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MRGPRX2 Is the Codeine Receptor of Human
Skin Mast Cells: Desensitization through
B-Arrestin and Lack of Correlation with the
FceRI Pathway

Magda Babina', Zhao Wang', Saptarshi Roy”, Sven Guhl', Kristin Franke', Metin Artuc', Hydar Ali*’
and Torsten Zuberbier'’

Codeine stimulates skin mast cells and is therefore used in skin tests and as an inducer of experimental itch.
MRGPRX2 responds to various drugs, including opioids, to elicit pseudoallergic reactions, but whether it
represents the main opiate receptor of skin mast cells remains unknown. By combining a number of ap-
proaches, including the silencing of MRGPRX2, we now report that MRGPRX2 is indeed the dominant codeine
receptor of dermal mast cells. Activation by codeine displayed profound subject variability and correlated with
secretion elicited by compound 48/80 or substance P but not by FceRI aggregation. Degranulation by codeine
was attenuated by stem cell factor, whereas the opposite was found for FceRl. Compound 48/80 or codeine
alone was able to achieve maximum MRGPRX2 activation. MRGPRX2 was rapidly internalized on codeine
binding in a B-arrestin-1-dependent manner. Codeine-triggered B-arrestin activation was also established by
the Tango assay. Prestimulation with MRGPRX2 agonists (but not C3a or FceRl aggregation) resulted in
refractoriness to further stimulation by the same or another MRGPRX2 ligand (cross desensitization). This was
duplicated in a cell line (RBL-MRGPRX2). Collectively, codeine degranulates skin mast cells through MRGPRX2,
at which it acts as a balanced ligand. It has yet to be determined whether codeine-induced refractoriness could

be exploited to desensitize MRGPRX2 to prevent severe pseudoallergic reactions.
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INTRODUCTION

Opiates, such as codeine and morphine, and their synthetic
counterparts (opioids) can produce severe hypersensitivity
reactions in susceptible individuals, which depend on
degranulating mast cells (MCs) (Barke and Hough, 1993;
Golembiewski, 2002; Swerlick et al., 1989).

Accordingly, opiates have long been known to trigger the
activation of MCs in vitro, not only in mixed cell cultures but
also when purified to (near) homogeneity, demonstrating that
MCs are directly targeted by this group of analgesics (Benyon
et al.,, 1989; Grosman, 1981; Hermens et al., 1985; Tharp
et al., 1987).

Only certain MCs, especially those in the skin, are
responsive to opioids and release preformed mediators,
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whereas those in the gut, lung, adenoids, tonsils, and heart
are refractory to opiate stimulation (Lawrence et al., 1987;
Lowman et al., 1988; Rees et al., 1988; Tharp et al., 1987).
This differential responsiveness is reflected by the prevalence
of cutaneous symptoms over those in other organs (Prieto-
Lastra et al., 2006; Scherer et al., 2007).

Although morphine has been commonly employed
in vitro, codeine is the most frequently used opiate in skin
prick and intradermal tests (Gollhausen et al.,, 1985;
Humphreys and Hunter, 1991; Jutel et al., 1995; Krause et al.,
2013; Kupczyk et al., 2007; Nancey et al., 2004; Nielsen
et al., 2001; Scherer et al., 2007; Theunis et al., 2008;
Varney et al., 2003; Zweiman et al., 1997).

Both opiates are equipotent (Casale et al., 1984; Grosman,
1981), and equipotency is also found between opiate- and
FceRl-induced degranulation in vivo (Casale et al., 1984;
McBride et al., 1989; Petersen et al., 1996).

Moreover, codeine is associated with the sensation of itch
(over pain), a quality exploited in pruritus research (Blunk
et al., 2004; Charney et al., 2008; Herde et al., 2007;
Kupczyk et al., 2007; Namer et al., 2008; Steinhoff et al.,
2003; Theunis et al., 2008; von Muhlendahl et al., 1976;
Weidner et al., 2000).

The mechanism by which opiates elicit degranulation
specifically in the skin MCs but not in other MCs has
remained a mystery. Several scenarios have been proposed,
including an IgE-dependent mechanism (Dybendal et al.,
2003), IgE-independent but receptor-dependent activation
(e.g., through canonical opioid receptors) (Casale et al.,
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1984; Grosman, 1981; Tharp et al., 1987; Yamasaki et al.,
1982), or a direct activation of G-proteins (Barke and
Hough, 1993; Blunk et al., 2004; Shanahan et al., 1984).
Yet, experimental evidence to support any of the above has
remained poor. Especially, the involvement of classical
opioid receptors has been much debated (Benyon et al.,
1987; Blunk et al., 2004; Hermens et al., 1985; Schmidt-
Rondon et al., 2018; Shanahan et al., 1984; Sheen et al.,
2007). In addition, because opiates degranulate the skin
MCs in nearly every individual (Casale et al., 1984; Lin et al.,
1990; Nasser and Ewan, 2001), a universal mechanism
appeared to be the likely explanation.

MRGPRX2 was recently uncovered as the principal re-
ceptor of IgE-independent MC activation (McNeil et al.,
2015), and its significance in clinically relevant drug hyper-
sensitivity is being gradually recognized (Babina, 2020).
MRGPRX2 can operate as an unusual opioid receptor in cell
lines ectopically or natively expressing MRGPRX2 (Lansu
et al.,, 2017), which made us hypothesize that codeine
mainly acts through MRGPRX2 in the skin MCs, as also
supported by the exclusive expression of MRGPRX2 and lack
of canonical opioid receptors in these cells (Fujisawa et al.,
2014; Motakis et al., 2014).

