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SUMMARY

Patients with autosomal dominant vibratory urticaria have localized hives and systemic 

manifestations in response to dermal vibration, with coincident degranulation of mast cells and 

increased histamine levels in serum. We identified a previously unknown missense substitution in 

ADGRE2 (also known as EMR2), which was predicted to result in the replacement of cysteine 

with tyrosine at amino acid position 492 (p.C492Y), as the only nonsynonymous variant 

cosegregating with vibratory urticaria in two large kindreds. The ADGRE2 receptor undergoes 

autocatalytic cleavage, producing an extracellular subunit that noncovalently binds a 

transmembrane subunit. We showed that the variant probably destabilizes an autoinhibitory 

subunit interaction, sensitizing mast cells to IgE-independent vibration-induced degranulation. 
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Physical urticarias are disorders in which localized hives develop in response to any of 

various stimuli.1 The histamine release that is associated with urticarias has implicated 

aberrant degranulation of mast cells in their pathogenesis.2 Isolated or syndromic cold 

urticaria can be caused by variants in NLRP3,3 which encodes a component of the 

inflammasome signaling complex, or in PLCG2,4 which encodes a regulatory 

phospholipase. Otherwise, no pathogenic variants underlying physical urticarias have been 

identified.

ADGRE2 encodes a member of the epidermal growth factor (EGF)–seven transmembrane 

(TM7) subclass of adhesion G-protein–coupled receptors (GPCRs); the ADGRE2 protein 

has an N-terminal extracellular region that consists of five tandem EGF-like adhesion 

domains, an internal mucin-like stalk domain containing a short G-protein proteolytic site, 

and a C-terminal seven-pass transmembrane domain.5 Like many adhesion GPCRs, 

ADGRE2 undergoes autocatalytic cleavage within its G-protein proteolytic site motif6; 

ADGRE2 cleavage occurs between residues p.L517 and p.S518.7 The resulting extracellular 

α subunit is noncovalently bound to the transmembrane β subunit.8 A p.S518A mutant of 

ADGRE2 is resistant to cleavage6 and, unlike nonmutant ADGRE2, is unable to induce 

cellular migration.9 ADGRE2 is expressed predominantly in myeloid leukocytes, most 

strongly on neutrophils5 and macrophages8 but also on the surface of lung mast cells and the 

HMC1 human mast-cell line.10 The endogenous ligand of ADGRE2 is dermatan sulfate,11 

which is the predominant glycosaminoglycan in skin.12 ADGRE2 is also ligated by the 

monoclonal antibody 2A1, which can increase migration, adhesion, degranulation, and 

cytokine production in myeloid cells.9,13,14

The most closely related paralogue of ADGRE2 is ADGRE5 (also called CD97).15 Under 

static conditions, ligand binding of ADGRE5 mediates cell–cell adhesion of leukocytes. 

However, shear stress destabilizes this adhesion, probably through disruption of the 

interaction between the α and β subunits.16 Furthermore, studies of N-terminal truncation 

mutants of the adhesion GPCRs ADGRE5,17 ADGRB2 (BAI2),18 and ADGRG1 (GPR56)19 

have shown that their β subunits are constitutively active. Noncovalent binding of an 

autoinhibitory extracellular α subunit thus provides a plausible regulatory mechanism for 

signaling in response to physical forces. In this report, we describe the identification of a 

novel missense variant in ADGRE2 in families with a rare, hereditary, vibration-induced 

urticaria, implicating the encoded adhesion GPCR as a mechanosensor in mast cells.

METHODS

We evaluated the participants’ clinical and family history, results of a forearm vortex 

challenge, serum histamine measurements, and findings on skin biopsy. We performed 

genetic analysis of the families with vibratory urticaria by means of linkage scans, exome 

sequencing, and Sanger sequencing. The effects of the p.C492Y substitution were 

investigated with the use of patient and control primary mast cells or transfected mast cells. 

Additional details regarding the methods are provided in the Supplementary Appendix, 

available with the full text of this article at NEJM.org.
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RESULTS

CASE REPORTS

We ascertained a multiplex Lebanese family (Family 1) with vibratory urticaria that 

segregated as an autosomal dominant trait (Fig. 1A). In response to repetitive mechanical 

stimulation of the skin, such as clothing contact during exercise or towel drying, the affected 

family members had localized, erythematous, edematous, pruritic hives (Fig. 1B), 

sometimes accompanied by facial flushing, headache, or the sensation of a metallic taste. 

