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Abstract

Cathelicidin LL-37–mediated activation of mast cells (MCs) has been implicated in the 

pathogenesis of rosacea, but the receptor involved and the mechanism of its activation and 

regulation remain unknown. We found that skin biopsies from patients with rosacea display 

higher frequencies of MCs expressing MRGPRX2 (mouse counterpart MrgprB2) than normal 

skin. Intradermal injection of LL-37 in wild-type mice resulted in MC recruitment, expression 

of inflammatory mediators, and development of rosacea-like inflammation. These responses 

were substantially reduced in MrgprB2−/− mice and abolished in MC deficient Wsh/Wsh mice. 

β-arrestin 2 is an adaptor protein that regulates G protein—coupled receptor function by receptor 

desensitization and also by activation of downstream signaling. We found that LL-37–induced 

rosacea-like inflammation was significantly reduced in mice with MC-specific deletion of β-

arrestin 2 compared with that in control mice. Interestingly, the absence of β-arrestin 2 resulted 

in enhanced cofilin phosphorylation and substantial inhibition of LL-37–induced chemotaxis 

of mouse peritoneal MCs. Furthermore, LL-37–induced extracellular signal–regulated kinase 

1/2 phosphorylation, NF-κB activation, and proinflammatory cytokine/chemokine production 

were reduced in β-arrestin 2−/− peritoneal MCs compared with those in wild-type cells. These 

findings suggest that MRGPRX2/B2 participates in rosacea and that β-arrestin 2 contributes to 

its pathogenesis by promoting cofilin dephosphorylation, extracellular signal–regulated kinase 1/2 

and NF-κB phosphorylation, MC chemotaxis, and chemokine/cytokine generation.

INTRODUCTION

Mast cells (MCs) are tissue-resident immune cells that are found beneath the epithelia in 

close proximity to nerve endings and blood vessels and contribute to antimicrobial host 
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defense (Roy et al., 2021). Rosacea is a chronic inflammatory skin condition that likely 

results from dysregulated host defense, excessive production of the antimicrobial peptide 

cathelicidin LL-37, and aberrant recruitment and activation of cutaneous MCs (Kanada et 

al., 2012; Muto et al., 2014; Yamasaki et al., 2007). Activated MCs generate proteases, 

which promote LL-37 production from the skin epidermis, thus providing a bidirectional 

interaction between these two cell types, contributing to the symptoms associated with 

rosacea (Muto et al., 2014). A previous study showed that LL-37 induces mediator release 

from a human MC line (LAD2 cells) through G protein–mediated signaling pathway 

(Niyonsaba et al., 2010). Subramanian et al. (2011) provided the first demonstration 

that LL-37 induces chemotaxis, degranulation, and chemokine generation in human MCs 

through the activation of a novel G protein–coupled receptor (GPCR) known as MRGPRX2. 

Although MC numbers are increased in the skin of patients with rosacea, the status of 

MRGPRX2 in rosacea has not been determined.

Much of our current understanding of MC’s role in the pathogenesis of rosacea comes from 

studies with a murine model where rosacea-like inflammation is induced by intradermal 

injection of LL-37 (Yamasaki et al., 2007). In this model, the development of rosacea-like 

inflammation is associated with MC recruitment, increased expression of MC proteases, and 

the generation of chemokines and immune cell infiltration (Muto et al., 2014). Interestingly, 

these responses are absent in MC-deficient mice or in normal mice treated with agents 

that block LL-37–induced MC mediator release (Callahan et al., 2020; Choi et al., 2019; 

Dondalska et al., 2020; Muto et al., 2014). These findings suggest that activation of MCs by 

LL-37 plays a critical role in the pathogenesis of rosacea and rosacea-like inflammation in 

mice. MrgprB2 was originally identified as the murine ortholog of human MRGPRX2, and 

both receptors are activated by the same group of ligands (McNeil et al., 2015). Although 

LL-37 activates human MCs through MRGPRX2 (Mascarenhas et al., 2017; Subramanian 

et al., 2011), the possibility that it activates MrgprB2 to cause rosacea-like inflammation in 

mice has not been determined.

