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Critical Signaling Events in the
Mechanoactivation of Human Mast Cells
through p.C492Y-ADGRE2

Andrea N. Naraan], Geethani Bandara', Yun Bai', Margery G. Smelkinson”, Araceli Tobio',
Hirsh D. Komarow', Steven E. Boyden3, Daniel L. Kastner’, Dean D. Metcalfe' and Ana Olivera'

A role for the adhesion G-protein coupled receptor ADGRE2 or EMR2 in mechanosensing was revealed by the
finding of a missense substitution (p.C492Y) associated with familial vibratory urticaria. In these patients,
friction of the skin induces mast cell hyper-degranulation through p.C492Y-ADGRE2, causing localized hives,
flushing, and hypotension. We have now characterized the responses and intracellular signals elicited by
mechanical activation in human mast cells expressing p.C492Y-ADGRE2 and attached to dermatan sulfate, a
ligand for ADGRE2. The presence of p.C492Y-ADGRE2 reduced the threshold to activation and increased the
extent of degranulation along with the percentage of mast cells responding. Vibration caused phospholipase C
activation, transient increases in cytosolic calcium, and downstream activation of phosphoinositide 3-kinase
and extracellular signal—regulated kinases 1 and 2 by Gy, Gogqi, and Go,-independent mechanisms.
Degranulation induced by vibration was dependent on phospholipase C pathways, including calcium, protein
kinase C, and phosphoinositide 3-kinase but not extracellular signal—regulated kinases 1/2 pathways, along
with pertussis toxin-sensitive signals. In addition, mechanoactivation of mast cells stimulated the synthesis and
release of prostaglandin D,, to our knowledge a previously unreported mediator in vibratory urticaria, and
extracellular signal—regulated kinases 1/2 activation was required for this response together with calcium,
protein kinase C, and to some extent, phosphoinositide 3-kinase. Our studies thus identified critical molecular

events initiated by mechanical forces and potential therapeutic targets for patients with vibratory urticaria.
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INTRODUCTION

Adhesion G-protein coupled receptors (aGPCRs) represent
the second largest class of receptors within the GPCR su-
perfamily. They are involved in cell-to-cell and cell-to-matrix
interactions and are thought to play important roles in im-
munity, tumorigenesis, reproduction, and development
(Langenhan et al., 2013). ADGRE2 or EMR2 is an aGPCR that
binds dermatan sulfate (DS) (Stacey et al., 2003) and is pre-
dominantly expressed in human myeloid cells.
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ADGRE2 regulates neutrophil function and survival (Chen
et al., 2011; Yona et al., 2008) and induces macrophage
differentiation and expression of proinflammatory mediators
(Iletal., 2017, Kwakkenbos et al., 2002). Recently, we found
that ADGRE2 is expressed in human mast cells and that a
missense variant (p.C492Y) of ADGRE2 identified in patients
with autosomal dominant vibratory urticaria (VU) is associ-
ated with disease presentation. These patients exhibit mast
cell hyperreactivity on mechanical stimuli, resulting in
localized hives, increased histamine levels in serum, and
increased extracellular tryptase staining in the dermis.
Vibratory stimulation in vitro causes degranulation of mast
cells derived from patients’ progenitors, and enforced
expression of the p.C492Y-ADGRE2 variant in mast cells re-
produces this phenotype. These results provide a link be-
tween p.C492Y-ADGRE2 and vibration-induced mast cell
degranulation and support a function for this receptor in
sensing physical forces (Boyden et al., 2016), as has been
reported for other aGPCR family members (Purcell and Hall,
2018; Scholz et al., 2016). However, the intracellular signals
activated by mechanical stimulation of ADGRE2 and other
aGPCRs remain elusive.

In this study, we investigated the mechanisms of p.C492Y-
ADGRE2 activation in mast cells with the dual purpose of
identifying the signals causing the pathologic presentation of
VU and gaining insights into vibration-induced signal trans-
duction that may be common to other mechanosensing
aGPCRs. We show that ADGRE2 activation by physical
stimulation, particularly the p.C492Y variant, assembles
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functionally distinct signaling events that enhance sensitivity
to vibration. Vibration-induced signals include activation of
phospholipase C (PLC) and calcium mobilization, which
were essential for downstream activation of phosphoinositide
3-kinase (PI3K) and extracellular signal—regulated kinase
(ERK) 1/2 pathways. Although calcium and protein kinase C
(PKC) were required for degranulation, ERK1/2 pathways
were essential for the release of prostaglandin D, (PGD,),
which increased in serum of patients with VU after vibratory
challenge. Our data contribute to the understanding of the
pathways activated by aGPCR-mediated mechanosensing
and identify potential therapeutic targets for treatment of
patients with VU.

RESULTS AND DISCUSSION

Characterization of vibration-induced degranulation

We sought to further characterize the responses to physical
stimulation using the laboratory of allergic diseases-2 human
mast cell line (LAD2) transfected with normal or mutated
ADGRE?2 (Figure Ta), which resulted in similar efficiencies of
transfection (>70%; Supplementary Figure Sla) (Boyden
et al., 2016). We first examined the effect of vibratory stim-
uli of various strengths in cells attached to DS on the release
of B-hexosaminidase as a read-out for degranulation. Speeds
lower than 1,500 r.p.m. caused minor degranulation in cells
expressing nonmutated (NM)-ADGRE2, whereas cells
expressing p.C492Y-ADGRE2 readily degranulated at 750
r.p.m. or higher (Figure 1b and c; Supplementary Figure S1b,
d, and e). Optimal differences in degranulation between the
two variants were observed between 750 and 1,500 r.p.m.,
whereas higher stimulus strengths caused substantial
degranulation in all cells, diminishing the differences be-
tween variants (Figure 1c), a result that was not because of
cellular damage as viability was >90% after vibration at
2,000 r.p.m. (Supplementary Figure STc). In agreement with
clinical observations in VU, the results demonstrate that the
p.C492Y-ADGRE2 variant requires lower threshold for acti-
vation of mast cells in response to vibration.

