DOCK2 regulates MRGPRX2/B2-mediated mast
cell degranulation and drug-induced anaphylaxis
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GRAPHICAL ABSTRACT

DOCK2 regulates MRGPRX2/B2-mediated mast cell
degranulation and drug-induced anaphylaxis
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Background: Drug-induced anaphylaxis is triggered by the
direct stimulation of mast cells (MCs) via Mas-related G
protein—coupled receptor X2 (MRGPRX2; mouse ortholog
MRGPRB?2). However, the precise mechanism that links
MRGPRX2/B2 to MC degranulation is poorly understood.
Dedicator of cytokinesis 2 (DOCK?2) is a Rac activator
predominantly expressed in hematopoietic cells. Although
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DOCK?2 regulates migration and activation of leukocytes, its
role in MCs remains unknown.

Objective: We aimed to elucidate whether—and if so, how—
DOCK?2 is involved in MRGPRX2/B2-mediated MC
degranulation and anaphylaxis.

Methods: Induction of drug-induced systemic and cutaneous
anaphylaxis was compared between wild-type and DOCK2-
deficient mice. In addition, genetic or pharmacologic
inactivation of DOCK2 in human and murine MCs was used to
reveal its role in MRGPRX2/B2-mediated signal transduction
and degranulation.

Results: Induction of MC degranulation and anaphylaxis by
compound 48/80 and ciprofloxacin was severely attenuated in
the absence of DOCK2. Although calcium influx and
phosphorylation of several signaling molecules were unaffected,
MRGPRB2-mediated Rac activation and phosphorylation of
p21-activated kinase 1 (PAK1) were impaired in DOCK2-
deficient MCs. Similar results were obtained when mice or MCs
were treated with small-molecule inhibitors that bind to the
catalytic domain of DOCK2 and inhibit Rac activation.
Conclusion: DOCK2 regulates MRGPRX2/B2-mediated MC
degranulation through Rac activation and PAK1
phosphorylation, thereby indicating that the DOCK2-Rac-
PAK1 axis could be a target for preventing drug-induced
anaphylaxis. (J Allergy Clin Immunol 2023;151:1585-94.)
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Abbreviations used
C48/80: Compound 48/80
CS: Cholesterol sulfate
DHR2: DOCK homology region 2
DIA: Drug-induced anaphylaxis
DMSO: Dimethyl sulfoxide
DNP: 2.4-Dinitrophenol
DOCK: Dedicator of cytokinesis
ERK1/2: Extracellular signal-regulated kinase 1/2
GEF: Guanine nucleotide exchange factor
GSK3p: Glycogen synthase kinase 3 beta
HSA: Human serum albumin
MAPK: Mitogen-activated protein kinase
MC: Mast cell
MRGPR: Mas-related G protein—coupled receptor
PAKI1: P21-activated kinase 1
PBCMC: Peripheral blood—derived cultured MC
PCMC: Peritoneal cell-derived MC
WT: Wild type

Drug-induced anaphylaxis (DIA) is a life-threatening allergic
reaction that occurs immediately after drug intake.' Many small-
molecule drugs are known to trigger pseudo-allergic reactions
(also known as anaphylactoid reactions), which is a serious threat
to public health.”’ DIA is characterized by more immediate and
more systemic reactions than food- or venom-induced anaphy-
laxis and can arise without prior sensitization.' Notably, drugs
are the most commonly reported cause of fatal anaphylaxis in
many countries, including Japan and the United States.” There-
fore, elucidation of the mechanism controlling DIA is important
for preventive purposes.

Mast cells (MCs) play a key role in the induction of
anaphylaxis. Once activated, MCs secrete preformed chemical
mediators, including vasoactive amines (eg, histamine) and
lysosomal enzymes such as 3-hexosaminidase, which are stored
in cytoplastic secretary granules.® Although it is well established
that degranulation of MCs is triggered by aggregation of the high-
affinity IgE receptor FceRI,° DIA is also caused by the direct stim-
ulation of MCs via Mas-related G protein—coupled receptor X2
(MRGPRX2; mouse ortholog MRGPRBZ).”) McNeil et al’ re-
ported that the treatment with compound 48/80 (C48/80) or cip-
rofloxacin rapidly induced Ca®" reflux in murine peritoneal
MCs and Mrgprb2-transfected HEK293 cells. Additionally,
they showed that C48/80- or ciprofloxacin-induced Ca®" reflux
and histamine release were abolished in peritoneal MCs derived
from Mrgprb2-deficient mice,” demonstrating that these chemi-
cals induce MC degranulation through MRGPRB2. Interestingly,
recent evidence indicates that the size of granules and the kinetics
of secretion are completely different between FceRI-mediated
and MRGPRX?2/B2-mediated degranulation‘lo’ll Therefore, it is
likely that a different signaling cascade operates downstream of
FceRI and MRGPRX?2/B2 during MC degranulation. However,
the signaling cascade that links MRGPRX2/B2 to MC degranula-
tion is poorly understood.

Dedicator of cytokinesis (DOCK) proteins comprise a family
of evolutionarily conserved guanine nucleotide exchange factors
(GEFs) for the Rho family of GTPases.'”'” This family consists
of 11 members, including DOCK2 and DOCK5.'#!? Although
both DOCK?2 and DOCKS5 act as the Rac-specific GEFs, the
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GEF activity of DOCK2 in cells is much higher than that of
DOCKS5.'* Previously, we showed that Rac activation by
DOCK?2 is essential for membrane polarization and cytoskeletal
dynamics in various immune cell types—B cells,'”'° T cells,'”'*
natural killer cells,” plasmacytoid dendritic cells,”” and neutro-
phils.'**' However, little is known about the role of DOCK pro-
teins in drug-induced MC degranulation. We have previously
demonstrated that DOCKS regulates FceRI-mediated MC
degranulation, independently of its Rac GEF activity, by control-
ling microtubule dynamics through phosphorylation and inactiva-
tion of glycogen synthase kinase 3 beta (aka GSK3@).>” In this
study, we demonstrated that DOCK2, but not DOCKS, is essential
for MRGPRX?2/B2-mediated MC degranulation and anaphylactic
responses. On the basis of these findings, we propose that the
DOCK?2-Rac—p21-activated kinase 1 (PAK1) signaling cascade
could be a preventive target for DIA.