Using a variety of approaches, we now report that
MRGPRX2 indeed constitutes the dominant (or only) opiate
receptor of dermal MCs. Responsiveness can vary substan-
tially across individuals in a way unrelated to FceRI stimul-
ability. Besides activation, codeine elicits internalization and
desensitization of its receptor in a B-arrestin-1-dependent
manner. Although the stimuli activating alternative receptors
(FceRl and C3aR) fail to desensitize MRRGPRX2, MRRGPRX2
ligands are able to cross desensitize their receptor, signifying
clinical potential.

RESULTS

Codeine degranulates human skin MCs by activating
MRGPRX2

We first confirmed that codeine triggers histamine release in
human skin MCs in a dose-dependent manner (Figure Ta).
This was accompanied by the rapid and transient trans-
location of the degranulation marker CD107a to the cell
surface (Guhl et al., 2005) in =50% of the cells (all-or-
nothing response [Joulia et al., 2017]) (Figure 1b). Finally, B-
hexosaminidase release could further ascertain codeine-
triggered degranulation and served to calculate the half
maximal effective concentration as 24.0 pg/ml (correspond-
ing to 29.5 uM) (Figure 1c).

To explore whether MRGPRX2 constitutes the relevant
receptor in skin MCs, we utilized RNA interference (Hazzan
et al., 2017a), by which MRGPRX2 expression was sup-
pressed down to 24.0 £ 6.6% (mean =+ SEM) of the nontarget
control at protein level (Figure 1d and e) and similarly at
transcript level (not depicted). The reduction of MRGPRX2
effectively attenuated histamine release triggered by codeine
(Figure 1f). Degranulation by compound 48/80 (C48/80) and
substance P (SP) was likewise curtailed (Figure 1g and h), but
responsiveness to codeine was reduced to the same (or
slightly greater) extent. Conversely, responses to FceRI ag-
gregation remained unperturbed (Figure 1i). Even though skin
MCs expressed none of the classical opioid receptors
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(Motakis et al., 2014), we employed naloxone as a pan-
opioid receptor antagonist to confirm that opioid receptors
are not involved in the response of skin MCs to codeine
(Supplementary Figure S1).

In a complementary strategy, the MC line (RBL-2H3) was
employed, which only becomes responsive to MRGPRX2
agonists on transfection of the human gene (RBL-MRGPRX2)
(Roy et al.,, 2019a). In accordance, RBL-MRGPRX2 were
responsive and released histamine similarly to the skin MCs,
whereby codeine mimicked C48/80 and SP (Supplementary
Figure S2a). RBL-MRGPRX2 also released B-hexosamini-
dase with a half maximal effective concentration of 6.3 pM
(Supplementary Figure S2c and e). Codeine triggered calcium
ion influx in RBL-MRGPRX2 cells but not in RBL-2H3 cells
(Supplementary Figure S2f), duplicating the response pattern
to C48/80 and SP (Alkanfari et al., 2018; Roy et al., 2019a).

Thus, codeine generally targets MRGPRX2 to trigger MC
degranulation. Importantly, MRGPRX2 represents the co-
deine receptor in skin MCs, the clinically relevant responder
cells.

Responsiveness to codeine varies interindividually in
correlation with C48/80 and SP but not with FceRlI-triggered
degranulation

Using MCs from a substantial number of individuals, we
found that responsiveness to codeine varied in the studied
population between 6.3% and 63.4% (net histamine release,
Figure 2a, x-axis). Donor variability and maximum secretion
were similar for the three ligands codeine, C48/80, and SP
(Figure 2a, y-axis) (see reference Babina et al. [2018a] for
C48/80 vs. SP).

Pairwise comparisons between C48/80 or SP and codeine
revealed nearly perfect correlations, substantiating that the
three ligands signal through MRGPRX2 in the skin MCs
(Figure 2a). In contrast, there was no correlation with the
degranulation triggered by the allergic route, corroborating
the independence of the two secretory networks (Babina
et al., 2018a; Gaudenzio et al., 2016).

Furthermore, codeine-triggered histamine secretion was
attenuated by stem cell factor, replicating findings for SP and
C48/80, whereas FceRl-mediated degranulation was
enhanced (Figure 2b). Collectively, codeine mimics the
behavior of C48/80 and SP in the skin MCs, supporting action
at the same receptor.

Codeine stimulation of MRGPRX2 triggers the

downregulation of the receptor

Many G-protein—coupled receptors, including MRGPRX2,
incur B-arrestin—initiated internalization on ligand binding
(Roy et al., 2019a). MRGPRX2 was rapidly diminished in
response to C48/80 on the skin MCs (Figure 3a, blue curve),
and less pronounced downregulation was also found for SP
(Figure 3a, yellow line). The curve obtained for codeine
stimulation (Figure 3a, red) had a shape between SP and C48/
80, yet resemblance was stronger with C48/80 because
despite slower initiation, the downregulation reached a
similar minimum after 24 hours (Figure 3a and b).

Using flow cytometry on permeabilized versus intact cells,
we found that codeine only reduced MRGPRX2 at the cell
surface, whereas total expression (visible on permeabiliza-
tion) remained unchanged over the observation period,
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Figure 1. MRGPRX2 is the codeine receptor on human skin MCs. (a—c) Skin MCs ex vivo were stimulated with codeine, and (a) net histamine release
(stimulated release—spontaneous release; in percentage of total histamine) was assessed after 30 minutes; mean + SEM and n = 8. (b) CD107a externalization
was determined by flow cytometry after the indicated times, representative of two independent experiments. (c) B-Hexosaminidase release served to calculate
ECso. The net release for each concentration was normalized to the maximum; mean + SD, n = 6. (d—i) Cells were subjected to MRGPRX2-specific siRNA or
nontarget siRNA for 2 days. (d) MRGPRX2 surface expression; mean £ SEM of net MFI (MFI MRGPRX2—MFI isotype) for MRGPRX2 siRNA normalized to
nontarget siRNA; n = 10. (e) Representative histograms, blue: MRGPRX2, red: isotype. (f—i) Net histamine release triggered by C48/80 (10 pg/ml), SP (30 pM),
codeine (50 pg/ml), and IgER-CL (29C6, 0.5 pg/ml); mean £ SEM and n = 7—8. MRGPRX2-specific siRNA reduced degranulation to 29.8 + 12.8% (codeine),
36.2 +12.0% (C48/80), 40.0 £ 11.9% (SP). **P < 0.01, ***P < 0.001, ****P < 0.0001. C48/80, compound 48/80; CL, crosslinking; ECso, half maximal effective
concentration; IgER, IgE receptor; MC, mast cell; MFI, mean fluorescence intensity; min, minute; siRNA, small interfering RNA; SP, substance P.

