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Preface to “Activation and Modulation of Mast Cells”Mast cells originate from hematopoietic

stem cells in bone marrow, although the process of differentiation and maturation remains to be

clarified. How mast cell precursors infiltrate into peripheral tissues and follow the intrinsic program

of differentiation it is both fascinating and a mystery. The specific characteristics of tissue mast

cells are largely determined by their microenvironment. Mast cells serve as local sources of a

wide variety of chemical mediators, such as biogenic amines, neutral proteases, lipid mediators,

cytokines, chemokines, and growth factors, all of which are released in a timely manner in response

to environmental changes, and are then involved in shaping the appropriate immune responses.

Early studies in the field of mast cell research have focused on the pathophysiological roles of

mast cells during IgE-mediated immediate responses. They have provided us with a great deal of

knowledge regarding the biology of mast cells. Recent progress in the gene-targeting techniques has

enabled us to unravel the pathophysiological roles of tissue mast cells, a significant part of which has

been found in IgE-independent immune responses. I believe that this frontier in the field of mast cell

research should be further explored. Accumulating evidence strongly suggests that the discovery of

novel functions of tissue mast cells should lead to the development of novel therapeutic approaches of

a series of chronic inflammatory diseases. I hope that this Special Issue will become a significant part

of the everlasting story of mast cell research. I present my sincere appreciation to all the contributors

and the editorial staff of the International Journal of Molecular Sciences.

Satoshi Tanaka

Special Issue Editor
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Mast cells, which originate from hematopoietic stem cells, are distributed in nearly all vascularized
tissues. As no leukocytes that are categorized as mast cells could be found in the circulation, it is
considered that the terminal differentiation of mast cells occurs under the strong influence of their
microenvironment [1–3]. Recent studies shed light on the origin and heterogeneity of tissue human
and murine mast cells [4–6]. The microenvironment might regulate the expression profiles of both the
receptors and mediators of tissue mast cells. The sensor molecules, including the cell surface receptors
expressed in tissue mast cells, determine to which types of environmental changes they should respond,
while the capacity of the mediators’ release determine how they should act on these changes (Figure 1).
Accumulating evidence indicates that mast cells could exert a wide variety of physiological and
pathological effects in the context of spatiotemporal immune responses. Recent progress in the field of
mast cell research has provided us with many powerful tools, such as a variety of gene-targeted mice
lacking tissue mast cells, primary mast cell cultures, and various “omics” approaches to clarify this
complexity [7], thereby enabling a comprehensive update of our knowledge about mast cell functions.
The studies found in this Special Issue “Activation and Modulation of Mast Cells” are involved in this
new tide of research.

Figure 1. A viewpoint of mast cell research. Three viewpoints, such as differentiation states, expression
patterns of the receptors, and capacities of the mediator release, might be useful for the comprehensive
understanding of functions of tissue mast cells. Mrgpr, Mas-related G protein-coupled receptor; P2X,
purine ionotropic receptor; EP, prostaglandin E receptor.

IgE-mediated activation of mast cells has been intensively studied because mast cells play
an essential role in IgE-mediated immediate allergic responses. Mast cells were also found to
undergo degranulation in an IgE-independent manner, although it remains largely unknown how
mast cells are activated by various secretagogues, such as compound 48/80 and several bioactive
peptides including neuropeptides and antibacterial peptides because no suitable culture models

Int. J. Mol. Sci. 2020, 21, 3835; doi:10.3390/ijms21113835 www.mdpi.com/journal/ijms1
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have been developed for the in-depth investigation of IgE-independent degranulation. Recently,
Staphylococcus δ-toxin was found to induce degranulation of murine mast cells, implying the
important role of degranulation induced by the bacterial peptide toxin in atopic dermatitis [8].
Tatemoto et al. first proposed that a Mas-related G protein-coupled receptor subtype, MRGPRX2,
should be involved in secretagogue-induced degranulation of mast cells [9]. McNeil et al. recently
demonstrated that one of the murine MRGPRX2 orthologues, MrgprB2, should be responsible for
IgE-independent degranulation of mast cells and various pseudo allergic responses in mice [10]. In
this issue, Chompunud Na Ayudhya et al. demonstrated the functional roles of some key amino acid
residues of MRGPRX2 using molecular biochemical approaches [11]. Apart from the Mrgpr family,
Yoshida et al. also investigated IgE-independent degranulation of murine mast cells. They revealed
that prostaglandin E2 and ATP could synergistically induce degranulation by acting on EP3 and P2X4

receptors, respectively [12]. Arriaga-Gomez et al. demonstrated that methylisothiazolinone could
induce persistent tactile sensitivity and mast cell accumulation in female genital skin tissues [13].
Although the target molecules of methylisothiazolinone remain to be identified, it is likely that
cutaneous mast cells could be directly activated by several contact allergens. Indeed, Dudeck et al.
demonstrated the activation of cutaneous mast cells in the presence of several conventional contact
allergens [14]. IL-33 and thymic stromal lymphopoietin were found to be potential modulators of
mast cell functions [15]. Ishimaru et al. unexpectedly found that a synthetic REV-ERB agonist, SR9009,
could suppress the activation of murine mast cells induced by the IgE/antigen complex or IL-33 and
these effects were independent of disturbance of the circadian clock [16]. Lyons and Pullen reviewed
the recent findings of IgE-independent activation of mast cells, with a focus on the context-dependent
actions of TGF-β and IL-10 [17].