METHODS
Mice

The generation of Dock2™'~ and Dock5 '~ mice has been described previ-
ously.”>** Male and female mice at 8 to 12 weeks of age were used. Dock2 ™'~
and Dock5 ™'~ mice were backcrossed onto mice with a C57BL/6J background
for more than 10 generations before use, and age- and sex-matched littermate
Dock2™* or Dock5™'* mice were used as wild-type (WT) controls. Mice
were randomly selected and assigned to experimental groups according to ge-
notype. All mice were maintained under specific-pathogen—free conditions at
the animal facility of Kyushu University. All animal experiments were con-
ducted according to the relevant national and international guidelines
described in guidelines of the Act on Welfare and Management of Animals
(Ministry of Environment of Japan) and Regulation of Laboratory Animals
(Kyushu University). The ethics committee at Kyushu University approved
the animal experiments (approval A22-032-0).

Systemic and cutaneous anaphylaxis assay

For induction of DIA, mice were injected intravenously (tail vein) with
100 pL of C48/80 (1.5 mg/kg, Sigma-Aldrich, St Louis, Mo) or 100 pL of cip-
rofloxacin (60 mg/kg, Sigma-Aldrich). To assess IgE-induced systemic
anaphylaxis, mice were sensitized by intravenously injecting 10 pg anti—
2,4-dinitrophenol (DNP) mouse IgE antibody (SPE-7; Sigma-Aldrich) 24
hours before intravenous administration of 100 wg DNP-human serum albu-
min (HSA; Sigma-Aldrich). In both cases, rectal temperatures were measured
every 5 minutes for 30 minutes with a digital thermometer (Physitemp Instru-
ments, Clifton, NJ). After 30 minutes, mice were humanely killed by decapi-
tation, and blood samples were obtained after a cardiac puncture to measure
the plasma histamine concentration with a histamine enzyme immunoassay
kit (Beckman Coulter, Indianapolis, Ind). To examine the effects of cholesterol
sulfate (CS),>* mice were intraperitoneally administered 50 pL of sodium cho-
lesteryl sulfate (5 mg; Sigma-Aldrich) or vehicle (dimethyl sulfoxide
[DMSO]; Wako, Osaka, Japan) 30 minutes before intravenous administration
of ciprofloxacin or DNP-HSA. For the evaluation of cutaneous anaphylaxis,
C48/80 or vehicle (PBS) was administered to the sole of the mouse’s paw. De-
tails for cutaneous anaphylaxis assay can be found in the Methods section of
this article’s Online Repository available at www.jacionline.org.

Murine and human primary MC cultures

Murine peritoneal cell-derived MCs (PCMCs) and human peripheral
blood—derived cultured MCs (PBCMCs) were generated as described with a
few modifications.”>*° Details of the isolation, culture, and treatment of mu-
rine and human primary MC cultures are available in the Methods section of
this article’s Online Repository. Human peripheral blood samples were
obtained from healthy volunteers (5 male subjects [mean = SD age,
30.0 £ 5.2 years; range, 23-35 years] and 5 female subjects [mean = SD
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age, 29.4 * 5.5 years; range, 23-37 years]) in compliance with institutional
review board protocols. All study subjects were Japanese people living in
Japan and were of Asian ethnicity. The experiments were approved by the
ethics committee of Kyushu University, and written informed consent was ob-
tained from all the volunteers before their participation according to the Hel-
sinki Declaration.

Flow cytometry and quantitative real-time PCR

Flow cytometric analysis was performed by a BD FACSVerse device
equipped with BD FACSuite software (BD Biosciences, San Jose, Calif).
Details for both flow cytometry and real-time quantitative PCR can be found in
the Methods section of this article’s Online Repository.

MC degranulation assay

Murine PCMCs or human PBCMCs were seeded onto 96-well plates at a
density of 1 X 10° cells per well. Cells were treated with the vehicle (0.1%
DMSO), sodium cholesteryl sulfate (Sigma-Aldrich), NVS-PAK1-1 (Abcam,
Cambridge, United Kingdom), or CPYPP?’ for 30 minutes before stimulation.
The synthesis and purification of CPYPP were performed by Kounosuke Oi-
saki (National Institute of Advanced Industrial Science and Technology, To-
kyo Japan). Cells were stimulated for 30 minutes at 37°C with 10 pg/mL
C48/80, 400 pg/mL ciprofloxacin, or 200 wg/mL atracurium besylate (Santa
Cruz Biotechnology, Santa Cruz, Calif) in Tyrode buffer (Sigma-Aldrich) in a
final volume of 200 wL. To assess IgE-induced degranulation levels, cells were
sensitized with 1 pg/mL anti-DNP mouse IgE antibody (SPE-7; Sigma-
Aldrich) for 3 hours at 37°C and stimulated with 250 ng/mL DNP-HSA
(Sigma-Aldrich) for 1 hour at 37°C. Details for B-hexosaminidase release
assay are available in the Methods section of this article’s Online Repository.

Immunoblotting

To study Rac activation and the phosphorylation of signaling molecules,
the cell extracts were prepared and immunoblotted as described in the
Methods section of this article’s Online Repository.

Confocal microscopic analysis and histologic

examination

PCMCs were stained for 20 minutes at 37°C with LysoTracker-Red
(Thermo Fisher Scientific, Waltham, Mass) for visualization of secretory lyso-
somes. After stimulation with C48/80 (10 wg/mL), the cells were fixed with
4% paraformaldehyde (Wako) for 30 minutes. All images were obtained
with a laser scanning confocal microscope (FV3000; Olympus, Tokyo, Japan).
The method for toluidine blue staining can be found in the Methods section of
this article’s Online Repository.

