed by 

immersion in 2 ml of pre-warmed BrainPhys media.

Calcium imaging with Fluo-4 AM was performed 24 hours after plating. Fluo-4 AM 

(ThermoFisher, F14201) was reconstituted in 2% of Pluronic F-127 (20% in DMSO, 

ThermoFisher, P3000MP) in BrainPhys Imaging media (STEMCell, 05796). Cells were 

loaded with Fluo-4 AM (1:100) for 30 min prior to imaging. The Fluo-4 AM solution was 

replaced with 2mL of pre-warmed BrainPhys Imaging media. Cells were imaged at 20X on 

an Olympus IX73 inverted microscope and data was acquired using the MetaFluor software 

(Olympus). A 120 second baseline was acquired prior to the addition of V8 protease (2 

mg/ml, Worthington, LS003605), capsaicin (400nM) at 500 seconds, and KCl (50mM) 

at 700 seconds for a total imaging time of 840 seconds. Cells with an increase in the 

intracellular Fluo-4 signal over 10% of their baseline were deemed to be responsive to 

V8 administration. Only cells that responded to KCl (50 mM) were used in the analysis. 

Calcium imaging was performed on cells from DRGs from two donors (see Table S3).

RNAscope of mouse DRGs—Mouse samples for RNAScope were prepared as 

previously described122. Briefly, mouse DRGs were embedded in OCT and sectioned at 

16μm on a cryostat. Sections were stored in −80C for 24 hrs, then brough to room 

temperature and fixed with 4% paraformaldehyde. In situ hybridization with F2r and 

Tubb3 probes was performed using the RNAscope Multiplex V2 kit (ASD) according to 

manufacturer’s instructions. All tissues were also tested with negative and positive control 

probe cocktails (ACD). Sections were imaged on a Leica Stellaris 8 confocal microscope.

RNAscope of human DRGs—Human samples for RNAScope were prepared as 

previously described 65. Frozen human DRG samples were gradually embedded in OCT 

in a cryomold. Tissue was cryosectioned at 20μm, thawing momentarily in order to adhere to 

the slide. In situ hybridization using the RNAscope Multiplex V2 kit (ACD) was performed 

according to the manufacturer’s recommendations and with Akoya fluorescein, Cy3, Cy5 

dyes, as previously described65. All tissues were tested against a positive control probe 

cocktail (ACD) containing mRNAs with high, medium, and low expressions. Negative 

control probe against the bacterial DapB gene (ACD) was also used.

DRG sections were imaged on Olympus FV3000 confocal microscope at 20X or 40X 

magnification as per previously published parameters65. Background lipofuscin was 

identified as large globular intracellular structures that autofluoresced at 488, 550, and 

647 wavelengths. Lipofuscin was not analyzed. Three 20X images were obtained from 

each human DRG section, and three sections were imaged per human donor. Images were 

analyzed using Olympus CellSens software (v1.18) as previously described65. Pie charts 

represent the average percentage of neurons that express each target from all donors (see 

Table S3). Probes used in this study: HS-F2R-C2 (ACD, 471081-C2), HS-TRPV1-C3 (ACD, 

415381-C3), Hs-NPPB-C1 (ACD, 448511).

Luciferase-based PAR cleavage assays—CHO-K1 cells stably transfected with 

nLuc-PAR1-eYFP, nLuc-PAR2-eYFP, and nLuc-PAR4-eYFP pcDNA3.1(+) plasmids 

separately were seeded in a 96-well cell culture plate (flat-clear bottom, polystyrene, Nunc, 
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ThermoFisher Scientific) at a density of 1 × 104 cells per well and cultured for 48 h in 

Ham’s F-12 (1×) Nutrient Mix (Gibco ThermoFisher Scientific) supplemented with 1 mM 

L-Glutamine, 100 U/ml penicillin, 100 μg/mL streptomycin, 1 mM sodium pyruvate, 10% 

v/v heat inactivated Fetal Bovine Serum (FBS), and 600 μg/mL geneticin selective antibiotic 