Diversity of phenotype and function of tissue mast cells needs more attention for a better
understanding of their function. Although the concept that tissue mast cells can be categorized into
two subtypes—connective tissue type and mucosal type—is commonly recognized, more detailed
characterization in the context of spatiotemporal localization should be useful for elucidation of the
roles of tissue mast cells. In this issue, Kakinoki et al. characterized the phenotypic changes of
murine mast cells induced by IL-9, which might be essential for the development of the intestinal
mast cell population [18]. Gion et al. characterized a unique population of mast cells, which may
uptake IgE molecules in human eosinophilic chronic rhinosinusitis [19]. Mast cells are well known
for their potential to produce a wide variety of mediators, such as biogenic amines, lipid mediators,
cytokines/chemokines, and growth factors [20]. Among them, the physiological and pathological roles
of mast cell proteases have emerged in recent studies using various gene-targeted mouse models [21].
Accumulating evidence suggests that the expression profiles of mast cell proteases should reflect the
heterogeneity of tissue mast cells [22,23]. In this issue, Fu et al. demonstrated the specific in vitro
cleavages of a series of cytokines and chemokines by mast cell proteases including human tryptase,
raising the possibility that mast cell proteases modulate the direction of immune responses [24].
Ohneda et al. clarified the functional roles of GATA1 and GATA2 in transcriptional regulation of the
Tpsb2 gene that encodes mouse mast cell protease 6 in murine mast cells [25].

It will be of great help for novel therapeutic approaches of inflammatory diseases to identify
endogenous target molecules and synthetic compounds that could modulate the activity of tissue
mast cells. Kataoka et al. summarized the modulatory roles and therapeutic potential of killer
immunoglobulin-like receptor 2DL4 (CD158d) in human mast cells [26]. Uchida et al. identified a
natural compound from a citrus fruit, Jabara, which could suppress degranulation and IL-6 production
of murine mast cells upon IgE-mediated antigen stimulation [27].

The contents of this Special Issue reflect the diverse aspects of mast cell research. I hope that these
studies will stimulate researchers and encourage further exploration in the field of mast cell research.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The neuropeptide substance P (SP) contributes to neurogenic inflammation through
the activation of human mast cells via Mas-related G protein-coupled receptor-X2 (MRGPRX2).
Using pertussis toxins and YM-254890, we demonstrated that SP induces Ca2+ mobilization and
degranulation via both the Gαi and Gαq family of G proteins in rat basophilic leukemia (RBL-2H3)
cells stably expressing MRGPRX2. To determine the roles of MRGPRX2’s transmembrane (TM) and
intracellular domains on SP-induced responses, we utilized information obtained from both structural
modeling and naturally occurring MRGPRX2 missense variants. We found that highly conserved
residues in TM6 (I225) and TM7 (Y279) of MRGPRX2 are essential for SP-induced Ca2+ mobilization
and degranulation in transiently transfected RBL-2H3 cells. Cells expressing missense variants in
the receptor’s conserved residues (V123F and V282M) as well as intracellular loops (R138C and
R141C) failed to respond to SP. By contrast, replacement of all five Ser/Thr residues with Ala and
missense variants (S325L and L329Q) in MRGPRX2’s carboxyl-terminus resulted in enhanced mast
cell activation by SP when compared to the wild-type receptor. These findings suggest that MRGPRX2
utilizes conserved residues in its TM domains and intracellular loops for coupling to G proteins and
likely undergoes desensitization via phosphorylation at Ser/Thr residues in its carboxyl-terminus.
Furthermore, identification of gain and loss of function MRGPRX2 variants has important clinical
implications for SP-mediated neurogenic inflammation and other chronic inflammatory diseases.

Keywords: mast cells; MRGPRX2; missense variants; substance P; neurogenic inflammation

1. Introduction

Mast cells (MCs) are tissue-resident granulocytes of hematopoietic origin that play a pivotal role
in the inflammatory processes due to their ability to release a wide array of proinflammatory mediators
and recruit various immune cells upon stimulation [1–3]. MCs are widely distributed throughout
the body and are found in close proximity to peripheral nerve endings in various tissues including
skin, gastrointestinal mucosa, and respiratory tract [4]. In addition to close anatomic localization,
accumulating evidence suggests bidirectional functional communication between MCs and neurons,
providing a significant link between the immune and nervous systems [4,5]. MC-derived mediators
such as histamine and tryptase activate receptors on sensory nerve endings, resulting in the release
of neuropeptides including substance P (SP) which, in turn, evokes further MC activation [5–8].

Int. J. Mol. Sci. 2019, 20, 5247; doi:10.3390/ijms20215247 www.mdpi.com/journal/ijms5
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Activation of MCs by SP leads to their degranulation, resulting in vasodilation, plasma extravasation,
and the recruitment of immune cells including lymphocytes, neutrophils, and macrophages [5,9,10].
Immune cell recruitment further amplifies local inflammatory responses and facilitates peripheral
nerve sensitization, which are critical characteristics of neurogenic inflammation [10]. SP-induced MC
activation has been implicated in the pathogenesis of pain and many chronic inflammatory diseases
such as sickle cell disease [11], atopic dermatitis [12], and chronic idiopathic urticaria [13].

The biological effects of SP were previously thought to be mediated via its canonical neurokinin-1
receptor (NK-1R) [9,14,15]. Several antagonists of this receptor have been developed as potential
therapies for a variety of conditions including chemotherapy-induced nausea, inflammation, and pain.
While NK-1R antagonists are effective in the treatment of chemotherapy-induced nausea and vomiting,
they fail to demonstrate significant anti-inflammatory and analgesic effects [14,15]. This raises the
interesting possibility that the nociceptive and proinflammatory actions of SP may be mediated via
alternative mechanisms. Recent studies have demonstrated that SP activates human and murine
MCs via Mas-related G protein-coupled receptor-X2 (MRGPRX2) and Mrgprb2, respectively [16,17].
Expression of MRGPRX2 is upregulated in human skin MCs of patients with chronic idiopathic
urticaria when compared to healthy individuals [13]. A recent study by Serhan et al. [12] demonstrated
that SP released from sensory neurons activates murine skin MCs via Mrgprb2 and contributes to
the development of atopic dermatitis. Furthermore, Green et al. [18] showed that inflammatory
and thermal hyperalgesia requires Mrgprb2-mediated recruitment of immune cells at the injury site.
They also demonstrated that SP promotes the release of multiple pro-inflammatory cytokines and
chemokines from human MCs via activation of MRGPRX2 [18]. Taken together, these findings suggest
that MRGPRX2/Mrgprb2 participate in neurogenic inflammation, chronic urticaria, atopic dermatitis,
and pain [12,13,18,19]. However, the molecular mechanism by which MRGPRX2 is activated in
response to SP has not been determined.