In addition to G protein activation, most agonist-occupied GPCRs undergo phosphorylation, 

which results in the recruitment of adapter proteins β-arrestins (βarrs), resulting in 

receptor desensitization and internalization. In addition, βarrs act as transducers of various 

downstream signaling pathways independent of their effect on desensitization. It is 

noteworthy that LL-37 does not cause MRGPRX2 desensitization, but it promotes MC 

chemotaxis (Subramanian et al., 2011). For certain GPCRs, β-arrestin 2 (βarr2) orchestrates 

cytoskeletal rearrangement and cell migration by modulating the phosphorylation and 

dephosphorylation status of the actin depolymerization factor cofilin (McGovern and DeFea, 

2014; Zoudilova et al., 2010). Cofilin phosphorylation at Ser-3 causes its inactivation, 

whereas dephosphorylation promotes its activation (Zoudilova et al., 2007, 2010). 

Furthermore, stimulation of β-adrenergic receptor causes βarr-dependent extracellular 

signal–regulated kinase 1/2 (ERK1/2) phosphorylation, independent of its G protein 

activation (Shenoy et al., 2006). In addition, βarr2 plays a critical role in a mouse model 

of allergic asthma, and this effect results from its ability to promote NF-κB activity and 

chemokine production from a number of cell types, including MCs (Freedman and Shenoy, 

2018; Walker et al., 2003). However, the possibility that βarr2 contributes to LL-37–induced 
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rosacea-like inflammation by modulating the phosphorylation status of cofilin and ERK1/2 

and NF-κB activation has not been determined.

In this study, we investigated the status of MRGPRX2-expressing MCs in human patients 

with rosacea and determined the role of MrgprB2 in the development of experimental 

rosacea in mice. We further investigated the modulation of rosacea by βarr2 in vivo and its 

mechanism in vitro. The data presented in this study show that MrgprB2 expressed in MCs 

contributes to rosacea-like inflammation in mice and that βarr2 modulates this response by 

promoting MC chemotaxis through dephosphorylation of cofilin and cytokine/chemokine 

generation likely through ERK1/2 and NF-κB activation.

RESULTS

MRGPRX2-expressing MCs are present in normal skin, and their numbers are increased in 
patients with rosacea

To confirm previous reports that MC numbers are increased in the skin lesions of patients 

with rosacea (Aroni et al., 2008; Muto et al., 2014), we performed immunohistochemical 

analysis on skin biopsy samples using antitryptase antibody. We found that MC numbers are 

elevated in skin biopsy samples obtained from patients with rosacea compared with those in 

normal skin (Figure 1a and b). Because LL-37 activates human MCs through MRGPRX2 

(Mascarenhas et al., 2017; Subramanian et al., 2011), we therefore sought to determine 

the status of MRGPRX2 in rosacea skin. Immunofluorescence staining of skin biopsy 

samples for MCs (antitryptase antibody, green) and MRGPRX2 (anti-MRGPRX2 antibody, 

red) showed that although MRGPRX2 is expressed in normal skin MCs, the number of 

MRGPRX2-expressing MCs (overlay image, yellow) are increased in rosacea skin (Figure 

1c).

MrgprB2 contributes to LL-37–induced rosacea-like inflammation in mice

MrgprB2 is highly expressed in cutaneous MCs and has been identified as the mouse 

ortholog of human MRGPRX2 (McNeil et al., 2015). Although LL-37 induces degranulation 

in human MCs through MRGPRX2 (Mascarenhas et al., 2017; Subramanian et al., 2011), 

the possibility that it activates murine MCs through MrgprB2 has not been tested. We 

therefore utilized mouse peritoneal MCs (PMCs) from wild-type (WT) and MrgprB2−/− 

mice and tested the effects of LL-37 and compound 48/80, a well-known MRGPRX2/B2 

agonist, on calcium ion (Ca2+) mobilization and degranulation. As shown in Figure 2a and c, 

compound 48/80–induced Ca2+ mobilization and degranulation were abolished in MrgprB2−/− 

PMCs. Surprisingly, however, these responses to LL-37 were inhibited by ~50% (Figure 

2b and c). To determine the roles of MrgprB2 and MCs on rosacea-like inflammation, we 

performed subcutaneous injection of LL-37 in WT, MrgprB2−/−, and MC-deficient Wsh/Wsh 

mice and quantitated erythema at the injection site. LL-37–induced erythema was markedly 

inhibited (~70%) in MrgprB2−/− mice, and consistent with a previous report (Muto et 

al., 2014), this response was abolished in Wsh/Wsh mice compared with that in WT-mice 