indicating internalization (Figure 3c). The same result was
found by immunofluorescence, whereby bright surface
staining was only found on nonstimulated MCs; conversely,
naive and codeine-stimulated MCs displayed intracellular
MRGPRX2 staining, typically in clusters, which was more
pronounced in the stimulated cells (Figure 3c).

Downregulation of MRGPRX2 was also observed in skin
MCs shortly after isolation (ex vivo setting), the latter
expressing higher levels of MRGPRX2 (Babina et al., 2018b)
(Supplementary Figure S3a and b). Although less potently and
rapidly, codeine likewise reduced MRGPRX2 in RBL-
MRGPRX2 cells (Supplementary Figure S3d and e), suggest-
ing universality across MC types.

Codeine causes the activation of B-arrestin internalization of
MRGPRX2, which is B-arrestin-1 dependent

The above data insinuated that codeine, similar to C48/80,
activates both the G-protein and the B-arrestin pathway. To
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further prove this, we made use of an assay dubbed Tango,
which involves transcriptional activation on ligand binding
(Lansu et al., 2017). To assess B-arrestin—mediated gene
expression (indicative of B-arrestin activation), HTLA cells
stably expressing FLAG-tagged MRGPRX2-Tango were incu-
bated with graded doses of codeine and C48/80 overnight.
Besides C48/80, codeine induced robust gene expression at
10 ug/ml, which was further increased at 100 pg/ml
(Figure 4a and b).

To identify the relevance of the B-arrestin pathway in skin
MCs, we utilized ARRB1- and ARRB2-selective small inter-
fering RNAs (siRNAs), resulting in an efficient reduction of
their respective targets (Figure 4c). Silencing of B-arrestin-1
attenuated MRGPRX2 internalization, whereas interference
with B-arrestin-2 had no effect (Figure 4d and e). We
conclude that the internalization of MRGPRX2 in skin MCs
chiefly depends on f-arrestin-1 and that codeine (such as
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Figure 2. Responses to codeine by skin MCs are highly divergent across individuals with no correlation with allergic degranulation and inhibition by SCF.
(@) HR was stimulated by C48/80 (10 pg/ml), SP (30 pM), codeine (50 pg/ml), and IgER CL (29C6 at 0.5 pg/ml) on skin MCs ex vivo; each dot corresponds to a
single donor. The net release was pairwise plotted. R denotes the Spearman correlation coefficient. (b) Ex vivo skin MCs were pretreated with SCF for 15 minutes

and then subjected to the different stimuli for 30 minutes. Note the opposite
compared with IgER-triggered degranulation. ***P < 0.001, ****P < 0.0001.
receptor; MC, mast cell; SCF, stem cell factor; SP, substance P.

C48/80) constitutes a balanced ligand that elicits G-protein—
dependent degranulation and B-arrestin—mediated receptor
internalization.

Codeine alone can cause complete MRGPRX2 activation

To further ascertain that MRGPRX2 is the codeine receptor on
skin MCs, we reasoned that a single ligand would be suffi-
cient to fully activate MRGPRX2. In fact, C48/80 plus co-
deine did not further promote internalization because the
curve depicted in Figure 5a was virtually identical to the one
obtained for C48/80 alone. Similarly, the combination of
C48/80 with codeine did not increase histamine liberation
compared with the individual ligands (Figure 5b). Together,
the pseudoallergic route can be saturated by a single ligand,
corroborating that codeine and C48/80 target the same re-
ceptor, that is, MRGPRX2.

Induction of refractoriness: cross desensitization of

MRGPRX2 by codeine or C48/80

B-arrestin—mediated G-protein—coupled receptor internali-
zation contributes to receptor desensitization commonly
observed in G-protein—coupled receptor signaling. Having
found that C48/80 and codeine both lead to receptor

mode of regulation caused by MRGPRX2 ligands (codeine, C48/80, and SP)
C48/80, compound 48/80; CL, crosslinking; HR, histamine release; IgER, IgE

internalization (Figure 3) and B-arrestin activation (Figure 4),
we finally asked whether the reduction of MRGPRX2 at the
cell surface attenuates its function and whether the two li-
gands are interchangeable.

Prestimulation of skin MCs with C48/80 for 24 hours
indeed resulted in nearly complete inhibition of degranula-
tion on second stimulation by the same ligand (Figure 6a).
The same result was obtained when codeine was used for the
first and second stimulation. Interestingly, prestimulation
with codeine heterologously inhibited C48/80-triggered
degranulation and vice versa; preincubation with C48/80
inhibited subsequent codeine-induced secretion (Figure 6a).

Desensitization and cross desensitization were still fairly
pronounced after 48 hours, albeit stimulability was partially
recovered vis-a-vis 24 hours (Figure 6b).