All G protein-coupled receptors (GPCRs) are structurally similar containing seven transmembrane
(TM) α-helices. Binding of ligands to the receptor from the extracellular site promotes the opening
of TM6, which results in conformational changes in the cytoplasmic side of membrane, leading to
allosteric activation of G proteins [20–22]. Venkatakrishnan et al. [22] analyzed the pattern of contact
between structurally equivalent residues from the crystal structures of 27 class A GPCRs. From this
analysis, it became clear that, upon receptor activation, there is a highly conserved reorganization of
residue contacts in TM3 (3x46), TM6 (6x37), and TM7 (7x53) [22]. In this GPCR numbering scheme,
the first number denotes the TM domains (1–7) and the second number indicates the residue position
relative to the most conserved position, which is assigned the number 50 [23,24]. Thus, 3x46 denotes a
residue in TM3, which is at four positions before the most conserved residue (3x50). Similarly, 7x53
denotes a residue in TM7, which is at three positions after the most conserved residue (7x50). Mutations
of residues 3x46, 6x37, and 7x53 in a number of class A GPCRs result in significant reduction of G
protein activation and downstream signaling, confirming the roles of these positions for the activation
of different G proteins [22,25]. In addition to TM domains, conserved residues present in the second
intracellular loop (ICL2) of a number of class A GPCRs are involved in coupling to G proteins [26,27].
MRGPRX2 is a member of the class A GPCR family, but the possibility that residues 3x46, 6x37, and
7x53 and conserved residues present in its ICL2 couple to G proteins to cause MC activation has not
been tested.

In addition to G proteins, most class A GPCRs signal via another pathway that involves
phosphorylation of the receptors at Ser/Thr residues in their carboxyl-terminus by GPCR kinases
and the recruitment of adapter proteins known as β-arrestins [28–31]. This pathway has been
implicated in the regulation of GPCR desensitization (uncoupling of the G protein from the receptor),
endocytosis, and internalization [30]. GPCR agonists that preferentially activate G proteins are known
as G protein-biased and those activate β-arrestin are known as β-arrestin-biased agonists. However,
agonists that activate both pathways are known as balanced agonists [32]. Our original studies using
host defense peptide LL-37 as a ligand for MRGPRX2 demonstrated that the receptor is resistant to
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agonist-induced phosphorylation and desensitization, indicating that it acts as a G protein-biased
agonist for the receptor [33]. However, our more recent studies demonstrated that distinct ligands act
as balanced or G protein-biased agonists for MRGPRX2 [32]. The carboxyl terminus of MRGPRX2
contains five Ser/Thr residues. However, the possibility that these potential phosphorylation sites
contribute to receptor regulation by SP has not been determined.

Molecular modeling and mutagenesis studies led to the identification of a ligand binding pocket
for a number of MRGPRX2 agonists [34–36]. We recently demonstrated that naturally occurring
missense variants in MRGPRX2’s predicted ligand binding pocket result in loss of function phenotype
of MC activation in response to a diverse group of ligands including the neuropeptide SP [36]. The goal
of the present study was to utilize both structural information derived crystal structures of other
GPCRs and naturally occurring MRGPRX2 missense variants to determine the roles of MRGPRX2’s TM
and intracellular (IC) domains on MC activation by SP. The data presented herein identify a number of
gain and loss of function of missense variants of MRGPRX2. These findings have important clinical
implications with regard to resistance and susceptibility for developing MC-mediated neurogenic
inflammation, pain, atopic dermatitis, and chronic urticaria [12,13,18,19].

2. Results

2.1. MRGPRX2 Mediates SP-Induced MC Activation via Both Gαi and Gαq

In addition to SP, amphipathic peptides such as the cathelicidin LL-37 and human β-defensin-3
activate human MCs via MRGPRX2 [33,37]. We previously showed that while degranulation in
response to these agonists is blocked by pertussis toxin (PTx), Ca2+ mobilization is not [33,37]. These
findings suggest that MRGPRX2 may couple to both PTx-sensitive (Gαi) and insensitive (Gαq) G
proteins. To determine the G protein specificity for SP-induced MRGPRX2-mediated responses,
we utilized a pharmacological approach using a Gαi-specific inhibitor (PTx) and a Gαq-specific
inhibitor (YM-254890) [38]. Rat basophilic leukemia (RBL-2H3), a commonly used model for MC
activation, does not endogenously express MRGPRX2. We therefore utilized RBL-2H3 cells stably
expressing MRGPRX2 (RBL-MRGPRX2) to determine the effects of SP on MC activation [33,37,39].