Identical symptoms could be provoked by vibration of the forearm on a laboratory vortex. 

Symptoms appeared within 5 minutes after stimulation and subsided within 60 minutes. The 

patients tested negative for dermatographism as assessed by means of a scratch test with a 

dermographometer set at four different pressures (20 to 144 g per square millimeter). 

Episodes of vibratory urticaria were marked by an increase in the histamine level in serum 

(Fig. 1C), which could account for the systemic manifestations. Tryptase levels in serum did 

not increase in response to vibration (Fig. S1 in the Supplementary Appendix), a finding 

consistent with our previous report on cold urticaria.20 Immunohistochemical staining of 

dermal mast-cell tryptase revealed degranulation resulting from vortex challenge that was 

more prevalent in patients than controls (Fig. 1D).

This presentation closely matched a previous description of dermo-distortive urticaria, 

which also segregated in an autosomal dominant pattern in another Lebanese family (Family 

2).21 We subsequently ascertained the proband from a third Lebanese family with dominant 

vibratory urticaria (Family 3) (Fig. 1A). None of these families were known to be related to 

one another, although the similarities in their phenotypes and origins strongly suggested a 

shared ancestor.

MISSENSE VARIANT IN ADGRE2

Linkage scans of DNA from members of Families 1 and 2 conclusively implicated a 2.2-Mb 

region on chromosome 19p13, with a combined logarithm of the odds ratio (LOD) score of 

7.224 (Fig. S2 in the Supplementary Appendix). Exome sequencing of DNA samples from 

Family 1 revealed three variants within the linkage interval that met the filtering criteria; 

Sanger sequencing showed that one of these was a false positive call, and one was validated 

as a true call but was absent from affected members of Family 2. The sole remaining 

candidate variant was c.1475G→A in ADGRE2 (NCBI reference sequence NM_013447.3), 

which was predicted to result in a p.C492Y missense substitution (NP_038475.2). Amino 

acid position 492 lies within the G-protein proteolytic site motif of the α subunit, 26 amino 

acids upstream from the cleavage site (Fig. 2A). ADGRE2 is located within a 1.7-Mb 

haplotype shared by affected members of Families 1 and 2, and the c.1475G→A variant 

perfectly cosegregated with the vibratory urticaria phenotype in all 10 available members of 

Family 1 and all 25 available members of Family 2; it was also heterozygous in the sole 

available member of Family 3, the proband. The variant was absent from multiple databases 

(Table S1 in the Supplementary Appendix), as well as from 1105 unaffected Lebanese and 

100 unaffected Israeli controls. None of the 7 affected members of Family 1 had a rare 

coding or splice-site variant in either NLRP3 or PLCG2, and these genes were also ruled out 

by linkage analysis.
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Within the linkage interval, there were 54 protein-coding exons in which all 7 exome-

sequenced affected participants from Family 1 had at least one nucleotide position with a 

depth of coverage of less than 20×. We performed Sanger sequencing on these exons in 

DNA from an affected participant, but no other candidate variants were found, which left 

p.C492Y in ADGRE2 as the only rare, cosegregating nonsynonymous or splicing variant 

within known exons in the candidate interval. The coding exons of ADGRE2 were screened 

by means of Sanger sequencing in a panel of 60 patients with various sporadic physical 

urticarias (Table S2 in the Supplementary Appendix), and no additional rare coding or splice 

variants were identified.

EXPRESSION OF ADGRE2

ADGRE2 mRNA was expressed in multiple primary human mast-cell populations and mast-

cell lines and was ubiquitously detectable in a panel of human tissues, although its 

expression appeared to be qualitatively higher in primary human mast cells and the LAD2 

human mast-cell line than in other tissues. Flow cytometric assessment of both surface and 

total ADGRE2 protein levels revealed robust expression in multiple types of mast cells (Fig. 

S3 in the Supplementary Appendix).