Calcium flux assay

PCMCs (1 X 10° cells) were treated with 3 wmol Fura 2-AM (Dojindo Lab-
oratories, Kumamoto, Japan) and 0.04% Pluronic F-127 (Biotium, Fremont,
Calif) for 30 minutes at 37°C. Cells were resuspended in Tyrode buffer and
stimulated with C48/80 (10 wg/mL). Fluorescence intensities were monitored
at excitation wavelengths of 340 and 380 nm and at an emission wavelength of
510 nm with an EnVision multimode microplate reader (PerkinElmer, Wal-
tham, Mass).

Statistical analysis

Statistical analyses were performed by Prism 8 software (GraphPad
Software, La Jolla, Calif). The data were initially tested by Kolmogorov-
Smirnov test for normal distribution. Parametric data were analyzed by
2-tailed unpaired Student ¢ test for comparison between 2 groups. Nonpara-
metric data were analyzed by 2-tailed Mann-Whitney test for comparison be-
tween 2 groups. Statistical differences between more than 2 experimental
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groups were evaluated by ANOVA with Dunnett or Bonferroni multiple com-
parison test. Data are expressed as means * SDs, and P <.05 was considered
significant.

RESULTS
DOCK2 is essential for induction of DIA in vivo

To examine whether DOCK?2 and DOCKS are involved in DIA,
we treated WT, Docka/f, and Dock5 ™'~ mice with the cationic
polymer C48/80, which is also known to signal through
MRGPRB2.” In response to C48/80, the rectal temperature of
the WT and Dock5'~ mice dropped rapidly within 15 minutes
(Fig 1, A). However, the rectal temperature was only modestly
affected in the case of Dock2™'~ mice (Fig 1, A), although the
number of peritoneal and cutaneous MCs was comparable be-
tween WT and Dock2™'~ mice (Fig E1, A and B). Consistently,
Dock2™'" mice exhibited a marked reduction in plasma histamine
concentration at 30 minutes after C48/80 injection compared to
the WT and Dock5 '~ mice (Fig 1, B, and see Fig E2 in the Online
Repository available at www.jacionline.org). Similar results were
obtained when WT, Dock2 -/ ~, and Dock5 '~ mice were treated
with a high dose of ciprofloxacin (fluoroquinolone antibiotic; see
Fig E3 in the Online Repository). Thus, unexpectedly, DOCK2,
but not DOCKS, is required for the induction of C48/80- and
ciprofloxacin-induced systemic anaphylaxis.

To further examine the in vivo role of DOCK2 in DIA, we
compared C48/80-induced cutaneous inflammation between
WTand Dock2 '~ mice after an intravenous injection with Evans
blue dye. Representative images of the hind paws showed that
cutaneous inflammation was weakened in Dock2™'~ mice at 15
minutes after injection compared to WT mice (Fig 1, C). Indeed,
we found that dye extravasation, which indicates vascular
leakage, and paw swelling in response to C48/80 stimulation
were reduced in Dock2 ™'~ mice (Fig 1, D and E). Together, these
results demonstrate that DOCK2 plays a key role in systemic and
cutaneous anaphylaxis in vivo.

DOCK2 controls MRGPRB2-mediated degranulation
in vitro

Although bone marrow—derived MCs are primary cells used to
examine FceRI-mediated signals, they do not express
MRGPRB?2.?® Therefore, to understand the role of DOCK?2 and
DOCKS in MRGPRB2-mediated MC degranulation, we prepared
connective tissue-type MCs via the isolation of peritoneal MCs
and the culture with recombinant stem cell factor for 2 weeks
(hereafter referred to as PCMCs). Untreated WT and Dock2 '~
PCMCs have similar morphology (see Fig E4, A and B, in the On-
line Repository available at www.jacionline.org), and the surface
expression levels of the MC markers c-Kit and FceRI were com-
parable between WT and Dock2™'~ PCMCs (Fi g2,A). Similarly,
quantitative real-time PCR analysis demonstrated that gene
expression of Mrgprb2, Fcerla, and Kit was unchanged between
WT and Dock2™'~ PCMCs (Fig 2, B). Because various drugs,
including antibiotics and muscle relaxants, transmit the signals
through MRGPRB2,”’ we analyzed drug-induced degranulation
by stimulating PCMCs with C48/80, ciprofloxacin, and atracu-
rium (a nonsteroidal neuromuscular blocking drug). Although
WT and Dock5~'~ PCMCs released considerable amounts of
B-hexosaminidase (see Fig E5 in the Online Repository), a
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FIG 1. DOCK?2 deficiency renders mice resistant to C48/80-induced systemic and cutaneous anaphylaxis. A,
Change in rectal temperature in WT, Dock2™'~, and Dock5~'~ mice challenged with C48/80 (n = 7; 2-way
repeated-measures ANOVA with Dunnett multiple comparison test compared to WT). Mice were injected
intravenously (tail vein) with 100 pL C48/80 (1.5 mg/kg). B, Plasma histamine concentrations in WT,
Dock2™'~, and Dock5~'~ mice at 30 minutes after challenge with C48/80 (n = 9; 1-way ANOVA with Dunnett
multiple comparison test). C, Representative images for dye leakage (n = 7 mice for each group) at 15 mi-
nutes after intraplantar injection of C48/80 (left) or PBS (right). D and E, Quantification of Evans blue leakage
into paw (D) and increased paw thickness (E) after 15 minutes (n = 7; 2-tailed unpaired Student t test). Data
were obtained from 3 independent experiments and are shown as means = SDs. **P<.01; ***P<.001. NS,

Not significant; ODg2p nm, Optical density at 620 nm.

protein stored in preformed MC granules, its release was severely
impaired in the case of Dock2 ™'~ PCMCs for all stimulants tested
(Fig 2, C). This was further confirmed by staining WT and
Dock2™'~ PCMCs with LysoTracker. The LysoTracker-positive
secretory granules were comparably detected in WT and
Dock2™'~ PCMCs before stimulation with C48/80 (Fig 2, D).
However, although secretory granules rapidly disappeared in
WT PCMCs, the granules were retained in the cytoplasm for
longer periods in the absence of DOCK2 (Fig 2, D). Consistently,
the degranulated granules around the cell membrane were
observed in WT PCMCs, but not in Dock2™'~ PCMCs under
C48/80 stimulation (Fig E4, C). These results indicate that
DOCK?2 controls MRGPRB2-mediated MC degranulation.