We next assessed whether the observed effects were
selectively induced by MRGPRX2 agonists. In fact, neither
FceRI aggregation nor C3a (signaling through an unrelated G-
protein—coupled receptor, C3aR) had an effect on subsequent
MRGPRX2-triggered degranulation (Figure 6¢c and d), sug-
gesting that desensitization is only achieved by MRGPRX2
activation.
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Figure 3. C48/80, codeine, and SP trigger rapid downregulation of MRGPRX2 cell surface expression in skin-derived MCs intracellular accumulation of
MRGPRX2. (a, b) Cultured skin-derived MCs were stimulated for the times indicated (10 pg/ml of C48/80, 30 uM of SP, 50 ug/ml of codeine). (a) MRGPRX2
surface expression (net MFI, Figure 1) plotted as a function of time; mean + SEM and n = 9. *P < 0.05; **P < 0.01 versus C48/80; P < 0.05 versus
codeine. (b) Representative histograms of a; red: isotype, blue: MRGPRX2. (c) Intracellular MRGPRX2 expression by flow cytometry and fluorescence
microscopy (on cell permeabilization, left panel) in comparison with MRGPRX2 at the cell surface (intact cells, right panel) at 1 hour after codeine or PBS
treatment (control); one representative of n = 3. Bar = 25 um. C48/80, compound 48/80; h, hour; MC, mast cell; MFI, mean fluorescence intensity; SP,

substance P.

It was not only cultured skin-derived MCs that showed the
behavior of heterologous desensitization (Figure 6) but also
skin MCs ex vivo (Supplementary Figure S3c) and RBL-
MRGPRX2 cells (Supplementary Figure S3f), substantiating
a shared concept across MC types. Thus, previous stimulation
by a balanced ligand will attenuate subsequent responses to
other MRGPRX2 agonists, an aspect of clinical significance if
transferable to the situation in vivo.

DISCUSSION

After its discovery as a major receptor system of the MCrc-
type MC, MRGPRX2 has rapidly evolved into a premier focus
in MC research (Ali, 2017; Babina, 2020; Kim et al., 2020;
Olivera et al., 2018). This study demonstrates that MRGPRX2
likely serves as the sole opiate receptor on skin MCs. The
conclusion is based on the following observations. First (and
most direct), the silencing of MRGPRX2 in skin MCs leads to
a strong reduction in codeine-triggered degranulation. Sec-
ond, responses to codeine show perfect correlations with
those triggered by other MRGPRX2 agonists. Third, the
combination of codeine with C48/80 does not increase
degranulation over each stimulus alone, as also reported for
SP + C48/80 vis-a-vis the individual agonists (Babina et al.,
2018a). Fourth, codeine leads to rapid internalization of its
receptor similarly to C48/80, and the combination of codeine
and C48/80 does not accelerate downregulation. Fifth,
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responsiveness to codeine is lost in cells that have been
desensitized not only with codeine but also with C48/80 (yet
not with FceRI crosslinking or C3a), corroborating that both
molecules target the same receptor. Sixth, skin MCs do not
express any of the classical opioid receptors (OPRDT,
OPRK1, OPRMT) (Motakis et al., 2014), nor does the pan-
opioid antagonist naloxone interfere with codeine-triggered
degranulation (Supplementary Figure ST1). In summary, if
there is an MRGPRX2-independent component, it may be
assumed as small and insignificant under most circumstances
and in the majority of individuals.

Our findings are in accordance with reports identifying
MRGPRX2 as an atypical opioid-like receptor in cell lines
ectopically or naturally expressing human MRGPRX2 (Lansu
et al., 2017; Navinés-Ferrer et al., 2018). The ability of
MRGPRX2 to act as a codeine receptor is also demonstrated
in RBL-MRGPRX2 cells in this study (Supplementary
Figure S2).

Using MCs of multidonor origin, we also demonstrate that
MRGPRX2 and FceRlI are, on average, equipotent at eliciting
degranulation, even though responsiveness at the individual
level depends on donor specificities. Comparable potency of
the two routes is in accordance with previous literature ob-
tained long before the discovery of MRGPRX2 (Petersen
et al., 1996). Moreover, interindividual variability has been
described in skin tests, for example, in titrated skin prick tests
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(Nasser and Ewan, 2001) or a microdialysis study showing
that codeine responsiveness could differ by a factor of =10
across subjects (Krause et al., 2013). Because the factor is
replicated in this study for skin MCs (Figure 2a), the variance
in intact skin may result, to an essential part, from the altered
proneness of an individual’s MCs to become activated by
codeine. Differential MRGPRX2 activity may stem from
different variants in the MRGPRX2 gene (Alkanfari et al.,
2018; Chompunud Na Ayudhya et al., 2019; Yang et al.,
2005).

As mentioned, codeine is a common nonimmunologic MC
secretagogue in clinical practice, and its use in skin tests has
been encouraged to rate MC reactivity in addition to tissue
reactivity, with the latter being judged from the histamine
control, which bypasses MC activation. Codeine has also
been associated with pruritus and is used experimentally to

provoke itch (see Introduction section). The sensation of pure
itch over pain is a hallmark of opiates, and although pain is
effectively suppressed by the potent analgesic effects of opi-
ates, p-opioid antagonists can conversely suppress pruritus
(Akiyama and Carstens, 2013), highlighting the dichotomy
between itch and pain, in which both the p-opioid receptor
(on neurons) and MRGPRX2 (on MCs) seem to be involved. It
is notable that other members of the MRGPR family,
expressed by sensory neurons, also play crucial roles in the
generation of itch (Akiyama and Carstens, 2013; Reddy et al.,
2015; Sharif et al., 2020; Xing et al., 2020; Yosipovitch et al.,
2019).