VIBRATION-DEPENDENT DEGRANULATION OF MAST CELLS

Primary mast cells from two patients and one control in Family 1 were allowed to adhere to 

plates, which were then vibrated on an orbital shaker to mimic the stimuli that provoke 

symptoms in patients with vibratory urticaria. Cells that were adhered to a substrate of 

polylysine had minimal degranulation in response to vibration. However, when they were 

adhered to either dermatan sulfate (the endogenous ligand of ADGRE2) or the monoclonal 

anti-ADGRE2 antibody 2A1, cells from patients but not from controls had a significant 

increase in degranulation in response to vibration. This response was dependent on the 

presence of calcium in the buffer during vibration, a finding consistent with activation of an 

intracellular signaling mechanism (Fig. 2B). There were no significant differences between 

experiments performed with different plate coatings, buffers, or samples of cells in the 

percentage of detached cells after vibration (data not shown), so the absence of 

degranulation when calcium was not present was not a result of more cells being detached 

from the substrate. In a separate experiment, patient cells from Family 2 showed modest 

vibration-induced degranulation when adhered to polylysine, but they degranulated to a 

greater extent when ADGRE2 was ligated through adhesion to dermatan sulfate or to the 

2A1 antibody (Fig. 2C).

EXPRESSION AND PROCESSING OF MUTANT ADGRE2

There was no apparent difference between patient and control primary mast cells in the basal 

expression of either the α or the β subunit of ADGRE2, which suggested that the mutant 

protein is normally expressed. Because p.C492Y is located within the G-protein proteolytic 

site motif, we assessed whether the substitution affected ADGRE2 cleavage. LAD2 mast 

cells were efficiently transfected with either control vector or one of five ADGRE2 

expression constructs, with little effect on viability and with similar expression levels. 

Immunoblotting against both ADGRE2 subunits showed no difference between cells 
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expressing nonmutated ADGRE2 and those expressing p.C492Y ADGRE2 in the abundance 

of full-length protein, α subunit, or β subunit. Likewise, both transfectants had lower levels 

of full-length protein and higher levels of cleavage products than were present in the 

cleavage-deficient p.S518A and p.[C492Y; S518A] mutants. Moreover, we observed no 

substantial difference between cells transfected with nonmutated ADGRE2 and those 

transfected with p.C492Y ADGRE2 in their ability to adhere to dermatan sulfate–coated 

plates, nor did we observe differences among any transfected cells in ADGRE2 trafficking 

to the cell surface (Fig. S4 in the Supplementary Appendix).

VIBRATION-INDUCED SUBUNIT DISSOCIATION

In transfected mast cells that were not subjected to vibration, both the nonmutant and 

p.C492Y α subunits localized to the plasma membrane with the transmembrane β subunit. 

After vibration, the p.C492Y α subunit was lost from the cell surface (Fig. 3A), which 

resulted in reduced co-localization of the subunits (Fig. 3B). This dissociation suggests that 

the p.C492Y substitution destabilizes the interaction between the α and β subunits, such that 

shear stress that is incurred during vibration disrupts their noncovalent attachment.

CONSTITUTIVE DEGRANULATION ELICITED BY THE β SUBUNIT

In nonvibrated transfected LAD2 cells, an N-terminal truncation mutant expressing only the 

transmembrane β subunit of ADGRE2 elicited greater constitutive degranulation than did all 

full-length clones (Fig. 3C). This observation is consistent with studies of other adhesion 

GPCRs, which have shown that the β subunit, on its own, is constitutively active17–19; this 

suggests that the extracellular α subunit inhibits signaling by the β subunit.

CLEAVAGE-DEPENDENT, VIBRATION-INDUCED DEGRANULATION

In response to vibration, nonmutated ADGRE2 induced greater degranulation of transfected 

LAD2 cells than did the control vector, and p.C492Y ADGRE2 induced greater 

degranulation than did nonmutated ADGRE2 (Fig. 3D). There were no significant 

differences among any of the non-vibrated cell populations (Tables S3 and S4 in the 

Supplementary Appendix). These data suggest that nonmutant ADGRE2 is somewhat 

sensitive to vibration and corroborate the hypothesis that the p.C492Y variant is 

hypermorphic. Neither the p.S518A nor the p.[C492Y; S518A] cleavage-deficient mutant 

elicited significantly greater degranulation than did the control vector, and the p.[C492Y; 

S518A] mutant did not induce greater degranulation than did the p.S518A mutant; this 

indicates that cleavage is required for degranulation that is induced by either nonmutated 

ADGRE2 or p.C492Y ADGRE2. This result is also consistent with a model in which 

liberation of the inhibitory α subunit from the transmembrane β subunit is responsible for 