SP has been shown to induce MRGPRX2-mediated MC degranulation in a dose-dependent
manner [16]. We found that at a low concentration of SP (0.1 μM), PTx caused substantial inhibition of
MC degranulation. However, at higher concentrations of SP, only about 50% of MC degranulation
was inhibited by PTx (Figure 1A). A similar inhibitory profile was also observed for the Gαq inhibitor,
YM-254890, but the extent of inhibition was lower at high concentrations of SP (1 and 10 μM) (Figure 1A).
However, SP-induced degranulation was abolished in cells treated with both PTx and YM-254890
(Figure 1A). We also tested the effects of PTx and YM-254890 alone and in combination on SP-induced
Ca2+ mobilization. Similar to degranulation, we found that PTx or YM-254890 caused partial inhibition
of the SP response but a combination of both inhibitors resulted in almost complete inhibition of
SP-induced Ca2+ response (Figure 1B). Taken together, these findings suggest that MRGPRX2 utilizes
both the Gαi and Gαq families of G proteins for SP-induced MC degranulation.
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Figure 1. Effects of pertussis toxin (PTx) and YM-254890 on substance P (SP)-induced degranulation
and Ca2+ mobilization in RBL-2H3 cells stably expressing MRGPRX2, (RBL-MRGPRX2). (A) Cells were
cultured overnight in the absence or presence of PTx (100 ng/mL, 16 h), washed and incubated with
or without YM-254890 (10 μM) for 5 min. Cells were then exposed to a buffer (control) or different
concentrations of SP for 30 min, and β-hexosaminidase release was determined. All data points are the
mean ± SEM of at least three experiments performed in triplicate. (B) Cells were cultured overnight
in the absence or presence of PTx (100 ng/mL, 16 h), then loaded with Fura-2 and intracellular Ca2+

mobilizations in response to SP (1 μM) were determined. To determine the effect of Gαq, cells were
incubated with YM-254890 (10 μM) for 5 min before stimulating with SP. Data shown are representative
of three independent experiments. Statistical significance was determined by the nonparametric t-test
and two-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

2.2. Mutations of the Highly Conserved Residues 3x46, 6x37, and 7x53 in MRGPRX2 Lead to a Significant
Reduction in SP-Induced MC Activation

Based on structural and computational studies, it was proposed that positions 3x46, 6x37, and 7x53
are conserved among class A GPCRs and likely participate in G protein coupling [22]. Amino acids at
these positions in MRGPRX2 were identified from the GPCR database (GPCRdb) [24]. Residues at
positions 3x46, 6x37, and 7x53 in MRGPRX2 are Val, Ile, and Tyr, respectively. Notably, these residues
are either large hydrophobic or aromatic residues which are likely to fulfill the van der Waals criterion
and facilitate contact formation during the receptor conformational rearrangement [22].

To determine if these residues in MRGPRX2 contribute to SP-induced MC activation, we first
constructed single Ala substitution mutations at these positions, namely V123A, I225A, and Y279A,
respectively (Figure 2A,B). We then generated transient transfectants in RBL-2H3 cells. Flow cytometry
analysis using phycoerythrin (PE)-conjugated anti-MRGPRX2 antibody showed that these point
mutations did not adversely affection cell surface receptor expression (Figure 2C). Interestingly, cells
expressing V123A mutant responded normally to SP for Ca2+ mobilization but degranulation was
inhibited by ~50% when compared to the wild-type (WT) receptor (Figure 2D,E). Although the mutants
I225A and Y279A expressed normally on the cell surface (Figure 2C), they did not respond to SP for
Ca2+ mobilization or degranulation (Figure 2D,E).
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Figure 2. Effects of mutations at MRGPRX2’s highly conserved positions within transmembrane
domains (V123A, I225A, and Y279A) on cell surface expression, SP-induced Ca2+ mobilization, and
degranulation in transiently transfected RBL-2H3 cells. (A) Snake diagram of secondary structure of
MRGPRX2. Each circle represents amino acid residue with one letter code. Solid red, yellow, and blue
backgrounds denote the residues at positions 3x46 (V123), 6x37 (I225), and 7x53 (Y279), respectively;
(B) amino acid change for each MRGPRX2 mutant.; (C) RBL-2H3 cells transiently expressing wild-type
(WT)-MRGPRX2 and its mutants were incubated with phycoerythrin (PE)-anti-MRGPRX2 antibody
and cell surface receptor expression was determined by flow cytometry. Representative histograms
for WT/mutant (black line) and control untransfected cells (blue line) are shown; (D) cells expressing
WT-MRGPRX2 and its mutants were loaded with Fura-2 and intracellular Ca2+ mobilization in response
to SP (1 μM) was determined. Data shown are representative of three independent experiments;
(E) cells were exposed to a buffer (control) or SP (1 μM) for 30 min, and β-hexosaminidase release was
determined. All data points are the mean ± SEM of at least three experiments performed in triplicate.
Statistical significance was determined by a nonparametric t-test. *** p ≤ 0.001 and **** p ≤ 0.0001.

2.3. Naturally Occurring Missense MRGPRX2 Variants at or Near the Conserved Residues, V123F and
V282M, Display Loss of Function Phenotype for SP-Induced MC Activation

Next, we searched the GPCRdb [24] to determine if there were any missense MRGPRX2 variants
present in the human population with mutations at or near position 3x46, 6x36, or 7x53. We identified
three MRGPRX2 variants, namely V123F (3x46), T224A (6x36), and V282M (7x56) (Figure 3A,B). Allele
frequency for each variant is shown in Figure 3B. We used the site-directed mutagenesis approach to
generate cDNAs encoding each of these variants, which were then transiently transfected in RBL-2H3
cells. Flow cytometry analysis demonstrated that MRGPRX2 and all its variants were expressed on
the cell surface (Figure 3C). SP-induced Ca2+ mobilization was partially reduced in cells expressing
the variant V123F when compared to the WT receptor, but degranulation was completely inhibited
(Figure 3D,E). However, cells expressing the variant T224A responded normally to SP for Ca2+

mobilization and degranulation (Figure 3B,D,E). By contrast, V282M variant was resistant to both
SP-induced Ca2+ mobilization and degranulation (Figure 3B,D,E).
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Figure 3. Effects of naturally occurring MRGPRX2 variants at the receptor’s conserved transmembrane
domains (V123F, T224A, and V282M) on SP-induced responses in transiently transfected RBL-2H3 cells.
(A) Snake diagram of secondary structure of MRGPRX2. Each circle represents amino acid residue with
one letter code. Solid red, yellow, and blue backgrounds denote the naturally occurring MRGPRX2
variants V123F, T224A, and V282M, respectively; (B) amino acid change for each MRGPRX2 variant
with allele frequency; (C) cell surface expression of WT-MRGPRX2 and its variants was determined by
flow cytometry using PE-anti-MRGPRX2 antibody. Representative histograms for WT/variant (black
line) and control untransfected cells (blue line) are shown; (D) cells expressing WT-MRGPRX2 and its
variants were loaded with Fura-2 and intracellular Ca2+ mobilization in response to SP (1 μM) was
determined. Data shown are representative of three independent experiments; (E) cells were exposed
to a buffer (control) or SP (1 μM) for 30 min, and β-hexosaminidase release was determined. All data
points are the mean ± SEM of at least three experiments performed in triplicate. Statistical significance
was determined by nonparametric t test. **** p ≤ 0.0001.