DOCK2 regulates MRGPRB2-mediated MC
degranulation through Rac activation

To explore the mechanism by which DOCK2 regulates
MRGPRB2-mediated MC degranulation, we first compared the
phosphorylation and activation of the signaling molecules that are
known to act downstream of MRGPRB2.*" After C48/80 stimula-
tion, Akt, GSK3{3, p38 mitogen-activated protein kinase

(MAPK), and extracellular signal-regulated kinase 1/2 (ERK1/
2; also called p44/42 MAPK) were comparably phosphorylated
between WT and Dock2™’~ PCMCs (Fig 3, A). In addition,
MRGPRB2-mediated calcium influx was intact in Dock2™’~
PCMC:s (Fig 3, B). These results indicate that proximal signals
downstream of MRGPRB2 operate normally even in the absence
of DOCK2.

Although DOCK?2 does not contain the Dbl homology domain
typically found in GEFs, DOCK2 binds to Rac and mediates the
GTP/GDP exchange reaction through DOCK homology region 2
(DHR2).'*'®> When WT PCMCs were stimulated with C48/80,
GTP-bound activated Racl and Rac2 were readily detected at
10 and 30 s after stimulation (Fig 3, C and D). In contrast, C48/
80-induced activation of Racl/2 was significantly reduced in
Dock2™'~ PCMCs (Fig 3, C and D). This finding led us to
examine whether DOCK2 regulates MRGPRB2-mediated MC
degranulation through Rac activation. For this purpose, we used
CS, a naturally occurring DOCK?2 inhibitor that binds to the
DHR2 domain of DOCK2 and suppresses its Rac GEF activity.”*
Both C48/80-induced Rac1/2 activation and [3-hexosaminidase
release were impaired when WT PCMCs were treated with 25-
50 pmol of CS (Fig 3, E-G). In contrast, CS treatment did not
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Messenger RNA expression of MC-specific genes in WT and Dock2™/~ PCMCs was evaluated by real-time
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were visualized by LysoTracker-Red at times indicated after C48/80 stimulation. Bar = 10 um. Data were ob-
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visibly affect C48/80-induced Rac activation in Dock2™"~
PCMCs (see Fig E6, A, in the Online Repository available at
www.jacionline.org). Furthermore, (-hexosaminidase release
was also inhibited when WT PCMCs were treated with 50
pmol of CPYPP, a small-molecule inhibitor of DOCK2 that binds
to the DHR2 domain (Fig E6, B).27 Importantly, the concentration
of CS and CPYPP used in these assays did not affect the viability
of WT PCMCs at all (Fig E6, C). Thus, DOCK2 regulates
MRGPRB2-mediated MC degranulation through Rac activation.

Blockade of the DOCK2-Rac axis inhibits DIA in vivo

To investigate the effect of the DOCK2 inhibitor on DIA
in vivo, WT mice were challenged with ciprofloxacin after intra-
peritoneal administration of CS or vehicle (Fig 4, A). When WT
mice were treated with vehicle alone, they exhibited a progressive
decrease in rectal temperature to 1.67 °C below the basal level at
20 minutes (Fig 4, B). In contrast, the rectal temperature was only
modestly affected in the case of CS-treated mice (Fig 4, B).
Consistent with this, the plasma concentration of histamine
was significantly lower in CS-treated mice compared to
vehicle-treated mice (Fig 4, C). These results indicate that phar-
macologic blockade of the DOCK2-Rac axis can inhibit

MRGPRB2-mediated MC degranulation and anaphylactic re-
sponses. On the other hand, neither the genetic deletion of
Dock2 nor CS administration affected IgE-mediated MC degran-
ulation and systemic anaphylaxis (see Fig E7 in the Online Repos-
itory available at www.jacionline.org), indicating that the
DOCK2-Rac axis is selectively involved in the MRGPRB2-
mediated degranulation pathway.

DOCK2-Rac signaling phosphorylates PAK1 acting
downstream of MRGPRB2

Among the various effector molecules, PAKI1 is a serine/
threonine-specific kinase that is activated by Rac.”'~** Although
PAK1 was phosphorylated at Ser144 and Thr423 upon stimula-
tion of WT PCMCs with C48/80, such a phosphorylation was
significantly impaired in Dock2™’~ PCMCs (Fig 5, A and B).
Therefore, we hypothesized that reduction in PAK1 phosphoryla-
tion at Ser144 and Thr423 may lead to the impaired drug-induced
degranulation in Dock2~'~ PCMCs. To investigate this hypothe-
sis, we analyzed C48/80-induced [3-hexosaminidase release with
or without treatment with NVS-PAK1-1,>* a selective allosteric
inhibitor of PAK1 kinase. We observed that C48/80-induced
PAK1 phosphorylation at Ser144 and Thr423 at 2 minutes after
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FIG 3. DOCK2 regulates C48/80-induced MC degranulation through Rac activation. A, Representative immu-
noblots showing phosphorylation of Akt, GSK3pB, p38 MAPK, and ERK1/2 in WT and Dock2 '~ PCMCs
followed by stimulation with C48/80 for 0 or 2 minutes. B, Intracellular calcium ion flux in Fura 2-AM-loaded
PCMCs after C48/80 stimulation. Data are indicated as Fura 2-AM ratio at 340:380 nm. C and D, Representa-
tive immunoblots showing C48/80-induced Rac activation in WT and Dock2™'~ PCMCs (C). Data (n = 5,
2-tailed Mann-Whitney test) are presented as ratio of GTP-bound Rac1/2 to total Rac1/2 after setting
10-second value of WT sample to an arbitrary unit (AU) of 1 (D). E and F, Representative immunoblots
showing effect of CS on C48/80-induced Rac activation in WT PCMCs (E). Data (n = 4, 1-way ANOVA with
Dunnett multiple comparison test) are presented as ratio of GTP-bound Rac1/2 to total Rac1/2 after setting
10-second value of control sample to an arbitrary unit of 1 (F). G, C48/80-induced degranulation of PCMCs
after treatment with 50 pmol CS was analyzed by B-hexosaminidase release assay (n = 5; 1-way ANOVA
with Dunnett multiple comparison test). Data were obtained from 4 (A and F) and 5 (B, D, and G) indepen-
dent experiments. Data are shown as means = SDs. *P < .05; **P < .01; ***P < .001. NS, Not significant.