To gain further insights into the heterogeneity of individual
cell degranulation to vibration, we monitored the exposure of
the granule marker CD63 onto the cell surface using confocal
microscopy. This method efficiently showed increased cell
surface expression of CD63 during degranulation in cells
stimulated with thapsigargin or with IgE and antigen
(Supplementary Figure S2a and b). Vibration also increased
anti-CD63 surface staining, particularly on cells expressing
p.C492Y-ADGRE2 (Figure 1d and e), although an increase
was also seen in cells with NM-ADGRE2 at higher speeds
(Supplementary Figure S2c). Similar to B-hexosaminidase
release (Figure Tb and c), stronger mechanical stimulation
reduced the differences in CD63 expression between NM-
ADGRE2 and p.C492Y-ADGRE2 variants (Supplementary
Figure S2c). Analysis of responding cells (i.e., cells showing
CD63 surface staining above background) indicated that both
the magnitude of degranulation on a per cell basis (Figure 1)
and the percentage of responding cells (Figure 1g) were
markedly increased when expressing p.C492Y-ADGRE?2.

Degranulation was observed when p.C492Y-ADGRE2 cells
were attached to immobilized DS, a reported ligand for
ADGRE2 (Stacey et al., 2003) or 2A1, an antibody that
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recognizes a sequence in the N-terminal fragment (NTF)
(Figure Ta) and ligates the receptor in macrophages (Huang
et al., 2012), but not to chondroitin sulfate A, an analog of
DS, polylysine, hyaluronic acid, or heparan sulfate
(Supplementary Figure S1d). These and our reported findings
(Boyden et al., 2016) suggest that binding of ADGRE2 to
immobilized DS or to 2A1 is required, along with mechanical
forces, to elicit degranulation in mast cells because in static
conditions, no significant degranulation occurred (Figure 1b).
Vibration-induced responses in p.C492Y-ADGRE2 cells were
similar at concentrations of immobilized DS ranging from 0.1
pg/ml to 100 pg/ml (Supplementary Figures Sle and S3c),
consistent with the observed maximal adherence of cells to
DS within this range (Boyden et al., 2016). In other mecha-
nosensing aGPCRs, activation is also thought to require both
ligation and a mechanical load, as ligand binding by itself
causes no detectable signaling (Karpus et al.,, 2013;
Langenhan et al.,, 2013; Scholz et al.,, 2015) or inhibits
signaling (Petersen et al., 2015). A proposed model of acti-
vation of aGPCRs suggests that the NTF normally prevents
spontaneous activation and that dissociation of the NTF from
the C-terminal fragment (Figure 1a) is required for signaling to
occur (Purcell and Hall, 2018; Scholz et al., 2016). Consis-
tent with this model, the presence of p.C492Y destabilized
the noncovalent interaction between the NTF and C-ter-
minal fragment in mast cells, rendering the receptor more
susceptible to dissociating the NTF after a vibratory
stimulus (Boyden et al., 2016), a hypothesis also consis-
tent with the lower threshold of activation in cells with
p.C492Y (Figure 1b; Supplementary Figure S1b) and
recent results showing that proteolytic clipping of the NTF
of ADGRE2 by a/B-tryptase heterotetramers makes mast
cells susceptible to vibration-triggered degranulation (Le
et al., 2019).

Vibration causes calcium mobilization in mast cells

Although other aGPCR members have also been viewed as
mechanosensors (Scholz et al., 2016), there is limited infor-
mation on how such receptors signal. Calcium is viewed as
one potential messenger in aGPCR-mediated mechanosens-
ing (Clapham, 2003; Scholz et al., 2016, 2015) and also a
critical signal for mast cell degranulation (Gilfillan and
Tkaczyk, 2006). Following this lead, we determined that in
mast cells loaded with Fura-2-acetoxymethyl ester, vibration
induced a rise in cytosolic calcium, particularly in p.C492Y-
ADGRE2 cells, which was maximal immediately after vi-
bration (~0.85 UM in NM-ADGRE2 cells and ~1.5 uM in
p.C492Y-ADGRE2 cells) and declined thereafter (Figure 2a).
These transient calcium spikes resembled the typical transient
calcium mobilization reported to occur after GPCR activation
in mast cells. GPCR-induced calcium responses are associ-
ated with a distinct degranulation pattern that causes rapid
and brief vascular reactions in vivo (Gaudenzio et al., 2016),
which are consistent with the reactions to a vortex challenge
in patients with VU (Boyden et al., 2016; Metzger et al.,
1976) and are in contrast to the more sustained calcium re-
sponses mediated by IgE receptor stimulation (Supplementary
Figure S2d) that results in compound exocytosis and slower
but stronger and more prolonged reactions in mice than those
produced by GPCRs (Gaudenzio et al., 2016).
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Figure 1. Characterization of vibration-induced degranulation. (a) Depiction of ADGRE2. The NTF and CTF, translated as a single polypeptide and self-cleaved
in the GAIN domain in the endoplasmic reticulum, remain noncovalently linked (Kwakkenbos et al., 2002). Arrows indicate the location of p.C492Y and
binding sites for DS and the 2A1 antibody. (b) B-Hexosaminidase release induced by vibration (20 minutes) in NM-ADGRE2 or p.C492Y-ADGRE2 cells. Data are
mean =+ SD. Student t-test was used for the point-by-point comparisons and a two-way ANOVA for comparison between the curves (side bracket). (c) Fold
changes in degranulation (from data in b). (d) Images of CD63 surface expression 5 minutes after vibration (750 r.p.m.). Bar = 10 pm. (e) Anti—-CD63-APC
fluorescent intensity 10 minutes after vibration; (n > 77). (f) Anti-CD63-APC intensity after vibration in responsive cells; (n = 10). (g) Percentage of responsive
cells. Data are mean 4 SEM in e—g. *P < 0.05; **P < 0.005; ****P < 0.0001. APC, allophycocyanin; AU, arbitrary units; CTF, C-terminal fragment; DS,

dermatan sulfate; NM, nonmutated; NTF, N-terminal fragment.