2.4. Naturally Occurring Missense MRGPRX2 Variants at the Second Intracellular Loop, R138C and R141C,
Display Loss of Function Phenotype for SP-Induced MC Activation

Apart from conformational changes in TM helices, recent crystallography and spectroscopy
studies on GPCR-heterotrimeric G protein complexes have shown that intracellular loops of the
receptors also interact with G proteins and are important for G protein activation [27,40]. Thus,
we further searched for naturally occurring missense MRGPRX2 variants in the receptor’s intracellular
loops and were able to identify four missense variants within ICL2 (Figure 4A,B). cDNAs encoding
these variants were generated and transiently transfected in RBL-2H3 cells. Flow cytometry analysis
demonstrated that all four variants expressed on the cell surface (Figure 4C). We found that Y137H and
R140C variants responded to SP for Ca2+ mobilization and degranulation similar to the WT receptor
(Figure 4D,E). By contrast, SP failed to activate these responses in cells expressing R138C and R141C
variants (Figure 4D,E).
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Figure 4. Effects of naturally occurring MRGPRX2 variants at the receptor’s intracellular loops
(Y137H, R138C, R140C, and R141C) on SP-induced responses in transiently transfected RBL-2H3 cells.
(A) Snake diagram of secondary structure of MRGPRX2. Each circle represents amino acid residue
with one letter code. Solid yellow, red, purple, and pink backgrounds denote the naturally occurring
MRGPRX2 variants; (B) amino acid change for each MRGPRX2 variant with allele frequency; (C) cell
surface expression of WT-MRGPRX2 and its variants was determined by flow cytometry using PE-anti
MRGPRX2 antibody. Representative histograms for WT/variant (black line) and control untransfected
cells (blue line) are shown; (D) cells expressing WT-MRGPRX2 and its variants were loaded with
Fura-2 and intracellular Ca2+ mobilization in response to SP (1 μM) was determined. Data shown
are representative of three independent experiments; (E) cells were exposed to a buffer (control) or
SP (1 μM) for 30 min, and β-hexosaminidase release was determined. All data points are the mean ±
SEM of at least three experiments performed in triplicate. Statistical significance was determined by a
nonparametric t-test. **** p ≤ 0.0001.

2.5. Mutations in Potential Phosphorylation Sites of MRGPRX2 Leads to Enhanced MC Activation in
Response to SP

Phosphorylation of GPCRs by GPCR kinases provides an important mechanism for their
desensitization [28,29,31]. Human MRGPRX2 possesses five potential phosphorylation sites at
its carboxyl-terminus. To determine the role of MRGPRX2 phosphorylation on SP-induced responses,
we generated cDNAs encoding an MRGPRX2 mutant in which all Ser/Thr residues were replaced with
alanine (�ST-MRGPRX2) (Figure 5A,B). Transiently transfected RBL-2H3 cells demonstrated reduced
cell surface expression of �ST-MRGPRX2, when compared to the WT receptor (Figure 5C). Despite
this, SP induced greater Ca2+ mobilization and degranulation in cells expressing �ST-MRGPRX2 when
compared to the WT receptor (Figure 5D,E).
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Figure 5. Effects of Ser/Thr residues on MRGPRX2’s carboxyl-terminus on cell surface expression,
SP-induced Ca2+ mobilization, and degranulation in transiently transfected RBL-2H3 cells. (A) Snake
diagram of secondary structure of MRGPRX2. Each circle represents amino acid residue with one
letter code. Solid red backgrounds denote Ser/Thr residues; (B) schematic representation of the
carboxyl-terminus of MRGPRX2 (WT) and a phosphorylation-deficient mutant in which all Ser/Thr
were replaced with Ala (�ST-MRGPRX2); (C) cell surface expression of WT and �ST-MRGPRX2
was determined by flow cytometry using PE-anti-MRGPRX2 antibody. Representative histograms
for WT-MRGPRX2 (black line), �ST-MRGPRX2 (red line), and control untransfected cells (blue line)
are shown; (D) cells expressing WT and �ST-MRGPRX2 were loaded with Fura-2 and intracellular
Ca2+ mobilization in response to SP (1 μM) was determined. Data shown are representative of three
independent experiments; (E) cells were exposed to a buffer (control) or SP (1 μM) for 30 min, and
β-hexosaminidase release was determined. All data points are the mean ± SEM of at least three
experiments performed in triplicate. Statistical significance was determined by a nonparametric t-test.
* p ≤ 0.05.