Our findings have relevance to the use of opiates in skin
tests, including (re)interpretation of findings for opiates and
allergens utilized side by side. The fact that skin responses to
codeine will not make predictions on the patient’s response
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Figure 5. A combination of C48/80 a
with codeine does not increase

MRGPRX2 internalization or

degranulation over each stimulus

alone. (@) Cultured skin-derived MCs

were triggered by C48/80 (10 pg/ml),

codeine (50 pg/ml), or C48/80 +

codeine for different times. Cell

surface MRGPRX2 expression was

determined as in Figure 3. The data

1500 +

are presented as mean £ SEM of n = 8
individual experiments. **P < 0.01 for
codeine versus c48/80, *P < 0.05 for
codeine versus codeine + c48/80. (b)

Cell surface MRGPRX2 (net MFI)
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#
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to FceRI aggregation and vice versa perfectly matches the two
well-distinctive modes of granule fusion and discharge
(Gaudenzio et al., 2016). It remains to be seen whether
opiates can capture an individual’s propensity to react to

MRGPRX2 ligands in general and therefore become suitable
to predict the development of adverse reactions not only to
opioids themselves but also to other MRGPRX2 ligands. This
is important in view of the sheer number of agents targeting
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Figure 6. Codeine and c48/80 cross desensitize MRGPRX2, but no desensitization on prestim through unrelated receptors. Cultured skin-derived MCs were
subjected to different pretreatments at time point zero: C48/80 (10 pg/ml), codeine (50 pg/ml), IgER CL (AER-37, 0.1 pg/ml), or C3a (10 nM) versus no stimulus
(no prestim). All pretreatments induced degranulation: AER-37, most strongly (30—50% net release); C3a, least strongly (5—10%), as determined separately.
Cells were washed after 1 hour and cultured in regular medium. After (a, ¢, d) 24 or (b) 48 hours, cells were subjected to a second stimulation with codeine (top
panel) or C48/80 (bottom). Net B-hexosaminidase release was assessed and normalized to the no prestim group; mean £ SEM and n = 5—8 different cultures. *P
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C48/80, compound 48/80; CL, crosslinking; h, hour; IgER, IgE receptor; MC, mast cell; prestim,

prestimulation.
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MRGPRX2, which could be in the hundreds (Grimes et al.,
2019; Hou et al.,, 2019; Lansu et al., 2017; McNeil et al.,
2015; Navinés-Ferrer et al., 2018; Tatemoto et al., 2006)
with their potential of adverse reactions. Considering the
association between nonallergic MC activation and condi-
tions such as sudden infant death (Gold et al., 2000) and
fatality in heroin addicts (Edston and van Hage-Hamsten,
1997), this connection, if proven, may also help identify in-
dividuals at risk for these conditions. The nearly perfect
correlations between codeine, C48/80, and SP (this study and
Babina et al. [2018a]) may imply so, but skin prick or intra-
dermal tests with multiple identified MRGPRX2 ligands will
be required to prove or disprove this possibility. This is also
important in view of the growing list of chronic diseases, in
which MRGPRX2 seems to be involved beyond mere hy-
persensitivity reactions, especially urticaria, atopic derma-
titis, and rosacea (Babina, 2020; Muto et al., 2014).

We also found that the best-established MC-supportive
factor stem cell factor (Olivera et al., 2018) dampens
responsiveness to codeine, replicating its effect on C48/80-
and SP-triggered exocytosis (Figure 2b and Babina et al.,
2018a). An opposite influence on allergic versus pseu-
doallergic stimulation was likewise found for IL-4 (Babina
et al., 2018b), another supportive factor of skin MCs
(Babina et al., 2016), and for retinoic acid (Babina et al.,
2017). In contrast, IL-33 seems to affect both routes in a
consistent fashion, that is, downregulation on chronic treat-
ment but intensification upon acute priming (Babina et al.,
2019; Wang et al.,, 2019), Combined however, the data
emphasize the uncoupled nature of MRGPRX2- and FceRI-
triggered activation of skin MCs.

MRGPRX2 can incur B-arrestin—initiated internalization on
ligand binding, but internalization does not apply to all li-
gands alike (Roy et al., 2019a). In this study, we first show
that in cutaneous MCs, C48/80 potently elicits MRGPRX2
internalization, whereas SP-triggered internalization is less
rapid and complete, indicating less profound pB-arrestin
coupling. Codeine likewise prompted internalization, and
the pattern more strongly resembled C48/80 than SP. That the
receptor was truly internalized and not degraded or shed was
confirmed by equal levels in nonstimulated and codeine-
stimulated cells after permeabilization.

The combination of codeine with C48/80 did not increase
either internalization or degranulation versus each ligand
alone (Figure 5), demonstrating the saturable nature of
MRGPRX2 by a single ligand. Downregulation in skin MCs
was more complete and rapid than in RBL-MRGPRX2. We
assume that the overall coupling to B-arrestin may be less
efficient in the rat and human hybrid. Collectively, in cuta-
neous MCs, the physiological producers of MRGPRX2, re-
ceptor sequestration occurs rapidly on ligand binding and
depends on B-arrestin-1 but not on B-arrestin-2. Conversely,
B-arrestin-2 seems to be the more dominant entity in other
types of MCs and in the mouse (Roy et al., 2019b).

In summary, our study demonstrates that MRGPRX2 serves
as the codeine receptor on skin MCs. Codeine-MRGPRX2
versus allergen-FceRI constitute two well-separated systems
capable of eliciting comparable skin MC degranulation at the
population level. Codeine acts as a balanced ligand at
MRGPRX2, initializing degranulation by G-protein activation
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but also internalization through the B-arrestin route, making
the receptor refractory to second stimulation. The phenom-
enon of cross desensitization across ligands may lay the basis
for a clinical instrument to relieve receptor activity through
controlled activation and/or desensitization not only in flare-
ups of MRGPRX2-associated skin diseases but also as a
proactive measure in circumstances under which misplaced
MRGPRX2 activation needs to be strictly avoided such as in
surgery.

MATERIALS AND METHODS

Skin samples

Donor foreskins, which otherwise would be disposed of, were ob-
tained from circumcisions and provided to the study authors in an
anonymous way, as described (Babina et al., 2018a, 2004). Written
informed consent of the patients or their legal guardians was ob-
tained. The study was approved by the Ethics Committee of the
Charité—Universititsmedizin Berlin (Berlin, Germany), and experi-
ments were conducted according to the Declaration of Helsinki
Principles.