stimulation was suppressed by treatment with NVS-PAKI-1
(Fig 5, C and D). Importantly, NVS-PAKI1-1 inhibited C48/80-
induced B-hexosaminidase release in a dose-dependent manner
(Fig 5, E). These results indicate that the DOCK?2-Rac-PAK1
axis regulates MRGPRB2-mediated MC degranulation.

DOCK2-Rac-PAK1 signaling pathway is also
required for MRGPRX2-mediated degranulation in

human MCs

Finally, we examined whether DOCK2-Rac signaling is also
critical for MRGPRX2-mediated degranulation of human MCs.
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FIG 5. DOCK2 regulates phosphorylation of PAK1 upon stimulation with C48/80. A, Representative immu-
noblots showing phosphorylation of PAK1 in WT and Dock2~’~ PCMCs, followed by stimulation with C48/80
for 0 or 2 minutes. B, Results of 5 individual blots for PAK1 phosphorylation quantified by densitometry and
shown as relative intensity of p-PAK1 (Ser144 and Thr423) to total PAK1 protein (n = 5; 2-tailed unpaired
Student t test). C, Representative immunoblots showing phosphorylation of PAK1 in WT PCMCs after
treatment with NVS-PAK1-1, an allosteric PAK1 inhibitor. D, Results of 5 individual blots shown as relative
intensity of p-PAK1 to total PAK1 protein (n = 5; 1-way ANOVA with Dunnett multiple comparison test).
E, C48/80-induced degranulation of WT PCMCs after treatment with NVS-PAK1-1 was analyzed by B-hexos-
aminidase release assay (n = 5; 1-way ANOVA with Dunnett multiple comparison test). Data were obtained
from 5 independent experiments and are shown as means = SDs. **P < .01; ***P < .001.
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Because human DOCK?2 deficiency is a rare disorder,”* we gener-
ated human PBCMCs from healthy donors and investigated
whether CS could block MRGPRX?2-mediated MC degranula-
tion. Before assays, human PBCMCs were verified to express
c-Kit, FceRI, and MRGPRX2 by flow cytometry (Fig 6, A).
When male and female PBCMCs were pretreated with CS,
ciprofloxacin-induced (3-hexosaminidase release was suppressed
in a manner dependent on the CS concentration (Fig 6, B).
Moreover, NVS-PAK1-1 inhibited ciprofloxacin-induced

B-hexosaminidase release (Fig 6, C). These data indicated that
the DOCK2-Rac-PAK1 signaling pathway is also required for
MRGPRX?2-mediated MC degranulation in humans, irrespective
of gender.

DISCUSSION

DIA is a life-threatening allergic reaction that occurs quickly
after drug intake. Although MRGPRX2 (mouse ortholog
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FIG 6. DOCK2 inhibitor blocks ciprofloxacin-induced degranulation in human MCs. A, Surface expression
levels of c-Kit, FceRl, or MRGPRX2 in human PBCMCs from a healthy donor. Isotype controls are shown
as navy blue histograms. Data are representative of 5 independent experiments. B and C, MRGPRX2-
mediated degranulation of human PBCMCs derived from male and female subjects was analyzed by -hex-
osaminidase release assay after stimulation with 400 pg/mL ciprofloxacin (n = 5; 1-way ANOVA with
Dunnett multiple comparison test). Cells were treated with vehicle (0.1% DMSO), CS (B), or NVS-PAK1-1
(C) for 30 minutes before stimulation. Data were obtained from 5 (B and C) independent experiments.
Data are shown as means = SDs. *P < .05; **P < .01; ***P <.001. NS, Not significant.

MRGPRB?2), the recently described G protein—coupled receptor,
plays a key role in induction of DIA,”” the signaling cascade that
links MRGPRX?2/B2 to MC degranulation is largely unknown.
Here we provide evidence that DOCK2, but not DOCKS, is essen-
tial for MRGPRX?2/B2-mediated MC degranulation in vitro and
anaphylactic responses in vivo. We found that MRGPRB2-
mediated activation of Racl and Rac2 was severely impaired in
Dock2™'~ PCMCs. In addition, MRGPRX2/B2-mediated MC
degranulation was abolished when murine and human PCMCs
were treated with the DOCK?2 inhibitors CS and CPYPP,***
which bind to the DHR2 domain and block its Rac GEF activity.
Collectively, these results indicate that DOCK2 regulates
MRGPRX?2/B2-mediated degranulation through Rac activation.