Similar to the populational analysis, confocal single-cell
measurements using Fluo-8, which readily detected cal-
cium elevations with the expected kinetics after stimulation
of the IgE receptor or thapsigargin treatment in LAD2 cells
(Supplementary Figure S2d and e) (Suzuki et al., 2014),
showed enhanced calcium responses to vibration in cells
with p.C492Y-ADGRE2 (Figure 2b—d), and this increase was
abolished in calcium free media (Figure 2c). Because ligation
of ADGRE2 by 2A1 activates PLC-B in monocytic cells (I
et al.,, 2017) and PLC activity leads to calcium release

through the production of IP3, we explored the involvement
of this pathway in the calcium responses. Unlike an inactive
structural analog (U73343), inhibition of PLC by U73122 or
inhibition of IP3 channels by 2-aminoethoxydiphenyl borate
(2APB) blunted the calcium responses in p.C492Y-ADGRE2
cells (Figure 2c and d). Our data thus implicate PLC and
mobilization of intracellular calcium in the transients
induced by vibration. A contribution of extracellular calcium
influx cannot be excluded because 2-aminoethoxydiphenyl
borate is also an inhibitor of store operating calcium
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Figure 2. Vibration causes transient calcium mobilization. (a) Changes in intracellular calcium measured by Fura-2 in NM-ADGRE2 or p.C492Y-ADGRE2 cells.
Data are mean = SD of two experiments performed in triplicate. (b) Images of changes in intracellular calcium after Vb using Fluo-8. Scale Bar = 10 pm. (c, d)
Average Fluo-8 fluorescence intensity of (c) all cells 5 minutes after Vb or (d) in responding cells (with signals above baseline) overtime, with or without

extracellular calcium and in cells pretreated with inhibitors, as indicated. Data are mean & SEM (n > 19). (e) Percentage of responsive cells. Data are mean =+
SEM (n > 77 cells). (f, g) Pearson correlation between calcium changes (Fluo-8 intensity) and degranulation (anti—CD63-APC intensity) from n = 4 experiments
normalized to average intensities. ***P < 0.0001. Two-way ANOVA was used in a and d. APC, allophycocyanine; AU, arbitrary units; NM, nonmutated; PLC,

phospholipase C; SOCE, store operating calcium channels; Vb, vibration.

channels and, to a degree, an inhibitor of transient receptor
potential isoforms (Bootman et al., 2002).

As in degranulation, the expression of p.C492Y-ADGRE2
increased both the magnitude of the calcium responses per
cell basis (i.e., in cells with intensities above baseline after
vibration) (Figure 2d) and the number of cells with positive
responses to vibration (Figure 2e). Only in cells expressing
p.C492Y-ADGRE2 did maximal Fluo-8 intensity correlate
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with the extent of degranulation after vibration at 750 r.p.m.
(Figure 2f and g), consistent with the conclusion that vibra-
tion normally causes calcium fluxes through ADGRE2 that
translate into limited or no degranulation, but both processes
are enhanced and linked when the p.C492Y variant is
present.

Even though calcium is essential for mast cell degranula-
tion, the strength and duration of calcium changes can



determine the overall functional consequences. For instance,
activation of the IgE receptor by low-affinity antigens induces
lower calcium responses and does not render important
degranulation as high-affinity antigens do. However, they
transmit different sets of signals with distinct functional out-
comes (Suzuki et al., 2014). Overall, the observations support
the concept that the structure of ADGRE2 allows mast cells to
discriminate the strength of mechanical stimulation and tune
the responses accordingly as vibration triggers calcium re-
sponses even in cells with the normal variant. Such
discrimination of the mechanical strength may be of impor-
tance for the immunomodulatory functions of mast cells,
much like has been reported for the concentration
(Gonzalez-Espinosa et al., 2003) or affinity of antigens
(Suzuki et al., 2014) in IgE receptor-mediated activation.
However, the molecular and physiological basis for this
tuning of the responses and the relevant type of physiological
physical stimulus need further investigation. For instance,
polymerization of extracellular matrix components, which
occurs during wound healing, may constitute a mechanical
stimulus for aGPCRs in vivo, as reported by Petersen et al.
(2015) or the crawling of skin parasites that can bind skin
glycosaminoglycans (Merida-de-Barros et al., 2018) could
mimic a vibration stimulus (stretching or treading). It is
tempting to speculate that various physical forces may cause
limited but advantageous mast cell responses for the host
(i.e., recruitment of immune cells, regulation of wound
healing, induction of one or both, itch and pain sensing, etc.)
without causing a full mast cell response that could be
damaging.

Vibration of mast cells with p.C492Y-ADGRE2 induces
activation of ERK1/2 and PI3K

We next investigated whether other signaling pathways are
activated by vibration. Similar to GPCRs and unlike IgE
receptor-mediated activation (Kuehn and Gilfillan, 2007;
Mécsai et al., 2003), vibration did not elicit detectable
phosphorylation of Src kinases or spleen tyrosine kinase
(Supplementary Figure S3a) in p.C492Y-ADGRE2 mast cells.
However, vibration prominently increased pathways often
associated with agonist-stimulated GPCRs (Gilfillan and
Tkaczyk, 2006), such as phosphorylation of protein kinase
B (AKT) (Figure 3a and Supplementary Figure S3b), known to
be activated in a PI3K-dependent manner (Manning and
Toker, 2017) and phosphorylation of ERK1/2 (Figure 3b and
Supplementary Figure S3c). However, other MAPK pathways,
including c-Jun N-terminal kinase and p38 (Figure 3b), were
not activated. The extent of AKT and ERK1/2 phosphorylation
induced by vibration was robust and comparable to that
induced by activation of mast cells through the IgE receptor
(Supplementary Figure S3d).