(Figure 2d and e). These findings suggest that MRGPRB2 expressed in MCs substantially 

contributes to rosacea-like inflammation in mice.
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LL-37–induced MC accumulation, expression of proinflammatory mediators, and immune 
cell recruitment require MrgprB2

The appearance of erythema in patients with rosacea and in rosacea-like inflammation in 

mice is associated with increased numbers of activated MCs (Kim et al., 2017; Muto et 

al., 2014; Yang et al., 2021). To determine the role of MrgprB2 on MC recruitment, we 

performed immunofluorescence staining with FITC-conjugated avidin, which selectively 

binds to MC granules. We found that LL-37 caused an increase in MC number in WT mice, 

but this response was significantly reduced in MrgprB2−/− mice (Figure 3a and b). The 

absence of avidin staining in the skin of vehicle- or LL-37–treated Wsh/Wsh mice shows its 

specificity for MC granules (Figure 3a).

MC activation in rosacea and rosacea-like inflammation in mice is associated with the 

expression of MC proteases such as matrix metalloproteinase 9 (MMP9), which cleaves 

its substrate produced from keratinocytes to generate LL-37, thus contributing to sustained 

MC activation in rosacea (Muto et al., 2014). In addition, chemokine CXCL2 produced by 

activated MCs drive the recruitment of inflammatory cells such as neutrophils in rosacea 

(Muto et al., 2014; Occhiuto et al., 2019). We found that LL-37 induces Mmp9 and Cxcl2 in 

WT mice, but these expressions were substantially reduced in MrgprB2−/− mice and absent 

in Wsh/Wsh mice (Figure 3c and d). Histological analysis of LL-37–injected H&E-stained 

skin sections showed reduced infiltration of inflammatory cells in MrgprB2−/− mice, and this 

response was absent in Wsh/Wsh mice (Figure 3e and Supplementary Figure S1).

βarr2 expressed in MCs contributes to the development of LL-37–induced rosacea

We previously showed that the absence of βarr2 in mouse PMCs results in enhanced 

degranulation in response to ciprofloxacin and antigen/IgE (Roy et al., 2019), but the role 

of this adapter protein in LL-37–induced responses is not known. We therefore utilized 

PMCs from WT and global βarr2-knockout (βarr2−/−) mice and tested the ability of LL-37 

to induce Ca2+ mobilization and degranulation. As shown in Figure 4a and b, both of 

these responses were enhanced in the absence of βarr2. Given that MCs are critical for 

the development of experimental rosacea, we used mice with MC-specific deletion of βarr2 

(Cpa3-Cre+βarr2fl/fl) and respective control (Cpa3-Cre−βarr2fl/fl) mice to determine its in 

vivo implications. MC-specific deletion of βarr2 resulted in a significant decrease in LL-37–

induced rosacea-like inflammation compared with that in control mice (Figure 4c and d). 

This reduction in erythema was associated with reduced MC accumulation (Figure 4e and f), 

Mmp9 and Cxcl2 expression (Figure 4g and h), and the recruitment of inflammatory cells 

(Figure 4i and Supplementary Figure S2).

βarr2 regulates LL-37–induced MC chemotaxis, cofilin dephosphorylation, and actin 
redistribution

LL-37 induces the chemotaxis of rodent and human MCs, indicating that increased MC 

number in rosacea likely reflects their recruitment rather than proliferation (Niyonsaba et 

al., 2002; Subramanian et al., 2011). To determine the role of βarr2 on MC chemotaxis in 

vitro, we utilized PMCs cultured from WT and βarr2−/− mice. Stimulation of WT PMCs 

with LL-37 resulted in a dose-dependent increase in chemotaxis, but this response was 

substantially reduced in βarr2−/− PMCs (Figure 5a). To determine whether βarr2 contributes 
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to MC chemotaxis by promoting cofilin dephosphorylation, we stimulated PMCs with 

LL-37 for different time points (0–30 minutes) and performed western blotting with an 

antibody that specifically recognizes cofilin phosphorylation at Ser-3. We found that in 

unstimulated WT PMCs, cofilin is present in its Ser-3–phosphorylated form and that after 