Recent evidence indicates that unlike FceRI-mediated degran-
ulation, MRGPRX2/B2-mediated degranulation occurs rapidly
and is characterized by direct release of small, spherical granules
from all over the MC surface.'”'" The precise mechanism of how
DOCK2-mediated Rac activation regulates MRGPRX2/B2-
mediated degranulation remains to be determined. However, we
have identified the serine/threonine kinase PAKI1 as a critical
signaling molecule that controls MRGPRX?2/B2-mediated
degranulation. PAK1 has 2 autophosphorylation sites, Serl44
(in the N-terminal autoinhibitory domain; residues 70-149) and
Thr423 (in the C-terminal catalytic kinase domain; residues
272-523), the phosphorylation of which leads to releasing autoin-
hibition and enhancing kinase activity, respectively.””~’ In this
study, on the one hand, we have shown that C48/80-induced
PAK1 phosphorylation at Serl44 and Thr423 was severely

impaired in Dock2™'~ PCMCs, indicating that DOCK2-
mediated Rac activation is required for MRGPRX2/B2-
mediated PAK1 phosphorylation. On the other hand, the
MRGPRX?2/B2-mediated degranulation of murine PCMCs and
human PBCMCs was attenuated by treatment with NVS-PAK1-
1,* which potently inhibits PAK1 autophosphorylation. Interest-
ingly, it has been reported that activated PAK1 regulates ezrin/
radixin/moesin proteins that uncouple the plasma membrane
from actin before exocytosis.3 8 Therefore, DOCK2-mediated
Rac activation may facilitate membrane opening and exocytosis
through PAK1 phosphorylation during MRGPRX2/B2-mediated
degranulation.

A growing number of recent articles have suggested that in
addition to DIA, MRGPRX2 expressed on MCs plays important
roles in the pathogenesis of various allergic diseases.’”** For
example, the number and percentage of MRGPRX2-expressing
MCs in the skin are much higher in patients with severe chronic
urticaria than in nonatopic control subjects.** In addition,
messenger RNA expression of MRGPRX?2 is upregulated in
skin biopsy samples from patients with maculopapular cutaneous
mastocytosis compared to healthy controls.*” Furthermore, it has
been reported that the preservative thimerosal, which is known to
cause contact dermatitis, induces MC degranulation via
MRGPRX2.*® Thus, there is a possibility that MRGPRX2-
mediated MC activation is involved in the pathogenesis of these
allergic diseases. Here we have demonstrated that DOCK2
regulates MRGPRX?2/B2-mediated MC degranulation and
anaphylactic responses through Rac activation and PAKI
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phosphorylation. Therefore, the DOCK2-Rac-PAK1 axis may be
a therapeutic target for controlling MRGPRX2-related allergic
disorders including DIA.
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Key messages

o DOCK?2 deficiency renders mice resistant to drug-induced
systemic and cutaneous anaphylaxis.

o DOCK?2 acts downstream of MRGPRX2/B2 and regulates

drug-induced MC degranulation through Rac activation
and PAK1 phosphorylation.

e Small-molecule inhibitors of DOCK2 can block drug-
induced MC degranulation in vitro and anaphylaxis
in vivo.
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METHODS

Cutaneous anaphylaxis assay

Mice were injected intravenously with 150 pL of 0.4% Evans blue dye
(Wako) in PBS. Five minutes later, 5 L. of C48/80 (150 ng) was administered
on the sole of the left paw, and an equal volume of PBS was administered to
the right paw. Paw thickness was measured with a digital thickness gauge (Mi-
tutoyo, Kanagawa, Japan) after injection. After 15 minutes, paw thickness was
measured again, and the mice were humanely killed by decapitation. The
paws were excised, dried at 55°C overnight, weighed separately, and incu-
bated in acetone—saline (7:3, 500 wL) for 24 hours at 37°C. The supernatant
solution (150 pL) after treatment with acetone-saline (7:3, 500 L) was
measured with an absorbance spectrophotometer.

Murine and human primary MC cultures

Murine PCMCs were generated as described previously with some
modifications.” Briefly, after intraperitoneal injection of cold PBS, peritoneal
cells were obtained from mice and cultured in 4 mL Dulbecco modified Eagle
medium (Wako) with 10% (vol/vol) heat-inactivated fetal bovine serum
(Thermo Fisher Scientific), 50 wmol 2-mercaptoethanol (Nacalai Tesque,
Kyoto, Japan), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mmol
L-glutamine, 1 mmol sodium pyruvate, 1 X minimum essential medium nones-
sential amino acids (all from Thermo Fisher Scientific), and 25 ng/mL recom-
binant mouse stem cell factor (SCF; PeproTech, Rocky Hill, NJ). The medium
was changed every 3 or 4 days during culture, and floating cells were collected
on day 14 for assay. Cell purity was confirmed by analyzing c-Kit and FceRI
expression by flow cytometry.

Human PBCMCs were generated as described previously with some
modifications.”” Briefly, CD34" peripheral blood cells were isolated from pe-
ripheral mononuclear cells using the Human CD34 Positive Selection Kit IT
(STEMCELL Technologies, Vancouver, British Columbia, Canada) and
cultured in StemSpan Serum-Free Expansion Medium II (SFEM II; STEM-
CELL Technologies) containing 50 ng/mL recombinant human (rh) SCF, 50
ng/mL rhIL-6, 10 ng/mL rhIL-3 (all from PeproTech), and 10 wg/mL cipro-
floxacin (Sigma-Aldrich) for 4 weeks. According to the protocol reported
by Folkerts et al,"” 10 wg/mL ciprofloxacin was added to the culture medium
as an antibiotic to prevent bacterial contamination. This concentration of cip-
rofloxacin was 20-fold lower than that of ciprofloxacin used for human MC
degranulation assay. Cells were then cultured in Iscove modified Dulbecco
medium (Thermo Fisher Scientific) with GlutaMAX-I (Thermo Fisher Scien-
tific), 50 wmol 2-mercaptoethanol, 0.5% (vol/vol) bovine serum albumin
(Sigma-Aldrich), 1% (vol/vol) insulin—transferrin—selenium (Thermo Fisher
Scientific), 10 pg/mL ciprofloxacin, 50 ng/mL rhSCF, and 50 ng/mL rhIL-6
for 6 weeks. Cell purity was confirmed by analyzing the expression of c-
Kit, FceRI, and MRGPRX2 by flow cytometry.