ADGRE2-mediated degranulation, since covalent attachment of the subunits precludes the 

response. Vibration 8 hours after transfection did not elicit a greater response from N-

truncated ADGRE2 than from the other clones, probably because constitutive degranulation 

of these cells during incubation had depleted their secretory granules.
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DISCUSSION

We identified a novel missense variant in ADGRE2 as the basis of autosomal dominant 

vibratory urticaria, a clinical and pathophysiological entity that is distinct from 

dermatographism and other physical urticarias. Moreover, ADGRE2 encodes a cell-surface 

receptor, in contrast to the mutant cytoplasmic proteins underlying cold urticarias.3,4 Our 

data suggest that the p.C492Y substitution effects a pathogenic gain of function in ADGRE2 

by destabilizing the inhibitory interaction between the α and β subunits, thereby sensitizing 

mast cells to vibration-induced degranulation. Consistent with this mechanism, the 

hereditary vibratory urticaria phenotype probably reflects an exaggeration of a normal 

cellular response to dermal vibration that remains asymptomatic in unaffected persons. We 

observed a modest increase in systemic histamine in a control participant after vortex 

challenge, and LAD2 cells transfected with nonmutated ADGRE2 showed greater 

degranulation after vibration than did cells transfected with control vector, although the 

response was not as great as that in cells transfected with p.C492Y ADGRE2. In addition, 

the vortex challenge that is sometimes used to ascertain vibratory urticaria can be 

nonspecific.22 The evolution of an autocatalytic cleavage mechanism that permits even a 

nonmutant α subunit to dissociate from the β subunit under certain conditions further 

supports the hypothesis that the noncovalent subunit interaction has a regulatory function.

The physiological role of ADGRE2 in mast cells and other myeloid cell types remains to be 

determined. The orthologue of ADGRE2 has been lost in the murid lineage,15 which 

suggests either that it is not essential or that another gene compensates for its absence in 

mice and rats. However, the selective expression of ADGRE2 in myeloid cells and the 

previously described ability of antibody-mediated ADGRE2 ligation to alter neutrophil and 

macrophage behaviors9,13,14 generally suggest a role for ADGRE2 in innate immunity, 

possibly in the host response to an as yet unidentified pathogen. Collectively, the 

predominance of its ligand dermatan sulfate in the skin,12 the sensitivity of its paralogue 

ADGRE5 to shear stress,16 and the response of ADGRE2 to vibration shown here support a 

role for ADGRE2 in the detection of and response to physical stimuli.

Our data, together with those of previous studies,16,23 establish the sensitivity of EGF-TM7 

adhesion GPCRs to shear stress, a finding that is consistent with their cleavage and retention 

of a noncovalently bound extracellular subunit. Vibration alone was sufficient to cause 

significant degranulation in primary patient-derived mast cells, indicating a purely 

mechanical means of inducing an allergy-like response. IgE-independent degranulation of 

mast cells can also be induced through other GPCRs, by stimuli such as complement C5a,24 

which suggests that GPCR signaling may have a general role in the modulation of mast-cell 

responses. The aberrant degranulation associated with vibratory urticaria suggests that 

dermal mast cells may respond to physical forces through ADGRE2, in addition to their 

known response to allergenic stimuli through the IgE receptor FcεRI. This dual role defines 

a novel facet of the biology of mast cells that may also be important in other urticarias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inheritance and Clinical Features of Vibratory Urticaria
Panel A shows the pedigrees of the three families originating from Lebanon that had 

autosomal dominant inheritance of vibratory urticaria. The numbered family members in the 

pedigrees were available for genotyping and sequencing. Squares denote male family 

members, circles female family members, solid symbols affected family members, and open 

symbols unaffected family members. Slashes indicate deceased family members, and arrows 

indicate the proband in each family. Panel B shows the results of the forearm vortex 

challenge. Pronounced hives developed in a patient after the challenge, with redness evident 
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to either side of prominent swelling at the site of vortex contact. Panel C shows serial 

measurements of histamine in serum after forearm vortex challenge; substantially greater 

histamine release was seen in patients than in the control. Histamine levels peaked within 5 

minutes after the challenge and subsided within 60 minutes. BL denotes baseline 

(prechallenge level). The data points indicate the means and I bars the standard error for two 

technical replicates. Panel D shows immunohistochemical staining of tryptase (red) in 