(G418 Sulfate, Gibco® ThermoFisher Scientific). The cells were rinsed with HBSS (100 

μL × 3) and incubated with 100 μL HBSS at 37°C for 15 minutes. Cell supernatant (50 

μL) was aliquoted into a white 96-well plate (polystyrene, Nunc, ThermoFisher Scientific) 

to measure the basal luminescence. The cells were further incubated with 50 μL V8 

protease or controls in a half-log scale concentrations at 37°C for 15 minutes, and 50 

μL of cell supernatant from each well was aliquoted as before. Furimazine (2 μl/mL, 

Promega) was added and the nLuc cleavage of the receptor was measured on Mithras LB 

940 (Berthold Technologies, measurement time: 1 s per well) plate reader. The luminescence 

measurements of the samples were normalized by subtracting the basal luminescence. The 

concentration-effect curves were plotted and analyzed using the dose-response stimulation 

three parameters model and the log10EC50 ± SEM values were obtained on GraphPad Prism 

8.

PAR1 calcium signaling in HEK-293 cells—HEK-293 cells (0.01x10^6) were plated 

in poly-d-lysine coated black walled clear bottom 96 well plates (Nunc) and cultured for 48 

h in DMEM containing 10% FBS (Gibco). Media was removed and cells were incubated 

with the calcium indicator Fluo-4 NW (Thermo Fisher Scientific) at 37°C for 30 minutes 

and for a further 15 minutes at room temperature in the dark. Agonists were added and Ca2+ 

mobilization induced change in fluorescence (λEx/Em 494/516 nm) was measured in real 

time using a FlexStation3 microplate reader (Molecular Devices). The total run time for each 

spectrum was 180 s with baseline recorded for 20 s prior to the addition of agonists. To 

measure disarming of PAR1, cells were incubated with V8 for 15 minutes before measuring 

thrombin and TFLLR-NH2 stimulated responses. (A23187, 6 μM, Sigma-Aldrich) was used 

as a control to ensure equivalent levels of Fluo-4 NW loading in each well.

PAR1 cleavage at HEK cell membrane—Dually tagged PAR1 in HEK cells was used 

as previously described123. Cells were placed in growth media containing E64 (5uM) and 

heparin (5 units/ml). After 1h stimulation, cells were fixed with 10% buffered formalin, and 

images were recorded with confocal microscope (Infinity image facility, Toulouse, France).

Skin cell preparation and flow cytometry—Skin from mice injected intradermally 

with PBS or V8 protease were obtained 30 minutes after injection. Cells were isolated 

and stained for flow cytometry as previously described44. Cells were preincubated with the 

Fcγ receptor–specific blocking mAb (clone 2.4G2, BioLegend) and washed before staining 

mAbs and analysis on LSR Fortessa (BD Biosciences). Data were analyzed with FlowJo 

software.

Intrathecal siRNA injection—Intrathecal delivery of siRNA was performed as in 37. 

Briefly, siRNA purchased from Thermo Scientific were mixed with In Vivo JetPEI (Polyplus 

Transfection) according to the manufacturer’s protocol. The N:P ratio used was 6. Mice 
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were injected intrathecally between L5 and L6 spinal levels with 5μL volume for 3 days in a 

row prior to itch experiments.

Mouse DRG RT-qPCR—One day after the last intrathecal siRNA injection, thoracic 

DRGs were dissected out of mice and placed in RNAprotect reagent (Qiagen). Tissues 

were homogenized by beadbeating with 0.1mm silica beads, RNA was extracted with 

the NucleoSpin RNA isolation kit (Macherey Nagel) and converted to cDNA with the 

iScript cDNA synthesis kit (Bio-Rad) following manufacturer’s instructions. Primers (il31ra 
primers il31ra-F and il31ra-R, or f2r primers f2r-F, f2r-R) and cDNA were mixed with 

Power SYBR green PCR master mix (Life Technologies) and qPCR was performed using a 

QuantStudio Real-Time PCR instrument (Thermo Fisher).