LL-37 stimulation, it undergoes rapid dephosphorylation (Figure 5b and c). However, this 

was reversed in βarr2−/− PMCs (Figure 5b and c). In addition, we used fluorescence 

microscopy in single cells (Figure 5d) and flow cytometry (Supplementary Figure S3) to 

confirm the western blotting data. To test whether LL-37–induced MC activation through 

MRGPRX2 promotes direct interaction of βarr2 with actin, we transiently transfected 

cDNA encoding βarr2 GFP (green) in rat basophilic leukemia 2H3 cells stably expressing 

MRGPRX2 and stained actin filament using Alexa Flour 546 phalloidin (red). As shown in 

Figure 5e, LL-37 stimulation caused rapid translocation of βarr2 to the cell periphery where 

it colocalizes with actin filament (yellow color). However, there was no colocalization in 

unstimulated cells as indicated by the absence of yellow color. These findings suggest that 

βarr2 contributes to LL-37–induced MC chemotaxis by its direct interaction with actin to 

promote cofilin dephosphorylation.

βarr2 modulates LL-37–induced ERK1/2 phosphorylation, NF-κB activation, and 
proinflammatory cytokine/chemokine generation

A previous study showed that LL-37 promotes ERK1/2 phosphorylation–dependent 

proinflammatory cytokine production (Niyonsaba et al., 2005). ERK1/2 is an upstream 

signaling protein of the transcription factor NF-κB, which is the master regulator of 

inflammatory processes in most immune cells, including MCs (Bilotta et al., 2021; Kim 

et al., 2005). NF-κB activation induces proinflammatory cytokines (such as TNF-α, IL-6, 

etc.) and chemokine (CCL3) from activated MCs, which induce neutrophil recruitment and 

inflammation (Kempuraj et al., 2003; Krystel-Whittemore et al., 2015). Because we found 

that βarr2 expressed in MCs modulates chemokine generation and rosacea-like inflammation 

in vivo (Figure 4), we sought to determine whether it also modulates LL-37–induced 

ERK1/2 phosphorylation, NF-κB activation, and cytokine/chemokine generation in vitro. 

We found that LL-37 stimulation resulted in time-dependent ERK1/2 phosphorylation in 

WT PMCs, but this response was significantly reduced in βarr2−/− cells (Figure 6a and 

b). NF-κB activation was assessed by determining the phosphorylation status of its p65 

subunit. LL-37 caused enhanced phosphorylation of p65 in WT PMCs, but this response 

was significantly reduced in βarr2−/− cells (Figure 6a and b). This was further confirmed 

by immunofluorescence staining. LL-37 stimulation caused enhanced phosphorylated p65 

staining (red color) in WT PMCs compared with that in βarr2−/− cells (Figure 6c). We 

also found that the absence of βarr2 resulted in a significant reduction in LL-37–induced 

generation of TNF-α, CCL3, and IL-6 (Figure 6d-f). These findings suggest that βarr2 

participates in LL-37–induced ERK1/2 phosphorylation and NF-κB activation in MCs to 

promote rosacea-like inflammation in vivo through the generation of chemokine/cytokines 

(Figure 6).
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DISCUSSION

It is generally accepted that the development of rosacea inflammation involves excessive 

generation of LL-37 and recruitment of leukocytes (Yamasaki and Gallo, 2009). Studies with 

human subjects and animal models strongly implicated MCs in the pathogenesis of rosacea 

(Aroni et al., 2008; Muto et al., 2014). However, identification of the MC receptor for 

LL-37 and its regulation remain poorly understood. The data presented in this study show 

that MRGPRX2-positive MCs are increased in the skin of patients with rosacea and that 

its murine counterpart, MrgprB2, substantially contributes to LL-37–induced rosacea-like 

inflammation in mice. We further showed that βarr2 expressed in MCs modulates this 

response by promoting LL-37–induced MC chemotaxis through the dephosphorylation of 

cofilin and inflammation likely through ERK1/2 and NF-κB activation.

McNeil et al. (2015) provided the first demonstration that of the 22 known Mas-related gene 

in mice, peritoneal and skin MCs express Mrgprb2. The original and subsequent findings 

that all cationic peptides that activate human MCs through MRGPRX2 also activate murine 

MCs through MrgprB2 led to the idea that it is the mouse ortholog of human MRGPRX2. 