PKC stimulation occurs downstream of PLC activation.
Since PKC can mediate PI3K (Kawakami et al., 2004; Ziemba
and Falke, 2018) or MAPK/ERK kinase (MEK)/ERK1/2
pathway activation (Mendoza et al., 2011), we examined its
involvement in the regulation of these pathways. Pretreat-
ment with a pan-PKC inhibitor, G66983, somewhat reduced
AKT phosphorylation induced by vibration, albeit the differ-
ences did not reach statistical significance (Figure 3¢) and did
not affect ERK1/2 (Figure 3d) phosphorylation, suggesting that
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PI3K and EK1/2 pathways are activated by mechanisms
largely independent of PKC.

We also examined the potential cross-interactions between
PI3K and ERK1/2 pathways. Inhibition of MEK/ERK1/2 did not
prevent  vibration-induced phosphorylation of  AKT
(Figure 3c) but blunted ERK1/2 phosphorylation (Figure 3d).
In contrast, the pan-inhibitor of PI3K, wortmannin, markedly
diminished AKT activation (Figure 3c) and ERK1/2 phos-
phorylation (Figure 3d). LY294002, a less potent PI3K inhib-
itor, only partially reduced ERK1/2 phosphorylation
(Figure 3d). Although we cannot exclude potential off-target
effects of wortmannin, the results suggest a directional
crosstalk between these pathways where activation of PI3K
contributes to ERK1/2 activation but not vice versa.

PLC activation and calcium mobilization are critical for both
PI3K and ERK1/2 activation

We then examined the involvement of PLC stimulation on
vibration-induced PI3K and ERK1/2 phosphorylation. An
inhibitor of PLC blocked both AKT (Figure 4a) and ERK1/2
(Figure 4b) phosphorylation, while a structural analog of
this inhibitor did not. Blockade of calcium fluxes, but not
inhibition of PKC, obliterated ERK1/2 and AKT phosphor-
ylation (Figure 4a and b), suggesting that activation of PLC
by vibration and consequent calcium mobilization are
required for both PI3K and ERK1/2 activation. Given that
PI3K  may also regulate ERK1/2 phosphorylation
(Figure 3d), calcium could activate ERK1/2 partly through
PI3K-dependent pathways. Other points of interaction
upstream the molecules affected by those inhibitors are
possible because MEK/ERK1/2 and PI3K/Akt signaling
cascades crosstalk in multiple points (Mendoza et al.,
2011) (see summary in Figure 6d).

A similar chain of events for ADGRE2 activation was re-
ported in human monocytic cell lines by crosslinking
ADGRE2 with immobilized 2A1 antibody (I et al., 2017) in
the absence of mechanical forces. Although it is unclear why
crosslinking of ADGRE2 would activate monocytic cells in
static conditions whereas in mast cells vibration is required,
both studies reinforce the notion of a consensus chain of
signaling events elicited by ADGRE2 activation that are
initiated by PLC activation and calcium fluxes, followed by
PI3K and MAPK cascades, which in the case of mechanically
stimulated mast cells, were restricted to ERK1/2.

Initiation of GPCR signaling involves heterotrimeric G-
proteins, although in aGPCRs, the specific subtypes have
not been well-characterized (Hamann et al., 2015). Acti-
vation of PLC usually depends on By, o, or a1 G-subunits
(Boyer et al., 1994). Inhibition of By by gallein, a,q and a4
subunits by YM254890, or a,,, subunits by pertussis toxin
(PTX) did not significantly prevent the activation of AKT or
ERK1/2 (Figure 4c and d). However, the same concentra-
tions of PTX and YM254890 were effective in reducing
MRGPRX2-mediated ~ degranulation  (Supplementary
Figure S4) (Subramanian et al., 2013). Thus, PLC-
dependent activation of PI3K and ERK pathways induced
by vibration is independent of these subunits, although
involvement of other o subtypes, such as o, is possible, as
reported (I et al., 2017).
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3-kinase; SAPK, stress-activated protein kinase; Vb, vibration.

Signaling requirements for vibration-induced mast cell
responses

Because of the potential implications in patients with VU, we
next investigated which signaling pathways are required for
vibration-induced degranulation. Using confocal imaging of
CD63 externalization (Figure 5a and b) or B-hexosaminidase
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release (Figure 5¢) in the presence of various inhibitors, we
determined that PLC activation and consequent calcium
mobilization and PKC activation are all necessary for
degranulation. Furthermore, downstream of PLC and cal-
cium, PI3K pathways only partly contributed to degranulation
(Figure 5b and c¢), whereas ERK1/2 was dispensable
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Gallein- inhibitor of GBy (10 pM)

PTX- inhibitor of Ga, (400 ng/mL); YM254890- inhibitor of Gioy14 (10 uM);

(Figure 5a—c). Degranulation was also blocked by PTX
(Figure 5¢), although AKT and ERK1/2 signaling was PTX-
independent (Figure 4c and d), suggesting that degranula-
tion depends on both a,-sensitive and -insensitive pathways
(Figure 6d). The specific nature of the o, (PTX)-mediated
events, as for other GPCRs in mast cells (Subramanian et al.,
2013), remains to be elucidated.