MC purification and culture

MCs were purified from skin samples according to a routine method
employed in our laboratory (Babina et al., 2019; Hazzan et al.,
2019). Skin MCs were either used ex vivo or on culture as
described (Babina et al., 2018b, 2016; Guhl et al., 2011). Further
details are specified in the online Supplementary Materials.

RNA interference

RNA interference in MCs was performed according to a recently
established protocol (Hazzan et al., 2017b) using the Accell siRNA
technology (Dharmacon, Lafayette, CO). Briefly, MCs were washed
with Accell siRNA medium (supplemented with nonessential amino
acids and L-glutamine), plated at 1 x 10%/ml, and treated with 1 uM
MRGPRX2-targeting siRNA (E-005666-00-0050) or -nontargeting
siRNA (D-001910-10-50) for 48 hours. For internalization experi-
ments, ARRB1-targeting (E-011971-00-0050) and ARRB2-targeting
(E-007292-00-0050) siRNAs were utilized. After incubation, cells
were harvested for RT-qPCR, flow cytometry, histamine release, or
MRGPRX2 internalization.

Histamine release assay
Histamine release assays were performed according to a method
routinely employed in our laboratory (Babina et al., 2018a; Guhl
et al., 2014). Further specifications can be found in the online
Supplementary Materials.

B-Hexosaminidase release assay

B-Hexosaminidase assays were performed as described (Roy et al.,
2019a; Wang et al., 2019). Further specifications are given in the
online Supplementary Materials.

Calcium ion mobilization

Calcium ion mobilization in RBL-2H3 and RBL-2H3 cells stably
expressing MRGPRX2 was performed as described (Chompunud Na
Ayudhya et al., 2019). The method is specified in the online
Supplementary Materials.

Tango assay

B-Arrestin activation assay was performed similarly as stated earlier
(Roy et al., 2019a). The method is detailed in the online
Supplementary Materials.
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RT-qPCR

RT-gPCR for MRGPRX2 was performed exactly as described (Wang
et al., 2019). Further details are provided in the online
Supplementary Materials.

Flow cytometry

Flow cytometry on intact and permeabilized MCs was performed as
described (Guhl et al., 2010; Wang et al., 2019). The online
Supplementary Materials gives further details.

Immunofluorescence
MCs were fixed and stained as detailed in the online Supplementary
Materials.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 (San
Diego, CA). P < 0.05 was considered statistically significant. Details
on the different statistical tests are specified in the online
Supplementary Materials.
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SUPPLEMENTARY MATERIALS AND METHODS

Mast cell purification and culture

Mast cells (MCs) were purified from skin samples, as described
(Babina et al., 2019, 2018a, 2004; Hazzan et al., 2019).
Briefly, the skin was cut into strips and treated with 3.5 U/ml
dispase (BD Biosciences, Heidelberg, Germany) at 4 °C
overnight. After removal of the epidermis, the dermis was
chopped and digested with 1.5 mg/ml collagenase type 1
(Worthington Industries, Lakewood, NJ), 0.75 mg/ml hyal-
uronidase type 1-S (Sigma-Aldrich, Deisenhofen, Germany),
and DNase | at 10 pg/ml (Roche Holdings AG, Basel,
Switzerland) at 37 °C in a shaking water bath for 75 minutes.
The cells were filtered from the remaining tissue. MC purifi-
cation was achieved with anti-human c-Kit microbeads (Mil-
tenyi Biotec, Bergisch Gladbach, Germany). MC purity always
exceeded 98% (acidic toluidine-blue staining). Skin MCs were
either used ex vivo (within 18 hours after purification) or
cultured in Basal Iscove medium, supplemented with 10%
Fetal Calf Serum (Biochrom, Berlin, Germany), stem cell factor
(PeproTech, Rocky Hill, NJ) (at 100 ng/ml), and IL-4 (Pepro-
Tech) (10 ng/ml) for around 3 weeks, exactly as described
(Babina et al., 2018b, 2016; Guhl et al., 2011).

Histamine release assay

Histamine release assays were performed according to a
method routinely employed in our laboratory (Babina et al.,
2019, 2018a; Guhl et al., 2014). In brief, MCs in piperazine-
N, N-bis[2-ethanesulfonic acid]-albumin-glucose buffer con-
taining 3 mM of calcium chloride and 1.5 mM of magnesium
chloride (pH 7.4) buffer were stimulated by anti—FceRlo-Ab
29C6 (a kind gift from Dr Hakimi, Hoffmann La Roche, Nut-
ley, NJ) at 0.5 pg/ml for ex vivo skin MCs, anti—FceRla-Ab
AER-37 (eBioscience, San Diego, CA) at 0.5 pg/ml for pre-
cultured skin MCs, or codeine phosphate (0.9% in water, a
solution prepared by the Charité pharmacy, Berlin, Germany)
or with no stimulus (spontaneous) for 30 minutes at 37 °C.
Compound 48/80 (C48/80) (Sigma-Aldrich, Steinheim, Ger-
many; at 10 pg/ml) and substance P (Bachem Holding,
Budendorf, Switzerland; at 30 uM) served as additional
MRGPRX2 ligands. For total histamine content, MCs were
lysed in 1% perchloric acid for 30 minutes at 37 °C. Cells were
centrifuged, and supernatants (SNs) were stored at —20 °C
until measurement. In certain experiments, MCs were pre-
treated with stem cell factor (10 ng/ml) for 15 minutes before
the addition of stimuli. Histamine in the SNs was measured by
an automated fluorescence method (Alliance Instruments,
Salzburg, Austria). Total cellular histamine content was
measured analogously. All determinations were performed in
triplicate, and histamine concentrations were calculated with
reference to a standard curve. Net histamine release (%) was
calculated as [(stimulated release — spontaneous release)/
complete histamine in the MC preparation] x 100.