However, the receptor through which LL-37 activates murine MCs has not been determined. 

We found that LL-37 induces robust Ca2+ mobilization and degranulation in WT PMCs, but 

these were reduced by ~50% in PMCs derived from MrgprB2−/− mice. Consistent with this, 

we found that whereas LL-37–induced Mmp9/Cxcl2 expression, erythema, and rosacea-

like inflammation were reduced in MrgprB2−/− mice, these responses were abolished in 

Wsh/Wsh mice. This suggests that MrgprB2 expressed in MCs does not fully account 

for the development of rosacea-like inflammation in mice. Recent RNA-sequencing data 

revealed the presence of other Mrgpr family member genes such as Mrgprb1, Mrgprb8, and 

Mrgprb13 in murine skin MCs and PMCs (Dwyer et al., 2016; McNeil et al., 2015; Plum et 

al., 2020). Thus, the possibility that in addition to MrgprB2, one or more of these receptors 

contribute to rosacea-like inflammation in mice remains to be determined.

Our group previously showed that unlike other GPCRs expressed in MCs, MRGPRX2 is 

resistant to agonist-induced phosphorylation and desensitization (Subramanian et al., 2011). 

Subsequently, Chen et al. (2021) also showed that LL-37 does not cause βarr recruitment 

or MRGPRX2 desensitization. Despite this, we found that the absence of βarr2 enhances 

LL-37–induced Ca2+ mobilization and degranulation in mouse PMCs but inhibits cofilin 

dephosphorylation, ERK1/2 phosphorylation, NF-κB activation, and chemokine/chemokine 

generation. We previously showed that the absence of βarr2 enhances antigen/IgE-mediated 

MC degranulation, which does not require a GPCR activation (Roy et al., 2019). These 

findings suggest that the effects of βarr2 on LL-37–induced responses in MCs are 

mediated independently of receptor phosphorylation and desensitization. Although the data 

presented in this study suggest that βarr2 contributes to the development of LL-37-induced 

rosacea-like inflammation by promoting MC chemotaxis and generation of chemokines, the 

significance of its ability to attenuate early MC degranulation is not clear. It is noteworthy 

that LL-37 and other antimicrobial peptides generated from host cells in response to 

microbial infection promote host defense by at least two mechanisms: one involving the 

direct killing of microbes and the other by harnessing MC’s immunomodulatory properties 

(Amponnawarat et al., 2021; Arifuzzaman et al., 2019). Thus, it is tempting to speculate 
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that βarr2 plays a dual role in LL-37–induced MC response; it attenuates host defense but 

promotes rosacea-like inflammation.

For certain GPCRs, βarr2 orchestrates cytoskeletal rearrangement and cell migration by 

modulating the phosphorylation and dephosphorylation status of the actin depolymerization 

factor cofilin (McGovern and DeFea, 2014; Zoudilova et al., 2010). Cofilin phosphorylation 

at Ser-3 causes its inactivation, whereas dephosphorylation promotes its activation 

(Zoudilova et al., 2010, 2007). The finding of this study that βarr2 colocalizes with F-actin 

and that the absence of βarr2 results in substantial inhibition of LL-37–induced chemotaxis 

and that this is associated with enhanced cofilin phosphorylation supports the notion that 

βarr2-mediated cofilin dephosphorylation promotes MC chemotaxis. In a variety of cell 

types, βarr2 forms a signaling complex with the phosphatase (chronophin) and LIM kinase 

to regulate the phosphorylation/dephosphorylation status of cofilin (DeFea, 2013). Whether 

these protein kinases or phosphatases form a signaling complex with βarr2 to modulate MC 

recruitment in rosacea remains to be determined.

βarr2 contributes to ERK1/2 phosphorylation in response to the stimulation of β-adrenergic 

receptor (Niyonsaba et al., 2005; Shenoy et al., 2006). Moreover, βarr2 positively or 

negatively modulates NF-κB–mediated cellular responses depending on the cell type and 

the receptor involved (Freedman and Shenoy, 2018; Gaffal et al., 2014; Sun and Lin, 2008). 