Flow cytometry

Before antibody staining, murine PCMCs were incubated for 10 minutes
on ice with anti-mouse CD16/32 (Fcy III/II receptor) (70-0161; 1:1,000,
Tonbo Biosciences, San Diego, Calif) to block Fc receptors. PCMCs
were stained with the following antibodies: phycoerythrin (PE)-conjugated
anti-mouse FceRI (50-5898; 1:100, Tonbo Biosciences), biotinylated anti-
mouse c-Kit (553353; 1:100, BD Biosciences), and allophycocyanin-
conjugated streptavidin (554067; 1:500, BD Biosciences). To examine
the effect of CS on cell viability, PCMCs were incubated for 3 hours with
CS (25, 50, and 100 pwmol) or vehicle (0.1% DMSO) and stained with pro-
pidium iodide staining solution (BD Biosciences) according to the manu-
facturer’s instructions. Human PBCMCs were stained with the following
antibodies: allophycocyanin-conjugated anti-human FceRI (334612;
1:100, BioLegend, San Diego, Calif), PE-conjugated anti-human c-Kit
(313203; 1:100, BioLegend), and PE-conjugated anti-human MRGPRX2
(359004; 1:100, BioLegend). Flow cytometric analysis was performed
with a BD FACSVerse device equipped with BD FACSuite software (BD
Biosciences).
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Quantitative real-time PCR

Total RNA was extracted from PCMCs using the TRIzol Plus RNA
Purification Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. RNA purity and concentration were assessed by a NanoDrop
device (ND-1000; Thermo Fisher Scientific). After treatment with RNase-free
DNase I, RNA samples were reverse-transcribed with Oligo(dT)'*'® primers
and SuperScript I1I reverse transcriptase (Thermo Fisher Scientific) for ampli-
fication by PCR. Real-time PCR was performed on a CFX Connect Real-Time
PCR Detection System (Bio-Rad, Hercules, Calif) using SYBR Green PCR
Master Mix (Thermo Fisher Scientific). Target gene expression was normal-
ized to that of Hprt. Melt curve analysis was performed to ensure the speci-
ficity of the amplification products. The following primers were used: Hprt,
5'-CTGGTGAAAAGGACCTCTCG-3" and 5'-TGAAGTACTCATTATAGT
CAAGGGCA-3"; Mrgprb2, 5'-TACTTCTGCAGAGAGCCATGC-3’ and
5'-GCTGCAGCTCTGAACAGTTTC-3'; Fcerla, 5'-TGAATGTAACGCAA
GATTGGCTG-3' and 5'-GCATCTGATGTCAAAGGATCCATG-3'; Kit,
5'-TGGCTTGATTAAGTCGGATGCT-3" and 5'-TTCAGTTCCGACAT
TAGGGCC-3'.

MC degranulation assay

For the B-hexosaminidase release assay, supernatants (100 pL) or cell ly-
sates were incubated for 60 minutes at 37°C with 50 pL of 1.3 mg/mL p-nitro-
phenyl-N-acetyl-B-D-glucosaminide (Sigma-Aldrich) in 0.1 mol sodium
citrate (pH 4.5). Cell lysates were prepared with 0.5% Triton X-100 in Tyrode
buffer to analyze the total cellular content of B-hexosaminidase. The reaction
was stopped by the addition of 150 L of 0.2 mol glycine-NaOH (pH 10.7),
and the optical density at 405 nm was measured. The amount of 3-hexosamin-
idase released was calculated as a percentage of the total content.

Immunoblotting

PCMCs were lysed in 1 X cell lysis buffer (CST, Danvers, Mass) containing a
cocktail of complete protease inhibitors (Roche, Basel, Switzerland). To assess
the phosphorylation status, the PhosSTOP phosphatase inhibitor cocktail
(Roche) was added to the cell lysis buffer. After centrifugation, supernatants
were mixed with an equal volume of 2X sample buffer (125 mmol Tris-HCI,
0.01% bromophenol blue, 4% SDS, 20% glycerol, and 200 wmol dithiothreitol)
and boiled for 5 minutes. Total protein concentration was measured by the DC
Protein Assay Reagent (Bio-Rad). Samples were resolved via SDS-PAGE and
transferred to a polyvinylidene fluoride membrane (Wako). Blots were probed
with the following antibodies: rabbit anti-DOCK2 (09-454; 1:1000, Merck Milli-
pore, Darmstadt, Germany), goat anti—3-actin (sc-1616; 1:1000, Santa Cruz
Biotechnology), rabbit anti-ERK1/2 (9102; 1:1000, CST), rabbit anti-p38
MAPK (9212; 1:1000, CST), rabbit anti-Akt (9272; 1:1000, C67E7, CST),
goat anti-GSK3B (610202; 1:1000, BD Biosciences), and rabbit anti-PAK1
(ab223849; 1:1000, EPR20048, Abcam). Activation of ERK1/2, p38 MAPK,
Akt, GSK3pB, and PAK1 was assessed using phosphorylation-specific antibodies
against Thr202/Tyr204 of ERK1/2 (4370; 1:1000, D13.14.4E, CST), Thr180/
Tyr182 of p38 MAPK (9211; 1:1000, CST), Ser473 of Akt (4060; 1:1000,
DIE, CST), Ser9 of GSK3B (9322; 1:1000, D3A4, CST), Serl44 of PAKI1
and Ser141 of PAK2 (2606; 1:1000, CST), and Thr423 of PAK1 and Thr402
of PAK2 (2601; 1:1000, CST), respectively. The following horseradish
peroxidase—conjugated secondary antibodies were used: mouse anti-rabbit
IgG (sc-2357; 1:2,000, Santa Cruz Biotechnology), goat anti-mouse IgG (sc-
2005; 1:2,000, Santa Cruz Biotechnology), and mouse anti-goat IgG (sc-2354;
1:2,000, Santa Cruz Biotechnology). Immunoreactive bands were quantified
by Imagel] software (imagej.nih.gov/ij). After subtracting the background inten-
sity, the ratio of phosphorylated protein to total protein was calculated.