Oral Vorapaxar treatment—Mice were gavaged daily with 100μL volume of either 

vehicle or Vorapaxar solution starting 2-days prior to S. aureus topical application and until 

the endpoint of 5 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of data was performed using GraphPad Prism version 9.5.1 (GraphPad Software). 

Comparison of data between two groups was performed using Mann-Whitney tests. 

Comparison of data between more than two groups with one independent variable was 

performed using one-way ANOVA with Tukey’s multiple comparisons tests. Comparison of 

two independent variables was performed using two-way ANOVA with Tukey’s multiple 

comparisons tests. P-values of less than 0.05 were considered statistically significant. 

Statistical details including statistical tests used, number of samples (n), and P-values are 

reported in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INCLUSION AND DIVERSITY

We worked to ensure gender balance in the recruitment of human subjects. We worked to 

ensure ethnic or other types of diversity in the recruitment of human subjects. We worked to 

ensure sex balance in the selection of non-human subjects.
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HIGHLIGHTS

• S. aureus induces itch and scratch damage with epicutaneous skin exposure

• V8 protease (SspA) is necessary and sufficient for itch during S. aureus 
exposure

• S. aureus V8 activates mouse and human sensory neurons through PAR1

• PAR1 deficiency or blockade abrogates S. aureus induced itch and skin 

damage
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Figure 1. Epicutaneous S. aureus induces itch and scratch-induced skin pathology.
(A) Murine model of S. aureus exposure and itch analysis

(B-E) 5-days after epicutaneous exposure, dermatitis (B), spontaneous itch (C-D), and (E) 

alloknesis were measured (n=8-13 males, 6-8 females per group)

(F) Analysis of total skin damage after scratching (n=8 males, 8 females per group)

(G) Total skin damage in mice allowed to scratch or prevented from scratching (n=6 males, 

5-6 females per group)
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(H-J) Mice inoculated with S. aureus epicutaneously or infected subcutaneously; 

Representative images (H), spontaneous itch (I), and alloknesis (J) on day-5 (n=16 per 

group)

For each panel, data combined from 2 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (B, D, E, F, G, I, J) Two-way ANOVA with Sidak’s multiple 

comparisons. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns, not significant. See also 

Figure S1, S2, and S3.
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Figure 2. Bacterial factors including Agr quorum sensing and proteases mediate itch.
(A) Whole mount images of skin from Nav1.8-tdTomato mice treated with PBS or GFP-

MRSA (scale bars, 50 or 20μm)

(B) Agr quorum sensing regulates expression of phenol soluble modulins (Psms), alpha-

toxin (Hla), and proteases

(C-D) Spontaneous itch, alloknesis (C) and dermatitis scores (D) recorded for control mice 

(PBS) or mice inoculated with WT or Δagr MRSA (n=10 males, 10 females per group)
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(E-F) Spontaneous itch, alloknesis (E) and dermatitis scores (F) for control mice (PBS) or 

mice inoculated with WT, Δhla or ΔPsms MRSA (n=8-15 males, 8-16 females per group)

(G-H) Spontaneous itch, alloknesis (G) and dermatitis scores (H) for control mice (PBS) or 

mice inoculated with WT or ΔProtease MRSA (n=12 males, 12 females per group).

For each panel, data combined from 4-6 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (C-H) One-way ANOVA. *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001; ns, not significant. See also Figure S4 and Table S1.
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Figure 3. S. aureus V8 protease contributes to itch and inflammation.
(A-B) Spontaneous itch (A) and alloknesis (B) for control mice (PBS) or mice inoculated 

with WT, ΔsspA, or ΔsspA + sspA MRSA (n=11-12 males, 12 females per group)

(C) Total skin damage for control (PBS) or mice inoculated with WT, ΔsspA, or ΔsspA + 
sspA MRSA (n=4-5 males, 4-5 females per group)