B-Hexosaminidase release assay

Suspensions of skin MCs were washed twice and resus-
pended at 5 x 10° cells/ml in piperazine-N, N-bis[2-
ethanesulfonic acid]-albumin-glucose buffer containing 3
mM calcium chloride and 1.5 mM magnesium chloride (pH
7.4) buffer. Then aliquots of 100 pl were seeded into 96-well
plates and stimulated by FceRI aggregation (AER-37, 0.1 pg/
ml), C48/80 (10 pg/ml), or codeine (concentrations as
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indicated, typically 100 ug/ml). After incubation for 60 minutes,
SNs were collected by centrifugation at 500g and 4 °C for 3
minutes, and the pelleted MCs were rapidly frozen at —80 °C.
After thawing, aliquots of 50 pl of 4-methylumbelliferyl-N-
acetyl-beta-D-glucosaminide  (Sigma-Aldrich, Munich, Ger-
many) solution at 5 uM in citrate buffer (pH 4.5) were mixed with
the same volume of SN or lysate and incubated for 60 minutes at
37 °C to measure the level of secreted and cell-bound B-hexos-
aminidase. The reaction was stopped by adding 100 mM of so-
dium carbonate buffer (pH 10.7).

Liberated 4-methylumbelliferyl-N-acetyl-beta-D-glucosami-
nide was determined fluorometrically at an emission wave-
length of 460 nm after excitation at 355 nm. Percentage B-
hexosaminidase release was calculated as [fluorescence in-
tensity SN/(fluorescence intensity SN + fluorescence intensity
lysate)] x 100. The net release was calculated by subtracting
spontaneous release, as in the histamine release assay discussed
earlier.

For naloxone experiments, cells were pretreated for 15
minutes with naloxone hydrochloride (Enzo Life Sciences,
Farmingdale, NY) at the indicated concentrations and then
stimulated with codeine, C48/80, or AER-37 (as described
earlier); B-hexosaminidase release was measured, and net
release was calculated.

In the case of RBL-2H3 and RBL-MRGPRX2 cells (5 x 10* per
well), these were seeded in a 96-well plate and cultured over-
night. Cells were washed in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer containing 0.1% BSA,
suspended in 45 pl of the buffer, and stimulated with codeine
(0—100 pg/ml) at 37 °C for 30 minutes. For total -hexosamini-
dase release, unstimulated cells were lysed in 50 pl of 0.1%
Triton X-100. Aliquots (20 pl) of SN or cell lysates were incubated
with 20 pl of 1 mM of p-nitrophenyl-N-acetyl-B-D-glucosamine
for 1 hour at 37 °C. The reaction was stopped by adding 250 ul of
a 0.1 M sodium carbonate/0.1 M sodium bicarbonate buffer, and
absorbance was measured at 405 nm (Roy et al., 2019).

For desensitization studies, MCs were subjected to first
stimulation at time point zero (or buffer as control) and
cultured for 24 and 48 hours (with medium replacement after
1 hour) when the second stimulus was applied.

Stimuli used for the first stimulation were C48/80 (10 pg/
ml), codeine (100 pg/ml), AER-37 to cross-link FceRI (0.1 pg/
ml), and C3a (10 nM, Fitzgerald, Acton, MA) to stimulate the
G-protein—coupled receptor C3aR.

Calcium mobilization

Calcium ion mobilization studies in RBL-2H3 and RBL-
MRGPRX2 cells were conducted similarly as stated earlier
(Chompunud Na Ayudhya et al., 2019). Cells (2 x 10° were
loaded with 1 UM Fura-2 acetoxymethy! ester for 30 minutes at
37 °C, followed by de-esterification in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid-buffered saline for additional
15 minutes at room temperature. Cells were washed,
resuspended in 1.5 ml of  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid-buffered saline containing 0.1%
BSA. The cells were then stimulated with codeine of 3 pg/ml at
100 seconds, and intracellular calcium mobilization was deter-
mined using a Hitachi F-2700 Fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) with a dual excitation wavelength of 340
nm and 380 nm and an emission wavelength of 510 nm.
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Tango assay

HTLA cells stably expressing MRGPRX2-Tango plasmid were
plated (5 x 10* cells per well) on a poly-L-lysine—coated 96-
well white, clear bottomed cell culture plate in triplicates in
160 pL of antibiotic-free medium. After 6 hours at 37 °C, the
medium was aspirated, and cells were incubated with graded
doses of codeine (0—100 pg/ml) or C48/80 (0—30 pg/ml) in
160 pl of antibiotic-free medium for additional 16 hours at 37
°C. The ligands were aspirated, Bright-Glo solution (100 pl)
was added to each well, and the relative luminescence unit
was measured in a Thermo Labsystems Luminoskan Ascent
392 Microplate Luminometer ((Thermo Scientific, Waltham,
MA) (Roy et al., 2019).

RT-qPCR

RT-gPCR for MRGPRX2 was performed exactly as described
(Wang et al., 2019). Briefly, total RNA was isolated using
the Nucleo spin RNA Kit (Macherey-Nagel, Duren, Germany)
and then digested with RNase-free DNase (Qiagen, Hilden, Ger-
many). Total RNA was reverse transcribed with a first-strand syn-
thesis kit (Invitrogen, Darmstadt, Germany) as detailed by the
manufacturer, and PCR was carried out with the LC Fast Start DNA
Master SYBR Green kit (Roche Applied Science, Penzberg,
Germany). Primers were 5'-GGATCAGGAAGACCGGGATCA
and 5-CGGCCTGGGGAACAGAAAGT for MRGPRX2, 5'-
CAAAGGGACCCAGTGTTCA and 5'-TTGGCCACAAA-
CAGGTCCTT for ARRB1, and 5'-CCAGGTCTTCACGGCCATAG
and 5-AGTCGAGCCCTAACTGCAAG for ARRB2. The values
were normalized to the housekeeping genes B-actin, cyclophilin B,
and GAPDH, each ratio contrasted against control conditions, and
the mean of the three determinations was used for the analysis.