2.6. Naturally Occurring Missense MRGPRX2 Variants at its Carboxyl-Terminus, S325L and L329Q, Display
Gain of Function Phenotype for SP-Induced MC Activation

Search of the GPCRdb [24] led to the identification of four missense variants in the carboxyl-
terminus of MRGPRX2 (Figure 6A,B), of which one variant results in the replacement of Ser with Leu
(S325L). Flow cytometry analysis of transfected RBL-2H3 cells demonstrated equivalent cell surface
expression of all variants (Figure 6C). Cells expressing Q305R and D311H variants responded similarly
to SP for Ca2+ mobilization and degranulation when compared to the WT receptor (Figure 6D,E).
By contrast, S325L and L329Q variants displayed higher responses to SP for both Ca2+ mobilization
and degranulation (Figure 6D,E).
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Figure 6. Effects of naturally occurring MRGPRX2 variants within the receptor’s carboxyl-terminus
(Q305R, D311H, S325L, and L329Q) on SP-induced responses in transiently transfected RBL-2H3 cells.
(A) Snake diagram of secondary structure of MRGPRX2. Each circle represents amino acid residue
with one letter code. Solid purple, orange, pink, and red backgrounds denote the naturally occurring
missense variants Q305R, D311H, S325L, and L329Q, respectively; (B) amino acid change for each
MRGPRX2 variant with allele frequency; (C) cell surface expression of WT-MRGPRX2 and its variants
was determined by flow cytometry using PE-anti MRGPRX2 antibody. Representative histograms
for WT/variant (black line) and control untransfected cells (blue line) are shown; (D) cells expressing
WT-MRGPRX2 and its variants were loaded with Fura-2 and intracellular Ca2+ mobilization in response
to SP (1 μM) was determined. Data shown are representative of three independent experiments;
(E) cells were exposed to buffer (control) or SP (1 μM) for 30 min, and β-hexosaminidase release was
determined. All data points are the mean ± SEM of at least three experiments performed in triplicate.
Statistical significance was determined by a nonparametric t-test. * p ≤ 0.05 and ** p ≤ 0.01.

3. Discussion

Unique features of MRGPRX2 that differentiate it from other class A GPCRs are that it is expressed
predominantly in one subtype of MCs and responds to a variety of cationic ligands, including
SP [18,41–43]. Structure-based computational modeling and site directed mutagenesis approach
have been used to show that negatively charged residues Glu164 (E164) in TM4 (4x60) and Asp184
(D184) in TM5 (5x36) are important for binding opioids and SP [34–36]. We recently showed that
missense variants in the MRGPRX2’s ligand-binding pocket (G165E and D184H) fail to respond to a
variety of cationic ligands including SP, human β-defensin-3, and icatibant (bradykinin B2 receptor
antagonist) for receptor activation [36]. In the present study, we utilized information derived from the
comparison of crystal structures of a number of class A GPCRs, as well as naturally occurring missense
variants in MRGPRX2’s predicted G protein coupling domains and potential phosphorylation sites to
identify a number of gain and loss of function variants. These findings have important implications
for SP/MRGPRX2-mediated conditions such as neurogenic inflammation, pain, atopic dermatitis,
and chronic idiopathic urticaria [12,13,18,19].

In the inactive state of class, A GPCRs, the residue at 6x37 is in contact with a conserved
hydrophobic residue at position 3x46 [22]. Upon receptor activation, this interaction is rearranged so
that residue at 3x46 breaks contact with residue 637 and forms a new contact with a tyrosine residue,
Tyr7x53, within the highly conserved NPXXY motif of TM7 [21,22,26]. This rearrangement results in
the activation of G proteins. Accordingly, Ala substitution of each of these residues (3x46, 6x37, and
7x53) of the vasopressin V2 receptor results in its uncoupling from Gαs and Gαq [22]. We showed that
MRGPRX2 coupled to both Gαi and Gαq families of G proteins for Ca2+mobilization and degranulation
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in response to SP. Thus, PTx (a Gαi-specific inhibitor) in combination with YM-254890 compound (a
Gαq-specific inhibitor) completely inhibited SP-induced MC activation. By contrast, using either PTx or
YM-254890 alone was unable to abolish Ca2+ and degranulation responses to SP. Of note, many GPCRs
have been shown to display distinct intracellular signaling and cellular responses depend on agonist
concentrations [44]. It is possible that low-dose SP induces MRGPRX2 to preferentially couple to either
Gαi or Gαq, whereas a high concentration of SP mediates MRGPRX2 conformational change to couple
to both G proteins. The data presented herein suggest that similar to other class A GPCRs, residues
3x46, 6x37, and 7x53 in MRGPRX2 contribute to coupling to Gαi and Gαq families of G proteins and
that naturally occurring missense variants within or near some of these highly conserved residues may
contribute to loss of function phenotype for MC activation by SP. One interesting finding of the present
study was that while V123A (3x46) mutation resulted in partial inhibition of SP-induced degranulation,
the missense variant V123F (3x46) failed to respond to SP for Ca2+ mobilization or degranulation.
These findings suggest that the presence of a bulky Phe group in the missense variant V123F less
effectively breaks the interaction of 3x46 with 6x37 or blocks the formation of new contact Tyr residue at
7x53. Another interesting finding was that while cells expressing I225A mutation (6x37) were resistant
to SP-induced Ca2+ mobilization and degranulation, a missense mutation T224A responded normally
to SP. However, a missense V282M mutation three amino acids way from the Tyr7x53 in the conserved
NPXXY motif resulted in complete loss of function phenotype for SP-induced MC degranulation. This
finding likely emphasizes the importance of this region of MRGPRX2 for coupling to G proteins.