(D) Representative skin images and dermatitis scores from control mice (PBS) or mice 

inoculated with WT, ΔsspA, or ΔsspA + sspA MRSA (n= 11-12 males, 12 females per 

group)
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(E-H) Skin collected from mice at 1-, 3-, and 5-days post-inoculation with MRSA quantified 

for sspA (F), psmA1 (G), and hla (H) transcripts (normalized to 1-day post-inoculation) 

(n=2 males, 2 females per group)

(I) Quantification of sspA mRNA from skin swabs from healthy human subjects or non-

lesional and lesional skin from AD patients (n=13-14 per group)

(J) Mouse acute itch and pain behavior

(K-L) Acute itch (K) and pain (L) following intradermal injection with PBS, V8, histamine 

or capsaicin (n=4-5 males, 4-5 females per group)

(M) Mouse intradermal injection and alloknesis model

(N) Alloknesis after injection with PBS, V8, or histamine (n=3-5 males, 3-5 females per 

group) For each panel, data combined from 2 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (A-D, F-I, K-L) One-way ANOVA. (N) Two-way ANOVA, Tukey’s 

multiple comparisons. *V8 vs. Histamine; #Histamine vs. PBS; $V8 vs. PBS; *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001; ns, not significant. See also Figure S5.
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Figure 4. V8 protease cleaves PAR1, which is expressed by pruriceptors
(A) PAR cleavage assays using nLuc-PAR-eYFP-CHO cells

(B-C) Cleavage data of human PAR1, 2, 4 by V8 protease, or thrombin (for PAR1, PAR4) or 

trypsin (for PAR2).

(D) V8 cleavage sites (arrows) on N-terminus of human PAR1 identified by mass 

spectrometry

(E) Representative images of RNAscope hybridization of mouse DRG sections for F2r and 

Tubb3
(F) Quantification of F2r expression in Tubb3-positive mouse neurons averaged per mouse 

(n=3 males, 3 females). Data are represented as mean±SD.

(G) Representative images of RNAscope hybridization of human DRG sections for F2R, 
TRPV1, and NPPB. Total of 1,328 neurons analyzed across 4 donors.
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(H) Quantification of F2R expression in human neurons, proportions and frequency by size 

and marker expression. See also Figure S6 and Table S2.
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Figure 5. V8 protease directly activates pruriceptor neurons
(A) Representative Fura-2 ratiometric fields and calcium traces of mouse DRG neurons. 

Scale, 100μm.

(B) Percentages of total neurons (responsive to KCl) (n=41 fields) histamine-responsive (n= 

10 fields) chloroquine-responsive (n=14 fields), S1P-responsive (n=4 fields) and capsaicin-

responsive (n=16 fields) neurons that also respond to V8.

(C) Calcium traces of human DRG neurons from a representative dish treated with V8, 

capsaicin, KCl

(D) Pie chart showing human neuron populations responding to V8 and capsaicin (V8+/

Cap+), V8 alone (V8+/Cap−), capsaicin alone (V8−/Cap+), and unresponsive to either 

(V8−/Cap−)
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(E) Calcium imaging analysis of DRG neurons from F2r+/+ and F2r−/− mice treated with 

increasing doses of V8

(F) Representative calcium traces of DRG neurons treated with V8, capsaicin, KCl with no 

pre-treatment (left) or 5 min. post-treatment with TLCK (middle) or Vorapaxar (right).

(G-H) Percentage of untreated neurons and neurons pre-treated with TLCK or Vorapaxar 

responding to V8 (G) or capsaicin (H).

For each panel, data combined from 5 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (B, E, G, H) One-way ANOVA. *P<0.05; **P<0.01; ***P<0.001; ns, 

not significant. See also Figure S7.
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Figure 6. Neuronal PAR1 (F2r) is required for V8 and S. aureus-induced itch
(A) PBS or V8 protease injected intradermally into cheek of wildtype (F2r+/+) and F2r−/− 

mice, spontaneous scratching over 30 min. (n=3-4 males, 2-4 females per group)

(B) Acute itch behaviors measured for mice treated with vehicle, control siRNA, or F2r 
siRNA (n=4-6 males, 4-6 females per group).