Because vibration prominently activated ERK1/2 but had
no role in degranulation, we interrogated its involvement in
other mast cell responses, particularly PGD, release. PGD; is
one of the most abundant eicosanoid products formed by

mast cells as an early de novo mediator (Gilfillan and
Tkaczyk, 2006), and ERK1/2 is required for its production
through activation of phospholipase A2 (Kuehn et al., 2008).
Indeed, vibration-induced PGD; release, particularly in cells
with p.C492Y-ADGRE2, was blunted by MEK/ERK1/2 inhi-
bition (Figure 6a). In addition, calcium mobilization and PKC
were key to this response, with a partial contribution of PI3K
(Figure 6a and b). Blockade of a;,, but not ag, slightly
reduced PGD, release, suggesting a contributory role of a,-
dependent signals. However, PGD, release induced by vi-
bration was especially dependent on PLC-dependent
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Figure 5. PLC and calcium and PKC
axis, and PTX-sensitive pathways are
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degranulation, whereas MEK/ERK1/2
is dispensable. LAD2 cells expressing
NM-ADGRE2 or p.C492Y-ADGRE2
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treated with the indicated inhibitors
for 20 minutes before Vb. (a)
Representative confocal images of anti
—CD63-APC on the membrane after
vibration for 5 minutes. Bar = 20 um.
(b) Quantification of degranulation
from data shown in a. Fluorescent
intensity of anti—CD63-APC in
individual cells (n > 264 cells) was
determined and expressed as
percentage decrement (A) of the
maximal response (i.e., fluorescent
intensity of cells expressing p.C492Y-
ADGRE2), being the minimal
response fluorescent intensity of
anti—CD63-APC in cells with NM-
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U0126-MEK/ERK1/2 inhibitor (10 pM); U73122-PLC Inhibitor (10 uM); 2APB-
IP3 and SOCE channel inhibitor (20 pM); Go6983- PKC Inhibitor (10 uM); LY294002-
PI3K inhibitor (25 pM); Wortmannin- PI3K inhibitor (0.1 uM); Gallein-GBy inhibitor (10 uM);

ilo

inhibitor (400 ng/mL); YM254890- Gy inhibitor (10 uM)

pathways, highlighting the key role for PLC and downstream
signals in mechanoactivation of mast cells.

PGD2, an unrecognized mediator in VU

Mirroring the increase in PGD, production by mast cells after
vibration in vitro, we found that in patients with VU, unlike
normal subjects, PGD, was elevated in the venous return of
the arm early after vibration. PGD, remained elevated over
baseline 30 minutes after vortex challenge (Figure 6¢).
Although confirmation in larger cohorts is needed, the find-
ings suggest a potential role of PGD, in the pathology of VU.
PGD, can mediate immediate hypersensitivity processes
causing hypotension and flushing, but it can also play anti-
inflammatory roles (Boyce, 2007; Kulinski et al., 2016) and
reduce vascular permeability by tightening the endothelial
barrier (Nakamura et al., 2016). Because the increase in
PGD, levels seemed to be sustained longer (Figure 6¢) than
those of histamine (Boyden et al., 2016; Epstein and Kidd,
1981; Ting et al., 1983), one hypothesis would be that
PGD, downregulates the responses to vibration, contributing
to the transient nature of VU pathology. It would be of interest
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to determine whether PGD; is not generated in patients with
vibratory angioedema (Keahey et al., 1987), who unlike those
with in VU, have long-lasting responses.

Concluding remarks

Herein, we have identified the signaling pathways activated
by physical forces in mast cells expressing p.C492Y-
ADGRE2, a variant associated with familial VU that renders
skin mast cells more susceptible to friction (Boyden et al.,
2016). Mechanical signaling encompasses PLC activation as
a key early step for mast cell degranulation and PGD, release
and a parallel PTX-sensitive pathway, also essential for
degranulation. The requirement for PLC resonates with the
reported gain of PLCy2 function in a form of inherited cold
urticaria where mast cells are also key (Ombrello et al,,
2012). Thus, exploration of the role of distinct PLC isoforms
and PLC-derived signals in other physical urticarias may be of
interest. Downstream of PLC, PKC and calcium were critical
for vibration-induced degranulation and eicosanoid produc-
tion, whereas ERK1/2 was only required for PGD, release.
The distinct requirement for these signals on degranulation
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and PGD, release are generally consistent with their roles in
IgE receptor or GPCR activation (Gilfillan and Tkaczyk, 2006;
Kimata et al., 2000; Xing et al., 1997), although their cross-
talk appears to be distinct for ADGRE2 (Figure 6d). Our
findings not only add to the knowledge of the enigmatic
signaling events initiated by mechanical stimulation, their
hierarchy and cross-interaction, but also may help design
novel therapeutic approaches for VU and give clues into
mechanisms for other physical urticarias.

MATERIALS AND METHODS
Further details on the experimental procedures can be found in
Supplementary Methods.

Patients
Patients with VU were enrolled and evaluated at the National
Institute of Health Clinical Center under a protocol approved by the

Institutional Review Board of the National Institute of Allergy and
Infectious Diseases (09-1-0126). All subjects provided written
informed consent. VU symptoms in a clinical setting were elicited as
described (Boyden et al., 2016).

Cell activation

LAD2 cells (Kirshenbaum et al., 2003) transfected with the
ADGRE2 constructs by nucleofection (Cruse et al., 2013) were
plated overnight on wells coated with 100 pg/ml DS (chondroitin
sulfate B, Sigma-Aldrich, St. Louis, MO). After gentle washing,
cells were resuspended in 100 pl of prewarmed 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
and vibrated at 750 r.p.m. (or as indicated) for 5—20 minutes on
an orbital shaker (Eppendorf ThermoMixer C, Eppendorf,
Hauppauge, NY) at 37 °C. In some experiments, cells were
treated with the indicated concentrations of inhibitors or vehicle
(0.1% DMSO) 20 minutes before and during vibration.
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Mast cell mediators and signaling

Degranulation was determined as the percentage of B-hexosamini-
dase released into the media (Kuehn et al., 2010) 20 minutes after
vibration. Alternatively, cells plated in DS-coated imaging chambers
(Ibidi, Fitchburg, WI #80826) were vibrated for 5 minutes and
anti—CD63-allophycocyanin was added (1:20). Confocal images
were acquired over time using a Leica TCS SP8 microscope (Leica
Microsystems, Buffalo Grove, IL) and processed using Fiji-Image)
(Schindelin et al., 2012), selecting Region of Interest Manager to
determine anti—CD63-allophycocyanin mean fluorescent intensity
per cell.