Additionally, we identified four missense MRGPRX2 variants at the predicted G protein
coupling regions within its ICL2. Crystallography and cryogenic electron microscopy studies of
GPCR-heterotrimeric G protein complexes have provided evidence that this ICL interacts with
Gα subunit to promote GDP dissociation and subsequent GTP binding, resulting in activation
of G proteins [27,40]. Mutations of ICL2 in β2 adrenergic receptor have been shown to impair
G protein coupling [45]. Here, we found that cells expressing R138C and R141C variants in this
region displayed loss of function phenotype in response to SP. By contrast, other MRGPRX2 variants
(Y137H and R140C) had no effect on SP-induced MC activation. Intriguingly, this region has also
been identified as a cholesterol recognition amino acid consensus (CRAC) motif of MRGPRX2.
Cholesterol-rich microdomains (lipid rafts) are membrane microdomains enriched in cholesterol
and glycerophospholipids that mediate organization and function of many membrane receptors
and biomolecules including GPCRs [46]. The orientation and organization of membrane proteins
present in the lipid raft allow greater efficiency and specificity of signal transduction by facilitating
protein–protein interactions and preventing crosstalk between competing pathways [46]. Given
that MRGPRX2 contains the CRAC motif, it is possible that lipid rafts also contribute to MRGPRX2
activation and G protein coupling. Positively charged Arg residue of MRGPRX2 (R138 and R141)
might be necessary to interact with negatively-charged hydroxyl group of cholesterol for proper
MRGPRX2 functioning. Substitution of this amino acid with neutral amino acid Cys may disrupt the
interaction with lipid raft domains, resulting in loss of function phenotype. The interaction between
MRGPRX2 and lipid rafts will be the subject of further investigation to delineate the role of lipid rafts
in MRGPRX2 signaling.

While GPCR signaling is essential for regulating physiological function of cells, overstimulation
can be deleterious and contributes to pathologic conditions. Thus, following their activation, GPCRs
undergo desensitization via phosphorylation of Ser/Thr residues at their carboxyl-terminus [26,31].
Binding of β-arrestin to phosphorylated GPCRs has been implicated in receptor desensitization,
endocytosis, and internalization [26,30,31]. It also initiates a distinct downstream signaling pathway
known as β-arrestin-mediated activation [26,30,31]. Here, we showed that mutation of all possible
phosphorylation sites of MRGPRX2 (�ST-MRGPRX2) leads to significantly higher SP-induced MC
activation. We further examined the effects of naturally occurring missense MRGPRX2 mutations
within the carboxyl-terminus. Of these, we identified one missense variant in which a potential
phosphorylation site is mutated, S325L. Interestingly, cells expressing this variant exhibited gain of
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function phenotype for MC degranulation in response to SP. These findings are consistent with previous
studies in β2 adrenergic receptor that demonstrated the importance of distal phosphorylation residues
for high-affinity β-arrestin binding and receptor desensitization [47]. Distinct GPCR phosphorylation
sites have been proposed to be targeted by different GPCR kinases and establish a specific barcode
that imparts distinct conformations to the recruited β-arrestin, thus regulating different functional
activities, such as desensitization, internalization, and downstream signaling [47]. It is possible that
the S325 of MRGPRX2 is responsible for receptor desensitization, thus mutation in this position leads
to enhanced SP-induced responses due to impaired desensitization.

In addition, the carboxyl-terminus of MRGPRX2 contains a class I PDZ (PSD-95/Dlg/Zo1)
recognition motif S/T-X-ϕ (where “ϕ” indicates hydrophobic amino acid and “X” indicates any
amino acid). PDZ proteins have been implicated in regulating receptor desensitization, internalization,
and signaling for several GPCRs such as β2 adrenergic receptor, parathyroid hormone receptor, and
opioid receptors [48]. For example, the PDZ protein, Na+/H+ exchanger regulatory factor 1 (NHERF1)
has been shown to regulate type 1 parathyroid hormone receptor signaling by anchoring the receptor to
the plasma membrane, thus restricting its desensitization and internalization [49]. Our lab previously
demonstrated that these proteins also promote C3a-induced degranulation in human MCs [50]. Given
that MRGPRX2 possesses a class I PDZ motif, it is possible that PDZ proteins such as NHERF1
contributes to the regulation of MRGPRX2. It is also possible that missense mutations in the receptor’s
PDZ motif may enhance the interaction with PDZ proteins, resulting in gain of function phenotype.
Altogether, our findings herein indicate the significance of carboxyl-terminal residues for MRGPRX2
regulation and activation. The MRGPRX2 mutations at its carboxyl-terminus may lead to gain of
function phenotype for SP-induced MC degranulation due to impaired receptor desensitization,
enhanced interaction with PDZ proteins, or both.

Taken together, the data presented herein have identified mutations in MRGPRX2 at the regions
involved in the receptor activation pathway. Missense MRGPRX2 mutations in the G protein-coupling
regions in TMs and ICL2 fail to activate MC in response to SP, presumably due to impaired G
protein coupling. By contrast, MRGPRX2 variants at the carboxyl-terminus, which is responsible
for receptor phosphorylation and desensitization, lead to higher responses for MC activation. Thus,
individuals with loss of function MRGPRX2 mutation, V123F, R138C, R141C, or V282M may display
resistance to developing neurogenic inflammation and chronic inflammatory diseases. By contrast,
individuals who harbor the gain of function variant, S325L or L329Q, may be more susceptible to
develop these conditions.

4. Materials and Methods

4.1. Materials

All cell culture reagents were obtained from Invitrogen (Gaithersburg, MD, USA). Amaxa
transfection kit (Kit V) was obtained from Lonza (Gaithersburg, MD, USA). Q5 Site-Directed
Mutagenesis Kit was from New England BioLabs (Ipswich, MA). Substance P (SP) was from AnaSpec
(Fremont, CA, USA). Pertussis toxin (PTx) was from List Biological Laboratories (Campbell, CA,
USA). YM-254890 was from Wako Chemicals (Richmond, VA, USA) and p-nitrophenyl-N-acetyl-β-
D-glucosamine (PNAG) was from Sigma-Aldrich (St. Louis, MO, USA). Fura-2 acetoxymethyl ester was
from Abcam (Cambridge, MA, USA). PE-conjugated anti-MRGPRX2 antibody was from BioLegend
(San Diego, CA, USA). MRGPRX2 plasmid encoding hemagglutinin (HA)-tagged human MRGPRX2
in pReceiver-MO6 vector was obtained from GeneCopoeia (Rockville, MD, USA).