(C-F) Mice receiving intrathecal siRNA injections were treated with PBS or exposed 

to MRSA. Spontaneous itch (D), alloknesis, (E) and scratch-induced skin damage (F) 

measured 5-days post-exposure (n=4-6 males per group).

Deng et al. Page 44

Cell. Author manuscript; available in PMC 2024 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(G) Generation of Trpv1ΔF2r and Trpv1cre− control mice.

(H-I) Spontaneous itch (H) and alloknesis (I) for Trpv1ΔF2r and control mice treated with 

PBS or exposed to MRSA (n=3-8 males, 1-6 females per group).

For each panel, data combined from 2-3 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (A, D-F, H, I) Two-way ANOVA, Sidak’s multiple comparisons. (B, 

E) Mann-Whitney test. **P<0.01; ***P<0.001; ****P<0.0001; ns, not significant. See also 

Figure S8.
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Figure 7. Treatment with PAR1 antagonist reduces itch and skin damage during S. aureus 
exposure
(A) Bouts of scratching following cheek injection with PBS or V8 with increasing doses of 

Vorapaxar (n=4-6 males, 4-6 females per group).

(B-C) Alloknesis measured every 10 min. for 1hr (B) and 3 hrs (C) after cheek injection with 

PBS, V8, or V8+Vorapaxar (n=3-5 males, 3-5 females per group).

(D) Mice injected with PBS, V8, or V8+Vorapaxar were allowed to scratch; TEWL 

measured 3 hrs post-injection. One group of V8-injected mice were wrapped in bandages to 

prevent scratching.
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(E-J) Mice gavaged daily with vehicle or Vorapaxar from 2-days before exposure to PBS 

or MRSA. Dermatitis scores (F), spontaneous itch (G), alloknesis (H), scratch-induced 

skin damage (I-J) measured for control and MRSA-exposed mice treated with vehicle or 

Vorapaxar (n=7-8 males, 8 females per group)

For each panel, data combined from 2 independent experiments are shown. Data are 

represented as mean±SD.

Statistical analysis: (A, C, D) Mann-Whitney test (B) Two-way ANOVA with Tukey’s 

multiple comparisons: *V8 vs. V8+Vorapaxar; #V8+Vorapaxar vs. PBS; $V8 vs. PBS (F-H, 

J) Two-way ANOVA with Sidak’s multiple comparisons. *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001; ns, not significant. See also Figure S9.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