Flow cytometry

MCs were blocked for 15 minutes at 4 °C with human AB serum
(Biotest, Dreieich, Germany) and incubated with specific anti-
bodies for 30 minutes at 4 °C, as described (Wang et al., 2019).
Anti-human MRGPRX2 (clone K125H4, BioLegend San Diego,
CA) was used at 0.15 pg/ml; phycoerythrin-labeled mouse
1gG2b phycoerythrin (clone eBMG2b, eBioscience) served as
an isotype control. For internalization studies, stimulated and
control cells were measured at different times for MRGPRX2
surface expression on the Facscalibur (BD Biosciences, San Jose,
CA) or MACSQuant (Miltenyi Biotec). Data were analyzed with
the FlowJo analysis software (FlowJo LLC, Ashland, OR).

Intracellular expression of MRGPRX2 was assessed after the
permeabilization of MCs using the antibodies described earlier
following our protocol for intracellular staining (Guhl et al.,
2010).

CD107a upregulation was essentially performed as described
(Guhl etal., 2005). MCs were stimulated with codeine (100 pg/
ml) for the indicated times, and the reaction was stopped by the
addition of ice-cold 4% paraformaldehyde in PBS and incu-
bated for 15 minutes. After washing, the cells were stained with
10 pl of anti-human CD107a-FITC antibody (LAMP-1) (Bio-
Legend) together with 10 pl of human AB serum for 30 minutes
at4 °C, washed, and analyzed as described earlier.

Immunofluorescence

Suspensions of treated and stained skin MCs (staining as
mentioned earlier) were washed twice with ice-cold PBS and
resuspended in 110 pl of PBS for cytospin preparation. Cells used
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for cell surface staining were postfixed before the preparation of
the cytospin. Approximately 50,000 cells were spun on a glass
slide for 3 minutes at 500 r.p.m. and covered with DAPI con-
taining Fluoromount-G (Invitrogen). Photographs were taken
with the BZ-X810 Keyence microscope (objective x40), assuring
equal settings across treatments and staining procedures.

Statistical analysis

Pairwise comparisons were conducted using Student’s t-test
(two-group comparison) or one-way ANOVA with Dunnett’s
multiple comparisons test (normally distributed) or Kruskal-
Wallis test with Dunnett’s multiple comparisons test (not
normally distributed) for more than two groups. Half maximal
effective concentration values were calculated on the basis of
the concentration-response curve, which was plotted using
the equation obtained from the logistic regression model.
Correlations between groups were analyzed by Spearman’s
correlation test. Two-way ANOVA served to analyze the
MRGPRX2 internalization data. Statistical analyses were
performed with GraphPad Prism 8 (San Diego, CA). P < 0.05
was considered statistically significant.
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Supplementary Figure S1. Skin MCs pretreated with naloxone. Cultured skin
MCs were pretreated with naloxone at the given concentrations for 15

minutes, and B-hexosaminidase release was measured after stimulation with
codeine (100 pg/ml), C48/80 (10 pg/ml), and IgER CL (AER-37 at 0.1 pg/ml).
One representative experiment out of two is shown. C48/80, compound 48/
80; CL, crosslinking; conc., concentration; IgER, IgE receptor; MC, mast cell.
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Supplementary Figure S2. RBL-2H3 cells become responsive to codeine after ectopic expression of human MRGPRX2. (a, b) MRGRX2-transfected (RBL-
MRGPRX2) and parental RBL-2H3 cells were exposed to different MRGPRX2 ligands, and the net HR was assessed (mean 4+ SEM of n = 8). (c, d) RBL-
MRGPRX2 and parental RBL-2H3 cells were treated with different concentrations of codeine, and B-hexosaminidase release was measured (mean £ SEM of n =
4). #**+P < 0.0001. () Calculation of ECsq in RBL-MRGPRX2; RBL-2H3 is shown as nonresponsive control. (f) RBL-MRGPRX2 and RBL-2H3 cells (2 x 10°)
were loaded with Fura-2 acetoxymethyl ester (1 pM) and stimulated with codeine (3 pg/ml) as indicated by an arrow, and the time course of calcium
mobilization was determined. Representative traces of three similar experiments are shown. C48/80, compound 48/80; Ca?*, calcium ion; ECsp, half maximal
effective concentration; HR, histamine release; s, second; SP, substance P.
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Supplementary Figure S3. Codeine causes MRGPRX2 downregulation and cross desensitization in ex vivo skin MCs and RBL-MRGPRX2 cells. (a, b) Ex vivo
skin MCs were triggered with C48/80 (10 pg/ml) or codeine (50 pg/ml) for 1 hour or left in medium alone (control), and cell surface MRGPRX2 was assessed. (a)
Mean + SEM of six independent experiments, given as net MFI, that is, MFI/MRGPRX2—MFl/isotype control. (b) Representative histograms; red: isotype, blue:
anti-MRGPRX2 antibody. (c) Skin MCs were left untreated or prestimulated with either C48/80 or codeine. After 24 hours, cells were re-exposed to the stimuli.
The net B-hexosaminidase release was normalized to the respective nonprestim(ulated) values. Data are presented as mean £ SEM of four independent
experiments. (d) RBL-MRGPRX2 cells stimulated with C48/80 (1 pg/ml) or codeine (3 pg/ml) for 16 hours. (e) Representative histograms of d; color code is as
explained in the figure. (f) RBL-MRGPRX2 cells were left untreated or prestimulated with either C48/80 or codeine. The net B-hexosaminidase release was
normalized as in c. Mean £ SEM of n = 4 separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001. C48/80, compound 48/80; MC, mast cell; MFI, mean
fluorescence intensity; prestim, prestimulation.
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