NF-κB was shown to be upregulated in rosacea-like skin inflammation and could be used 

as a therapeutic target to mitigate rosacea (Chen et al., 2019; Deng et al., 2021). In this 

study, we showed that MC-specific deletion of βarr2 resulted in a significant reduction 

of Cxcl2 expression and rosacea-like inflammation in vivo. Furthermore, LL-37–induced 

ERK1/2, p65 phosphorylation, and proinflammatory cytokine/chemokine generation were 

significantly reduced in the absence of βarr2 in MCs in vitro. These findings in total suggest 

that βarr2 expressed in MCs contributes to the development of rosacea by modulating both 

MC chemotaxis and the generation of proinflammatory cytokines.

In conclusion, this study showed a potential role of MRGPRX2 and MrgprB2 in the 

development of human rosacea as well as in LL-37–induced rosacea-like skin inflammation 

in mice. Furthermore, βarr2 expressed in MCs contributes to rosacea by modulating MC 

chemotaxis and chemokine/cytokine gene expression. Thus, MRGPRX2 and βarr2 could be 

targeted for therapeutic intervention for the treatment of rosacea.

MATERIALS AND METHODS

Healthy and rosacea skin samples

Normal and rosacea skin samples were obtained from the Skin Biology and Diseases 

Resource-Based Center at the University of Pennsylvania (Philadelphia, PA). The protocol 

for tissue procurement was approved by the University of Pennsylvania Institutional Review 

Board, and all donors provided written informed consent.

Mice

C57BL/6 (WT), MC-deficient (Wsh/Wsh), and global βarr2-knockout (βarr2−/−) mice were 

obtained from The Jackson Laboratory (Bar Harbor, ME). βarr2 flox/flox (βarr2fl/fl) mice 
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were a kind gift from Robert Lefkowitz and Julia Walker (Duke University Medical Center, 

Durham, NC); Cpa3-Cre (Cre is expressed under the promoter of Cpa3, expressed only in 

MCs) mice were generously provided by Stephen J. Galli (Stanford University, Stanford, 

CA). Mice were housed in pathogen-free cages on autoclaved hardwood bedding. Mice 

with MC-specific deletion of βarr2 (Cpa3-Cre+/βarr2fl/fl) were generated as described 

earlier by crossing Cpa3-Cre mice with βarr2fl/fl mice (Roy et al., 2019). MrgprB2−/− 

mice were generated through CRISPR/Cas9 by the CRISPR Core of the University of 

Pennsylvania (Alkanfari et al., 2019). Mice aged 8–12 weeks were used in the entire study. 

All experiments were approved by the Institutional Animal Care and Use Committee at the 

University of Pennsylvania.

Quantitative real-time PCR

Skin samples were homogenized, and total RNA was extracted and purified by RNeasy 

Fibrous Tissue Kit (Qiagen, Hilden, Germany). A total of 1 mg of RNA was used to 

synthesize cDNA using the High-Capacity RNA-to-cDNA Kit (Applied Biosystem, Foster 

City, CA) according to the manufacturer’s instructions. Using TaqMan Gene Expression 

Assays primers, the mRNA expressions of mouse Mmp9 and Cxcl2 were analyzed using 

QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA). The 

analysis was performed in triplicate, and Gapdh was used as an internal control. All data are 

presented as fold changes to control (Roy et al., 2019).

ELISA

Cytokine production was measured as described previously (Amponnawarat et al., 2021). 

Briefly, PMCs (0.5 × 106/ml) from WT and βarr2−/− mice were incubated with LL-37 

(10 μM) in complete Iscove’s Modified Dulbecco’s Medium for 16 hours. Cells were 

centrifuged, and supernatants were collected and stored frozen at −80 °C until analysis. IL-6, 

TNF-α, and CCL3 cytokine/chemokine levels were quantified by a sandwich ELISA kit 

(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.