PGD; in cell-free supernatants or serum samples was determined
by competitive ELISA (Cayman Chemicals, Ann Arbor, MI). Phos-
phorylation of signaling proteins were determined by Western
blotting after vibration for 5 minutes as described (Boyden et al.,
2016; Tkaczyk et al., 2002).

Calcium flux measurements

Cells attached to DS-coated chambers were loaded or not with 5 uM
Fura-2-acetoxymethyl ester (ThermoFisher Scientific, Waltham, MA)
or Fluo-8 acetoxymethyl ester (Abcam, Cambridge, MA), washed,
and vibrated at 750 r.p.m. for 5 minutes. Measurements of Fura-2
fluorescence were done using a Perkin Elmer Wallac 1420 Victor2
microplate reader (PerkinElmer, Waltham, MA), as described (Cruse
etal., 2013; Grynkiewicz et al., 1985), and changes in fluorescence
of calcium-bound Fluo-8 by confocal microscopy. Before imaging,
anti—CD63-allophycoyanin at 1:20 dilution was added to simulta-
neously track mast cell degranulation. Mean fluorescent intensity
per cell was measured using Region of Interest Manager, and base-
line fluorescence was subtracted from each individual cell.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism (GraphPad,
San Diego, CA, version 7.01). Unpaired Student’s t-test was used for
most comparisons unless otherwise indicated. A P-value < 0.05 was
considered significant. All experiments were done at two indepen-
dent times or more and performed at least in triplicate.
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SUPPLEMENTARY MATERIALS AND METHODS

Antibodies and inhibitors

Antibodies against extracellular signal—regulated kinase 1/2,
phospho—extracellular signal—regulated kinase 1/2 (Thr202/
Tyr204), protein kinase B, phospho—protein kinase B
(Ser473), phospho—protein kinase B(Thr308), phospho—
stress-activated protein kinase /c-Jun N-terminal kinas
(Thr183/Tyr185), and phospho-p38 (Thr180/Tyr182) were
purchased from Cell Signaling (Danvers, MA). Anti—B-actin
clone AC-15 was from Sigma-Aldrich (St. Louis, MO); IRDye
680RD goat anti—mouse 1gG (red) and IRDye 800CW
donkey anti-rabbit IgG (green) were from LI-COR Biosciences
(Lincoln, NE). Anti—CD63-allophycocyanin was from Ther-
moFisher Scientific (Waltham, MA) and mouse anti—human
CD312 (2A1) was from Bio-Rad (Hercules, CA). Inhibitors
for the G-protein By subunit (gallein), protein kinase C
(Go6983), phosphoinositide 3-kinase (LY294002 and wort-
mannin), MAPK/extracellular signal—regulated kinase/extra-
cellular signal—regulated kinase 1/2 (U0126), IP3 receptors
(2-aminoethoxydiphenyl  borate), ~ G-protein  receptor
coupling (Pertussis toxin), and phospholipase C (U73122)
and its inactive analog (U73343) were from Tocris (Minne-
apolis, MN). A selective inhibitor of G-protein o and o
(YM254890) was from Wako Chemicals (Richmond, VA).

Cell culture

Laboratory of allergic diseases 2 (LAD2) cells were cultured
in StemPro-34 SFM medium containing StemPro-34 Nutrient
Supplement (Life Technologies-ThermoFisher Scientific,
Grand Island, NY); L-glutamine (2 mM), penicillin (100 U/ml)
and/or streptomycin (100 pg/ml) (GIBCO, Grand Island, NY),
and 100 ng/ml recombinant human SCF (R&D systems,
Minneapolis, MN), as described (Kirshenbaum et al., 2003).

ADGRE2 constructs and LAD2 transfection
Nonmutated-ADGRE2 and p.C492Y-ADGRE2 were inserted
into the pENTR/D-TOPO entry vector (Invitrogen-Thermo-
Fisher Scientifc, Carlsbad, CA), and the constructs were
subcloned into the C-terminal Emerald Green Fluorescent
Protein (EmGFP)-tagged Vivid Colors pcDNA6.2/C-EmGFP
DEST Gateway destination vector (Invitrogen) or into the C-
terminal V5-tagged pcDNA3.2/V5 DEST Gateway destina-
tion vector (Invitrogen) using the Gateway LR Clonase Il
Enzyme Mix (Invitrogen) (Boyden et al., 2016). LAD2 cells (2
x 10° were transfected by electroporation using the Amaxa
Nucleofector Il (Lonza, Walkersville, MD). Cells were
washed once with PBS, resuspended in 100 pul of Cell Line Kit
V solution (Lonza, Walkersville, MD), mixed with 4 pg of the
corresponding ADGRE2 constructs, and electroporated using
preprogrammed electrical parameters (U-025). After nucle-
ofection, 1T ml of culture media was added to the cuvette and
cells were transferred to a six-well plate containing an
additional ml of media. Transfected LAD2 cells were used for
experiments within 24 hours, as we have observed that
electroporation often caused a slow but progressive decline
in cell viability 24 hours after transfection, limiting other
possible manipulations, including knockdown experiments.
The transfection efficiency was on the average >70% as
determined by FACS analysis of GFP positive cells (see
Supplementary Figure S1a).
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Determination of degranulation by B-hexosaminidase