Rac activation was assessed as described previously.”*™* Before assay,
cells were stimulated with 10 pg/mL C48/80. Aliquots of cell extracts
were kept as total lysate control samples, and the remaining extracts were
incubated with agarose beads containing the GST-fusion Rac-binding
domain of PAKI1 (14-325; Merck Millipore) at 4°C for 60 minutes. The
bound proteins and total cell lysates were resolved by SDS-PAGE. The blots



1594.e2 KUNIMURA ET AL

were probed with mouse anti-Racl (05-389; 1:2,000, 23A8, Merck Milli-
pore) and mouse anti-Rac2 (WH0005880M1; 1:1000, 3B10-2D9, Sigma-
Aldrich) antibodies. The ratio of GTP-bound Rac1/2 to total Racl/2 was
calculated by ImagelJ software.

Toluidine blue staining

Murine ear and back skin were collected and fixed with 4% para-
formaldehyde (Wako) for 18 hours at 4°C. The dermis was washed with PBS
and embedded in OCT compound (Sakura Finetek, Tokyo, Japan). After be-

J ALLERGY CLIN IMMUNOL
JUNE 2023

ing frozen at —80°C, cryostat sections were prepared at a thickness of 6 pm
and stained with 0.05% toluidine blue solution (pH 4.1; Wako) for 24 hours
at room temperature. For PCMCs, samples were fixed with 4% paraformal-
dehyde for 1 hour at room temperature and mounted on glass slides with
Smear Gell reagent (GenoStaff, Tokyo, Japan) according to the manufac-
turer’s instructions. Then samples were stained with 0.05% toluidine blue
solution for 24 hours at room temperature. Samples were dehydrated with
99.5% ethanol (Wako), mounted with coverslips, and examined by light mi-
croscopy. The number of skin MCs stained with toluidine blue metachro-
matically in the dermis was counted manually.
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FIG E1. Comparison of MC numbers between WT and Dock2™'~ mice. A, Flow cytometric analysis for MCs
in peritoneal cavity from WT and Dock2™'~ mice (left). Numbers indicate percentage of FceRITc-Kit™ MCs in
CD45™ peritoneal cells. Absolute numbers of peritoneal MCs are shown at right (n = 6; 2-tailed unpaired Stu-
dent t test). B, Representative images of MCs in back skin and ear collected from WT and Dock2™’~ mice.
Samples were stained with toluidine blue. Skin MCs are indicated by red dotted circles. Bar = 50 pm.
Numbers of skin MCs per 1 mm? are shown at right (n = 6; 2-tailed unpaired Student t test). Data were
collected from 2 (A and B) independent experiments and are shown as means + SDs. NS, Not significant.
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FIG E2. Plasma histamine concentrations in WT, Dock2™'~, and Dock5 '~
mice before or 30 minutes after stimulation with 1.5 mg/kg C48/80 (n = 3;
1-way ANOVA with Dunnett multiple comparison test). Data were collected
from 1 experiment and are shown as means = SDs. ***P < .001.
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FIG E3. DOCK2 deficiency renders mice resistant to ciprofloxacin-induced
systemic anaphylaxis. Change of rectal temperature in WT, Dock2™'~, and
Dock5~'~ mice challenged with ciprofloxacin (n = 5; 2-way repeated-
measures ANOVA with Dunnett multiple comparisons test, versus WT
group). Mice were injected intravenously (tail vein) with 100 pL ciprofloxa-
cin (60 mg/kg). Data were collected from 2 independent experiments and
are shown as means = SDs. *P < .05; **P < .01; ***P < .001.
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FIG E4. Morphology of PCMCs from WT and Dock2™'~ mice, before and after C48/80 stimulation. A, Repre-
sentative images of differential interference contrast (DIC) for nontreated WT and Dock2~'~ PCMCs. Bar = 30
pm (left) and 3 pwm (right). B, Representative images of toluidine blue staining for nontreated WT and
Dock2—/— PCMCs. Bar = 10 um. C, Representative DIC images of C48/80-treated WT and Dock2™’~ PCMCs,
acquired with DIC. Bar = 3 um. Data were collected from 2 (A-C) independent experiments.
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FIG E5. DOCKS5 deficiency does not affect MRGPRB2-mediated MC degran-
ulation. MRGPRB2-mediated degranulation of WT and Dock5'~ PCMCs
was measured by B-hexosaminidase release assay after stimulation by
C48/80 or ciprofloxacin (n = 6; 2-tailed unpaired Student t test). Data
were collected from 2 independent experiments and are shown as
means + SDs. NS, Not significant.
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FIG E6. Effects of CS or CPYPP on MRGPRB2-mediated Rac activation and B-hexosaminidase release in WT
and Dock2™/~ PCMCs. A, Representative immunoblots showing C48/80-induced Rac activation in WT and
Dock2™'~ PCMCs in presence or absence of CS (25 wmol). B, B-Hexosaminidase release by WT and
Dock2™'~ PCMCs stimulated with C48/80 in presence or absence of CPYPP (50 pmol; n = 5; 1-way ANOVA
with Dunnett multiple comparisons test). C, Viability of PCMCs was analyzed by flow cytometry after 3 hours
of incubation with indicated concentrations of CS or CPYPP (n = 3). Data were collected from 2 (A), 5 (B), and
3 (C) independent experiments and are shown as means *= SDs. ***P < .001.
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FIG E7. DOCK2 is not required for IgE-induced MC degranulation and systemic anaphylaxis. A, IgE-induced
B-hexosaminidase release occurs normally even in the absence of DOCK2 (n = 5; 1-way ANOVA with Dun-
nett multiple comparisons test). B, Treatment of WT-PCMCs with CS (25 umol) for 3 hours does not affect
IgE-induced B-hexosaminidase release (n = 5; 1-way ANOVA with Dunnett multiple comparisons test).
C, After intraperitoneal administration of CS or vehicle, WT mice were challenged with IgE and
DNP-HSA, and rectal temperature was monitored (n = 5, 2-way repeated-measures ANOVA with Bonferroni
multiple comparison test). Data were collected from 5 (A and B) and 2 (C) independent experiments and are
presented as means = SDs. ***P < .001. NS, Not significant.
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