Western blotting

Western blotting in WT and βarr2−/− PMCs was performed similarly as described earlier 

(Roy et al., 2019). PMCs were stimulated with LL-37 (10 μM) at different time points 

(0–30 minutes), and cell lysate was prepared. Protein was separated in SDS-PAGE, 

transferred to polyvinylidene difluoride membrane, and incubated overnight with respective 

antibodies (1:1,000) in blocking buffer (5% skim milk in 0.1% Tris-buffered saline with 

0.1% Tween 20 detergent). This was followed by incubation with horseradish peroxidase–

conjugated anti-rabbit or anti-mouse IgG (1:1,000) and was developed using Pico plus 

Chemiluminescence Substrate. Blots were restriped and probed with respective total 

antibodies. Image was acquired in iBright 1500 Imaging System (Thermo Fisher Scientific) 

and analyzed in ImageJ software, version 1.52a (National Institutes of Health, Bethesda, 

MD).
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In vivo

WT (C57BL/6), MC-deficient (Wsh/Wsh), MrgprB2−/−, Cpa3-Cre−/βarr2fl/fl, and Cpa3-
Cre+/βarr2fl/fl mice were used for in vivo rosacea model as stated earlier (Yuan et al., 

2019). Mice were shaved 24 hours before the experiment. Experimental and control groups 

were intradermally injected with either LL-37 (320 μM, 50 μl) or PBS, respectively, twice 

a day for 2 consecutive days. Dorsal skin was evaluated for the degree of inflammation and 

then excised after 72 hours of the first injection. The excised tissue was either immersed 

immediately into 10% formalin for histology or in RNAlater Solution (Invitrogen, Carlsbad, 

CA) and stored for qPCR.

Statistical analysis

Data shown are mean ± SEM values derived from at least three independent experiments. 

Statistical significance was determined by one-way or two-way ANOVA and nonparametric 

t-test. Error bars represent mean ± SEM from three independent experiments. Significant 

differences were set at *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 and analyzed by GraphPad 

Prism, version 6.07.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ERK1/2 extracellular signal–regulated kinase 1/2

GPCR G protein—coupled receptor

MC mast cell

MMP9 matrix metalloproteinase 9

PMC peritoneal mast cell
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Figure 1. MRGPRX2-expressing MC numbers are increased in the skin of patients with rosacea.
(a) Immunohistochemistry was performed in skin samples (healthy individuals and patients 

with rosacea) by staining with antitryptase antibody, and representative tissue samples were 

shown. Bar = 50 μm (left) and 200 μm (right). (b) Quantitative analysis was done by 

counting the MC numbers in a total of 15 HPFs from five different tissue sections of both 

healthy and rosacea skin. (c) Representative immunofluorescence staining of MRGPRX2 

and tryptase from two healthy and three rosacea skin samples was shown. Bar = 20 μm. 

MRGPRX2 is shown in red, tryptase is shown in green, and DAPI is shown in blue. HPF, 

high-power field; MC, mast cell.
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Figure 2. MrgprB2 contributes to LL-37–induced MC activation in vitro and rosacea-like skin 
inflammation in vivo.
(a, b) WT and MrgprB2−/− PMCs were loaded with Fura 2 AM, and the time course of 

Ca2+ mobilization was measured for 5 min after being stimulated with C48/80 and LL-37. 

(c) PMCs were stimulated with the indicated concentrations of C48/80 and LL-37, and 

β-hexosaminidase release was measured. (d) PBS (vehicle) or LL-37 (320 μM, 50 μl) was 

intradermally injected in WT, MrgprB2−/−, and Wsh/Wsh mice (6–7 per group) twice daily 

for 2 consecutive days, and erythema was measured. A representative image of dorsal skin 

and (e) lesion size (mm2) was measured. C48/80, compound 48/80; Ca2+, calcium ion; MC, 

mast cell; min, minute; PMC, peritoneal mast cell; WT, wild-type.
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Figure 3. LL-37–mediated MC recruitment, induction of Mmp9 and Cxcl2 transcripts, and 
inflammation are reduced in MrgprB2−/− mice.
Skin tissue was excised from WT, MrgprB2−/−, and Wsh/Wsh mice and processed. (a) A 

representative image showing avidin-stained (green) MCs and DAPI (blue)-stained nucleus 

in the skin tissue. Bar = 50 μm. (b) Quantitative analysis of MC number in the skin. mRNA 

transcripts level of (c) Mmp9 and (d) Cxcl2 was determined by qPCR. (e) Skin tissue was 

stained with H&E for immune cell infiltration. Bar = 100 μm (top panel) and 50 μm (bottom 

panel). MC, mast cell; MMP9, matrix metalloproteinase 9; WT, wild-type.
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Figure 4. βarr2 differentially regulates early LL-37–induced MC activation in vitro and delayed 
rosacea-like inflammation in vivo.
(a) Fura-2–loaded WT and βarr2−/− PMCs were exposed to LL-37, and the time course 

of Ca2+ mobilization was measured for 5 mins. (b) Cells were stimulated with LL-37 for 

30 mins, and degranulation (as measured by β-hexosaminidase release) was quantitated. 