eBioscience™ Fixable Viability Dye eFluor™506 Thermo Fisher Cat. # 65-0866-18

Alexa Fluor® 700 anti-mouse CD45 Antibody Biolegend Cat. # 103128

APC anti-mouse CD45 Antibody Thermo Fisher Cat. # 17-0451-82

CD11c Monoclonal Antibody, Biotin Thermo Fisher Cat. # 13-0114-85

F4/80 Monoclonal Antibody, FITC Thermo Fisher Cat. # 11-4801-82

Ly-6G/Ly-6C Monoclonal Antibody, FITC Biolegend Cat. # 108406

CD3 Monoclonal Antibody, PerCP-eFluor 710 Thermo Fisher Cat. # 46-0032-82

CD117 (c-Kit) Monoclonal Antibody, APC Thermo Fisher Cat. #17-1172-83

BV421 Rat Anti-Mouse IgE BD Biosciences Cat. # 564207

Brilliant Violet 605™ anti-mouse CD4 Antibody Biolegend Cat. # 100548

APC/Cyanine7 anti-mouse CD8a Antibody Biolegend Cat. # 100714

PE-CF594 Rat Anti-Mouse Siglec-F BD Biosciences Cat. # 562757

TCR gamma/delta Monoclonal Antibody, PE Thermo Fisher Cat. # 12-5711-82

PE/Cyanine7 anti-mouse/human CD11b Biolegend Cat. # 101216

SAV-BV605 Biolegend Cat. # 405229

Bacterial and virus strains

Staphylococcus aureus CA-MRSA LAC/USA300 Chiu et. al (2013)12 N/A

GFP-MRSA Chiu et. al (2013)12 N/A

MRSA Δagr Maurer et al. (2015)110 N/A

MRSA Δhla Maurer et al. (2015)110 N/A

MRSA ΔPsms (Δpsmα Δpsmβ Δhld) Joo et al. (2011)111 N/A

MRSA ΔProteases (Δaur ΔscpA ΔsspAB spl∷erm) Austin et al. (2019)112 N/A

MRSA Δaur Austin et al. (2019)112 N/A

MRSA ΔscpA ΔsspB Austin et al. (2019)112 N/A

MRSA spl∷erm Austin et al. (2019)112 N/A

MRSA ΔsspA This study N/A

MRSA ΔsspA + sspA This study N/A

E. coli BL21 (Novagen) EMD Millipore Cat. # 70235-3

Biological samples

Human dorsal root ganglia Southwest Transplant Alliance N/A

Human skin swabs University of California San Diego Cau et al. (2021)90

Chemicals, peptides, and recombinant proteins

Tryptic Soy Agar BD Difco Cat. #236920

Tryptic Soy Broth Sigma Cat. #T8907

CHROMagar Staph aureus Hardy Diagnostics Cat. #G311

Cefoxotin Cayman Chemical Company Cat. #15990
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REAGENT or RESOURCE SOURCE IDENTIFIER

Terrific Broth BD Difco Cat. # BD 243820

Ampicillin Sigma Cat. #A9518

Chloramphenicol Sigma Cat. #C0857

Isopropyl β-D-1-thiogalactopyranoside Sigma Cat. #I6758

RNA Protect Bacteria Reagent Qiagen Cat. #76506

Beta-mercaptoethanol Sigma Cat. #63689

V8 protease Worthington Cat. #LS003605

Histamine Sigma Cat. #H7125

Capsaicin Tocris Cat. #0462

Sphingosine-1-phosphate Tocris Cat. #1370

Vorapaxar Axon Med Chem Cat. #17555

SCH79797 dihydrochloride Tocris Cat. #1592

BMS 986120 Cayman Chemicals Cat. #23497

Keratinocyte serum-free medium Gibco Cat. #17005-042

Keratinocytes supplements Gibco Cat. #37000-015

Human recombinant epidermal growth factor BD Cat. #354052

Pierce Ni-NTA Magnetic Agarose Beads Thermo Fisher Cat. #78605

Collagenase A Sigma Cat. #10103586001

Dispase II Sigma Cat. #D4693

NeuralbasalTm Medium Thermo Fisher Cat. #21103049

B27 serum-free supplement Invitrogen Cat. #17504-044

L-Glutamine Invitrogen Cat. #25-030-081

Pen/Strep Thermo Fisher Cat. #15140122

Nerve growth factor Invitrogen Cat. #50385-MNAC-250

Fura-2-AM Life Technologies Cat. #F-1221

STEMxyme I Worthington Cat. #LS004106

DNAse I Worthington Cat. #LS002139

BrainPhys media STEMCell Cat. #0752

SM1 STEMCell Cat. #05711

GlutaMax Thermo Fisher Cat. #35050061

Fluo-4-AM Thermo Fisher Cat. #F14201

Pluronic F-127 Thermo Fisher Cat. #P3000MP

Ham’s F-12 Gibco Cat. #11765054

Fetal bovine Serum R&D Systems Cat. #S11150H

Geneticin™ selective antibiotic Thermo Fisher Cat. #10131035

DMEM Gibco Cat. #10313039

In Vivo JetPEI Polyplus Transfection Cat. #101000040

Critical commercial assays

Pierce BCA Protein Assay ThermoFisher Cat. #23227
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REAGENT or RESOURCE SOURCE IDENTIFIER