release

Culture 96-flat bottom well plates were coated with 100
pg/ml dermatan sulfate (chondroitin sulfate B) (Sigma-
Aldrich, St. Louise, MO) in PBS for 6 hours at 37 °C or
overnight at 4 °C and washed with PBS. In some experi-
ments, wells were coated instead with 100 pg/ml chon-
droitin sulfate A, 0.01% polylysine, or 50 pug/ml 2A1T mAb.
Transfected LAD2 cells as described above were immedi-
ately plated in culture media (50,000 cells/well) and
allowed to attach to the DS-coated dishes overnight.
Alternatively, cells were plated on various concentrations
of DS, various glycosaminoglycans, or polylysine (as
indicated in the corresponding figure) for 3 hours in pre-
warmed  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (pH: 7.4, 10 mM HEPES, 137 mM
NaCl, 2.7 mM KCI, 0.4 mM Na,HPO,4-7H,0, 5.6 mM
glucose, 1.8 mM CaCl,-2H,0, 1.3 mM MgSO,4-7H20).
Adhered cells were gently washed twice with prewarmed
HEPES buffer. Plates were vibrated in 100 pl of HEPES
buffer at 750 r.p.m. for 520 minutes on an orbital shaker
(ThermoMixer C, Eppendorf, Hauppauge, NY) at 37 °C.
After vibration, plates were centrifuged at 450 g for 5
minutes at 4 °C, and the supernatant was collected to
determine the content of released B-hexosaminidase. f-
Hexosaminidase activity remaining within the cells was
also measured, and the percentage of released B-hexosa-
minidase was determined as described (Kuehn et al,,
2010). The complexity of the experimental design is re-
flected in a coefficient of variation between degranulation
experiments of 16—20%. In some experiments, LAD2 cells
were stimulated with the ligand of the MRGPRX2, com-
pound 48 of 80 (0.5 pg/ml) (Sigma-Aldrich) in HEPES
buffer for 30 minutes, and B-hexosaminidase release was
determined as above.

Determination of mast cell degranulation by confocal
microscopy

LAD2 cells were electroporated with the ADGRE2-V5 con-
structs and plated (200,000 cells per well) overnight in DS-
coated p-slide 8-well imaging chambers (Ibidi, Madison,
WI). Cells were vibrated at 750 r.p.m. for 5 minutes on an
orbital shaker at 37 °C. Anti—CD63—allophycocianin was
added (1:20 dilution) after vibration at the time of image
recording. Receptor independent degranulation by 1 uM
thapsigargin or IgE receptor activation were used as positive
controls. For IgE-mediated stimulation, LAD2 cells were
sensitized with 100 ng/ml of biotinylated IgE overnight,
washed, and challenged with 100 ng/ml streptavidin.
Confocal images were acquired using a Leica TCS SP8 mi-
croscope (Leica Microsystems, Buffalo Grove, IL) equipped
with a x63/1.4NA oil immersion objective, hybrid HyD de-
tectors, adaptive focus control, and an environmental cham-
ber set to 37 °C with 5% CO,. Images were processed using
Fiji-ImageJ (version 1.5a). Individual cells were selected using
Region of Interest Manager, and allophycocyanin mean
fluorescent intensity per cell was recorded overtime.
Background mean fluorescence intensity was subtracted
from each individual cell, and the signals from all cells with
values above background were averaged overtime.



Calcium flux measurements

Transfected LAD2 cells were plated on black 96-flat bottom
well plates (CulturPlate-96 Black, PerkinElmer, Boston, MA)
coated with 100 pug/ml DS (50,000 cells/well) and incubated
overnight in culture media. Fura-2-acetoxymethyl ester (5
UM) (ThermoFisher Scientific, Waltham, MA) was added to
cells for 30 minutes. Adhered cells were gently washed twice
with HEPES buffer containing 0.04% BSA and 0.3 mM sul-
finpyrazone. Plates were vibrated at 750 r.p.m. for 5 minutes
at 37 °C. To determine the minimum and maximal fluores-
cence signals, 50 uM EGTA or 1 puM thapsigargin, respec-
tively, were added. For IgE receptor stimulation, LAD2 cells
were sensitized and challenged as described above. Samples
were excited at two wavelengths (340 nm and 380 nm) to
detect Fura-2 bound and unbound to calcium, and fluores-
cence emission was measured at 510 nm using a Perkin
Elmer Wallac 1420 Victor2 microplate reader. The ratio of the
fluorescence readings was calculated after subtracting the
fluorescence of the cells that were not loaded with Fura-2-
acetoxymethyl ester. Calcium concentration was calculated
using the ratio of fluorescence readings (340 nm and 380 nm)
at each time point and the minimal and maximal readings as
described (Grynkiewicz et al., 1985).

Alternatively, changes in cytosolic calcium were detected
in individual cells by fluorescence of calcium-bound Fluo-8
(Abcam, Cambridge, MA) using a confocal microscope.
Following transfection, LAD2 cells were plated overnight on
100 pg/ml DS-coated p-slide eight-well imaging chambers
(250,000 cells per well). Cells were then loaded with 5 pM
Fluo-8 acetoxymethyl ester for 30 minutes at 37 °C and 5%
CO,. Adhered cells were washed twice with HEPES bulffer,
and baseline fluorescence was then recorded. Chambers
were vibrated at 750 r.p.m. for 5 minutes on an orbital shaker
at 37 °C. Before imaging, anti—CD63-allophycocianin at
1:20 dilution was added to simultaneously track mast cell
degranulation. Confocal images were acquired using a Leica
TCS SP8 microscope (Leica Microsystems). Images were
processed as described for the degranulation measurements
by confocal microscopy.

Phosphorylation of downstream molecules: Immunoblotting

Cells transfected with the ADGRE2-GFP constructs were
plated in DS (100 pg/ml)-coated 24-well plates (250,000
cells per well) overnight, washed, and vibrated in 200 pl
HEPES buffer at 750 r.p.m. for 5 minutes at 37 °C. LAD2 cells

AN Naranjo et al.
Mechanoactivation of Mast Cells

were lysed in two x denaturing sample suffer (Tkaczyk et al.,
2002). Samples were boiled and separated by electrophoresis
on 4—12% NuPage Bis-Tris gels (ThermoFisher Scientific).
Proteins were transferred to nitrocellulose membranes (0.45
um pore size, ThermoFisher Scientific) and blots were incu-
bated with the primary antibodies (listed above) overnight at
4 °C on a shaker. Bands were detected using infrared-labeled
secondary antibodies and imaging of the bands was per-
formed using an Odyssey CLx Infrared Imaging System (LI-
COR Biosciences). Quantification of infrared fluorescence
was conducted using Image Studio Lite (version 5.2).