(c) A representative image of LL-37–induced rosacea-like inflammation in control mice 

(Cpa3-Cre−/βarr2fl/fl) and mice with MC-specific deletion of βarr2 (Cpa3-Cre+/βarr2fl/fl). 

(d) Quantitation of lesion size (mm2). (e) MC staining. Bar = 50 μm. (f) Quantitative MC 

number. qPCR analysis of (g) Mmp9 and (h) Cxcl2 and (i) H&E staining are shown. Bar = 

100 μm (top panel) and 50 μm (bottom panel). μarr2, β-arrestin 2; Ca2+, calcium ion; MC, 

mast cell; min, minute; MMP9, matrix metalloproteinase 9; PMC, peritoneal mast cell; WT, 

wild-type.
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Figure 5. βarr2 regulates LL-37–induced MC chemotaxis, cofilin dephosphorylation, and actin 
reorganization.
(a) PMCs from WT and global βarr2−/− mice were stimulated with LL-37 (0–3 μM), and 

a chemotaxis assay was performed. (b) PMCs were stimulated with LL-37 (10 μM) for 

0–30 mins, and western blotting was performed with antiphosphorylated cofilin (Ser-3) 

antibody to determine cofilin phosphorylation. Blot was stripped and reprobed with an 

anticofilin antibody to determine total protein. Representative western blots are shown. (c) 

Bar graphs showing the relative intensities of phosphoprotein normalized to total protein. 

(d) PMCs were stimulated with LL-37 (10 μM) for 10 mins, fixed, permeabilized, and 

stained with antiphosphorylated cofilin antibody followed by Alexa Fluor 594–conjugated 

secondary antibody. Cofilin phosphorylation was visualized in fluorescent microscopy. Bar 

= 50 μm. (e) βarr2 GFP–transfected RBL-MRGPRX2 cells were stimulated with LL-37 

(1 μM) for 10 mins, and actin filament was stained with Alexa Fluor 546–conjugated 

phalloidin. Colocalization of βarr2 with actin was visualized in fluorescent microscopy. Bar 

= 50 μm. βarr2, β-arrestin 2; MC, mast cell; min, minute; PMC, peritoneal mast cell; RBL, 

rat basophilic leukemia; WT, wild-type.
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Figure 6. βarr2 regulates NF-κB activation and proinflammatory cytokines/chemokine 
production in mouse PMCs.
(a) WT and βarr2−/− PMCs were stimulated with LL-37 (10 μM) for 0–30 mins, and 

western blotting was performed for p-ERK1/2 (Thr202/Tyr204) and NF-κB p-p65 (Ser 

536) subunits. Blots were stripped and reprobed with total anti-ERK1/2 and anti-p65 

antibodies to determine total proteins and representative images are shown. (b) Bar graphs 

show the relative intensity of phosphoprotein normalized to total protein. (c) PMCs were 

stimulated with LL-37 (10 μM) for 10 mins, fixed, permeabilized, and stained with anti–

p-p65 antibody, followed by staining with Alexa Fluor 594–conjugated secondary antibody. 

NF-κB p65 phosphorylation was visualized by fluorescent microscopy. Bar = 50 μm. 

PMCs (0.5 × 106) were stimulated with LL-37 (10 μM) for 16 h, and the supernatant 

was collected. ELISA for (d) TNF-α, (e) CCL3, and (f) IL-6 was performed. Cytokine/

chemokine secretion is presented as pg/ml. βarr2, β-arrestin 2; ERK, extracellular signal–

regulated kinase 1/2; h, hour; min, minute; p-ERK1/2, phosphorylated extracellular signal–

regulated kinase 1/2; PMC, peritoneal mast cell; p-p65, phosphorylated p65; WT, wild-type.
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