samples obtained by means of skin biopsy; this staining labels both intact and degranulated 

mast cells, as well as secreted granules (indicated by arrows in the postchallenge higher-

magnification views) and extracellular tryptase (diffuse red staining). Release of the 

granular contents of mast cells after vibration was widespread in a patient sample and 

limited in a control sample.
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Figure 2. Vibration-Induced, ADGRE2-Enhanced Degranulation of Mast Cells from Patients
Panel A shows a schematic diagram of ADGRE2 domain structure, with five epidermal 

growth factor (EGF)–like adhesion domains (triangles) and a central stalk in the 

extracellular N-terminal α subunit, the autocatalytic cleavage site between residues p.L517 

and p.S518, and the seven-pass transmembrane domain in the C-terminal β subunit, depicted 

noncovalently bound to the α subunit. Blue bars represent disulfide bonds predicted on the 

basis of homology to other EGF domain–containing proteins and EGF–seven 

transmembrane (TM7) adhesion G-protein–coupled receptors (GPCRs). The red bar 
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represents the location of the p.C492Y substitution. Dermatan sulfate is the endogenous 

ligand for ADGRE2 and binds its fourth EGF domain. The monoclonal antibody (mAb) 2A1 

was raised against the stalk domain. Panels B and C show the results of assays for vibration-

induced degranulation of mast cells (measured as the release of β-hexosaminidase) in 

Families 1 and 2. Primary mast cells (PMCs) were derived in parallel from two patients and 

one control member of Family 1 and allowed to adhere to plates coated with substrate as 

indicated, then vibrated in the presence or absence of calcium chloride, and finally assayed 

for degranulation (Panel B). PMCs from two patients in Family 2, PMCs from an unrelated 

control, and stock human mast cells (HuMCs) were also assayed (Panel C). PMCs from 

patients and controls were derived in parallel from CD34+ progenitors isolated from fresh 

whole blood, whereas HuMCs were derived from frozen CD34+ progenitors that were 

previously isolated from peripheral blood after granulocyte colony-stimulating factor (G-

CSF) stimulation and apheresis. Data are the means and standard errors of two independent 

experiments, each assayed in duplicate, from cells derived from a single blood sample from 

either the patient or the control.
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Figure 3. Cleavage-Dependent Degranulation Elicited by p.C492Y Mutant ADGRE2 Associated 
with a Loss of Surface α Subunit
Panel A shows confocal slice micrographs of transfected murine bone marrow–derived mast 

cells. As detected by immunostaining with the 2A1 antibody (red), the p.C492Y mutant α 

subunit, but not the nonmutant α subunit, is lost from the plasma membrane in response to 

vibration. In contrast, as determined by fluorescent detection of GFP (green), the GFP-

tagged β subunit is retained in the membrane. Yellow indicates an overlap of the red and 

green signal. The scale bars indicate 5 µm. Panel B shows the significance of the decrease in 

colocalization. The α subunit staining evident in cells expressing CAT–GFP fusion control 
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vector is nonspecific; however, it was confined to the cytoplasm, whereas the β subunit of 

ADGRE2–GFP fusion clones was located primarily in the plasma membrane. Therefore, 

cytoplasmic α subunit staining was masked out for the colocalization analysis (see the 

Methods section in the Supplementary Appendix). Each data point is the Pearson’s 

coefficient, measuring the correlation between the location and intensity of the α and β 

subunits, in the colocalized volume of a stack of high-power-field images through the depth 

of the cells. Data are combined from two independent experiments. There is no mouse 

orthologue for ADGRE2, so only transfected human ADGRE2 is detected. Panels C and D 

show the measurement of constitutive (Panel C) and vibration-induced (Panel D) 

degranulation. To measure constitutive degranulation, transfected LAD2 cells were 

incubated for 5 hours to allow protein expression, and nonvibrated cells were assayed. To 

measure vibration-induced degranulation, transfected LAD2 cells were incubated for 5 hours 

to allow protein expression and were adhered to dermatan sulfate–coated plates for 3 hours; 

parallel cultures were then either vibrated at 750 rpm for 20 minutes or not vibrated and then 

were assayed. In Panels C and D, the data are means and standard errors for four 

independent experiments, each performed in duplicate (Panel C) or triplicate (Panel D). A 

single asterisk denotes P<0.05, a double asterisk P<0.01, and a triple asterisk P<0.001.
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