Inhibition experiments

When inhibitors were used to determine their effects on mast
cell responses or signaling, LAD2 cells were treated with the
corresponding inhibitor or vehicle (0.1% DMSO) 20 minutes
before vibration and maintained in the media during vibration.
The concentrations used were as follows: G66983 (10 uM),
LY294002 (25 pM), Wortmannin (0.1 pM), U0126 (10 uM),
U73122 (10 uM), U73343 (10 pM), 2-aminoethoxydiphenyl
borate (20-50 pM), gallein (10 uM), pertussis toxin (400 ng/
mL), and YM254890 (10 uM).

Patients and vortex challenge

Patients with vibratory urticaria were enrolled and evaluated
at the National Institutes of Health Clinical Center under a
protocol approved by the Institutional Review Board of the
National Institute of Allergy and Infectious Diseases (09-I-
0126), as described (Boyden et al., 2016). All subjects pro-
vided written informed consent. To elicit vibratory urticaria
symptoms in a clinical setting, the anterior forearm of a
subject was placed horizontally on the 3-inch platform of a
laboratory vortex for a 4-minute challenge at 2,500 r.p.m.
Serial blood draws at baseline and during the 60 minutes
post-challenge period were taken for analysis of prosta-
glandin D, by ELISA.

Prostaglandin D, measurements

LAD2 cells were plated (50,000 cells/well) on DS-coated
96-well plates overnight, washed, and subjected to vibra-
tion in HEPES buffer (750 rp.m. for 20 minutes), as
described above. Cell-free supernatants or serum sample
from patients with vibratory urticaria were analyzed for
prostaglandin D, by competitive enzyme immunoassay
(Cayman Chemicals), according to the manufacturer’s
instructions.
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Supplementary Figure S1. Efficiency of transfection for normal and mutated ADGRE2, and characteristics of vibration-induced degranulation. (a) LAD2 cells
were transfected with NM-ADGRE2-GFP or p.C492Y-ADGRE2-GFP and 20 hours later, efficiency of transfection was determined by FACS.

(b) B-Hexosaminidase release in response to vibration. Cells were plated in DS-coated dishes and subjected or not to Vb(750 r.p.m.) for 20 minutes. Data are
mean + SEM (n > 30). (c) Effect of Vb on cell viability. Cells were collected after Vb (20 minutes) and stained with acridine orange (stains all cells in green) and
propidium iodide (stains dead cells in red). Viable and dead cells were counted using a dual fluorescence Cell Counter (Luna-FL). (d) Effect of ADGRE2 ligation
to stated substrates on Vb-induced degranulation. NM-ADGRE?2 or p.C492Y-ADGRE2 cells were plated on wells coated with DS (100 pg/ml), chondroitin sulfate
A (100 pg/ml), polylysine (PL; 0.01%), 2A1 monoclonal antibody (50 pg/ml), hyaluronic acid (100 pg/ml), or heparan sulfate (100 pg/ml). (e) Degranulation of
p.C492Y-ADGRE2 plated on the indicated concentrations of immobilized DS with or without vibration. In b, d, and e, cells were vibrated for 20 minutes at 750
r.p.m., and degranulation was measured by B-hexosaminidase release. Data are mean £ SEM (n > 7). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. AU,
arbitrary units; DS, dermatan sulfate; LAD,, laboratory of allergic diseases-2 mast cell line; NM, nonmutated; n.s., not significant; Vb, vibration.
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Supplementary Figure S3. Vibration does not activate Src or SYK but induces similar Akt and ERK1/2 phosphorylation to that mediated by IgE receptor
stimulation. DS-bound LAD2 cells expressing NM-ADGRE2 or p.C492Y-ADGRE2 were vibrated (+Vb) for 5 minutes at 750 r.p.m. Cell lysates were then
obtained and resolved in SDS-PAGE. (a) Phosphorylation in Src family members and SYK. (b) Akt phosphorylation in Thr308, a target for PDK1. Blots are from a
representative experiment of at least three different experiments. (c) ERK1/2 phosphorylation after Vb of p.C492Y-ADGRE2 cells on DS-coated plates at the
indicated concentrations. The histogram shows the quantification of band intensities (normalized by HSP90) and expressed as fold change compared with
nonvibrated, NM-ADGRE2 cells plated in 0.1 pg/ml DS. (d) Comparison of the extent of Akt and ERK1/2 phosphorylation induced by vibration or activation by
the IgE receptor on nonattached cells, done side by side. For IgE receptor stimulation, LAD2 cells were sensitized with biotinylated IgE overnight, washed, and
challenged with 100 ng/ml SA. AKT, protein kinase B; DS, dermatan sulfate; ERK, extracellular signal—regulated kinase; LAD,, laboratory of allergic diseases-2
mast cell line; NM, nonmutated; PDK1, phosphoinositide dependent kinase 1; SA, streptavidin; SYK, spleen tyrosine kinase; Vb, vibration.
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Supplementary Figure S4. Degranulation induced by MRGPRX2 in LAD2
cells is partially inhibited by PTX or YM254890. LAD2 cells were stimulated
for 30 minutes with compound 48 of 80 (0.5 pg/ml), a ligand for the GPCR
involved in pseudoallergic responses, MRGPRX2. Cells were pretreated for 20
minutes with or without PTX to inhibit a;,,-mediated signaling or YM254890
to inhibit 6.g11/14. Degranulation was determined as the percentage of B-
hexosaminidase released into the media compared with total cellular content.
LAD,, laboratory of allergic diseases-2 mast cell line; GPCR, G-protein
coupled receptors; PTX, pertussis toxin.
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