Direct-zol RNA MiniPrep Plus kit Zymo Research Cat. #R2071

iScript cDNA synthesis kit Bio-Rad Cat. #1708891

RNAscope Probe-Mm-F2r Advanced Cell Diagnostics Cat. #438511

RNAscope Probe-Mm-Tubb3-C2 Advanced Cell Diagnostics Cat. #423391-C2

RNAscope Multiplex V2 kit Advanced Cell Diagnostics Cat. #323110

RNAscope Probe-Hs-F2R-C2 Advanced Cell Diagnostics Cat. #471081-C2

RNAscope Probe-HS-TRPV1-C3 Advanced Cell Diagnostics Cat. #415381-C3

RNAscope Probe-Hs-NPPB-C1 Advanced Cell Diagnostics Cat. #448511

NucleoSpin RNA isolation kit Macherey-Nagel Cat. #740955.50

Deposited data

Mouse nervous system transcriptomic data http://
mousebrain.org/

Zeisel et al. (2018)61 NCBI SRA repository (SRP135960)

Human dorsal root ganglia transcriptomic data http://
sensoryomics.com/

Taveres-Ferreira et al. (2022)65 dbGaP repository (phs001158)

Experimental models: Cell lines

KERTr immortalized human keratinocytes ATCC CRL-2309

CHO-K1 ATCC CCL-61

HEK-293 ATCC CFL-1573

Experimental models: Organisms/strains

C57/BL6NTac (Opportunist Free) Taconic Biosciences Strain #B6

C57/BL6J JAX Strain #000664

B6.Rosa26-stop(flox)- tdTomato JAX Strain #007914

B6.129P2(SJL)-Myd88tm1.1Defr/J JAX Strain #009088

B6.Cg-F2rl1tm1Mslb/J JAX Strain #004993

B6.Cg-KitW-sh JAX Strain #030764

B6.129-Trpv1tm1(cre)Bbm/J strain JAX Strain #0017769

C57BL/6NTac.Cg-Rag2tm1Fwa Il2rgtm1Wjl Taconic Biosciences Strain #4111

F2r-flox Boucher et al. (2020)106 N/A

Balbc/J JAX Strain #00651

BALB/c-Il4ratm1Sz/J JAX Strain #003514

Mrgpr knockout Liu et al. (2009)107 N/A

Nav1.8-Cre Nassar et al. (2004)108 N/A

B6.129S4-F2rtm1Ajc/J JAX Strain #002862

Oligonucleotides

sspA-F: ACCTGTAGCAACAATGTGGGA Synthesized by Thermo Fisher N/A

sspA-R: ATTTGGTACACCGCCCCAAT Synthesized by Thermo Fisher N/A

psmA1-F: GTATCATCGCTGGCATCA Synthesized by Thermo Fisher N/A

psmA1-R: AAGACCTCCTTTGTTTGTTATG Synthesized by Thermo Fisher N/A

hla-F: AGCAGCAGATAACTTCCT Synthesized by Thermo Fisher N/A

hla-R: TGGTAGTCATCACGAACT Synthesized by Thermo Fisher N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

il31ra-F: CCCTGTGTTGTCCTGATGTTCCCA Synthesized by Thermo Fisher N/A

il31ra-R: ACCCTTTCCAGCTTCCTCTGTCAA Synthesized by Thermo Fisher N/A

f2r-F: CCTATGAGCGAGCCAGAATC Synthesized by Thermo Fisher N/A

f2r-R: TAGACTGCCCTACCCTCCAG Synthesized by Thermo Fisher N/A

Recombinant DNA

Plasmid pLL29erm Luong et al. (2007)114

Crosby et al. (2016)115
N/A

Software and algorithms

FlowJo™ Software version 10.2 BD Life Sciences www.flowjo.com

Graphpad Prism version 9.5.1 Graphpad www.graphpad.com

LAS X Life Science Microscope Software Leica

Other

Stellaris 8 FALCON CFS confocal microscope Leica N/A

QuantStudio Real-Time PCR Instrument Thermo Fisher N/A

CFX96 Real-Time Detection System Bio-Rad N/A

LSR Fortessa flow cytometer BD Biosciences N/A

Eclipse Ti inverted microscope Nikon N/A

Zyla sCMOS camera Andor N/A
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