4.2. Cell Culture

Rat basophilic leukemia (RBL-2H3) cells were maintained as monolayer cultures in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), l-glutamine
(2 mM), penicillin (100 IU/mL), and streptomycin (100 μg/mL) at 37 ◦C with 5% CO2 [51]. RBL-2H3
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cells stably expressing MRGPRX2 (RBL-MRGPRX2) were maintained similarly in the presence of G-418
(1 mg/mL) [39].

4.3. Construction of MRGPRX2 Variants

Q5 site-directed mutagenesis kit (New England BioLabs, Ipswich, MA, USA) was used to generate
MRGPRX2 variants in HA-tagged plasmid. To confirm the correct nucleotide sequences, each mutant
was verified by DNA sequencing prior to transfection. The forward and reverse primers used for each
variant are listed below.

V123A: Forward: 5’-CTGAGCACCGCCAGCACCGAG-3’
Reverse: 5’-CATGCTCAGGCCTGCAAG-3’;
V123F: Forward: 5’-GCTGAGCACCTTCAGCACCGA-3’
Reverse: 5’-ATGCTCAGGCCTGCAAGG-3’;
Y137H: Forward: 5’-GCCCATCTGGCATCGCTGCCG-3’
Reverse: 5’-CACAGGACGGACAGGCAG-3’;
R138C: Forward: 5’-CATCTGGTATTGCTGCCGCCG-3’
Reverse: 5’-GGCCACAGGACGGACAGG-3’;
R140C: Forward: 5’-GTATCGCTGCtGCCGCCCCAG-3’
Reverse: 5’-CAGATGGGCCACAGGACGG-3’;
R141C: Forward: 5’-TCGCTGCCGCTGCCCCAGACA-3’
Reverse: 5’-TACCAGATGGGCCACAGGACGG-3’;
T224A: Forward: 5’-GCTGTACCTGGCCATCCTGCT-3’
Reverse: 5’-CTGGTCAGTGGCAGACCC-3;
I225A: Forward: 5’-GTACCTGACCGCCCTGCTCACAGTGC-3’
Reverse: 5’-AGCCTGGTCAGTGGCAGA-3’;
Y279A: Forward: 5’-CCCCATCATTGCCTTCTTCGTGG-3’
Reverse: 5’-TTGGCACTGCTGTTAAGAG-3’;
V282M: Forward: 5’-TTACTTCTTCATGGGCTCTTTTAGG-3’
Reverse: 5’-ATGATGGGGTTGGCACTG-3’;
Q305R: Forward: 5’-AGGGCTCTGCGGGACATTGCT-3’
Reverse: 5’-CTGGAGAGCCAGCTTGAG-3’;
D311H: Forward: 5’-TGCTGAGGTGCATCACAGTGAAG-3’
Reverse: 5’-ATGTCCTGCAGAGCCCTC-3’;
S325L: Forward: 5’-CCGGAGATGTTGAGAAGCAGTCTG-3’
Reverse: 5’-GGTGCCCTGACGGAAGCA-3’;
L329Q: Forward: 5’-AGAAGCAGTCAGGTGTAGCTCGAG-3’
Reverse: 5’-CGACATCTCCGGGGTGCC-3’
MRGPRX2 phosphorylation-deficient mutant (Ser/Thr residues mutated to Ala; �ST-MRGPRX2)

was generated by PCR. Construct was verified by DNA sequencing prior to transfection. The forward
and reverse primers used are listed below.

�ST-MRGPRX2: Forward: 5’-ACATCCGCGGACCATGTACCCTTACGACGTCCCAGACTAC
GCTGATCCAACCACCCCGGCCTGGGGAACAGAA-3’
Reverse: 5’-ACATCTCGAGCTACACCAGAGCGGCTCTCGCCATCTCCGGGGCGCCCTGAC
GGAAGCATCCTTCAGCGTGATC-3’

4.4. Generation of Cells Transiently Expressing MRGPRX2 and its Variants

RBL-2H3 cells transiently expressing MRGPRX2 or its missense variants were generated as
described previously [36]. Briefly, cells (2 × 106) were transfected with 2 μg of HA-tagged plasmid
using the Amaxa Nucleofector Device and Amaxa Kit V according to the manufacturer’s protocol.
Cells were used within 16–20 h after transfection.
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To detect cell surface MRGPRX2 and its variants’ expression, transfected RBL-2H3 cells (0.5 × 106)
were incubated with PE-conjugated anti-MRGPRX2 antibody for 30 min at 4 ◦C in the dark, washed in
FACS buffer (PBS containing 2% FCS and 0.02% sodium azide), and fixed in 1.5% paraformaldehyde.
Cells were acquired using a BD LSR II flow cytometer (San Jose, CA, USA). Results were analyzed
using WinList software, version 8.

4.5. Degranulation Assay

The degranulation was measured by β-hexosaminidase release as described previously [51].
Briefly, transfected RBL-2H3 cells (5 × 104 cells per well) were seeded into a 96-well, white, clear-bottom
cell culture plate and incubated overnight in a 37 ◦C incubator with 5% CO2. To determine the inhibitory
effects of PTx and YM-254890 on MC degranulation, cells were pretreated with PTx (100 ng/mL, 16 h)
and/or YM-254890 (10 μM, 5 min) prior to stimulation with SP. Cells were then washed twice and
suspended in a total volume of 50 μL HEPES buffer containing 0.1% bovine serum albumin (BSA).
Experimental groups were stimulated with SP for 30 min at 37 ◦C. Cells without treatment were
designated as controls. To determine the total β-hexosaminidase release, unstimulated cells were lysed
in 50 μL of 0.1% Triton X-100. Aliquots (20 μL) of supernatants or cell lysates were incubated with 20 μL
of 1 mM p-nitrophenyl-N-acetyl-β-D-glucosamine (PNAG) for 1 h at 37 ◦C. The reaction was stopped
by adding 250 μL of stop buffer (0.1 M Na2CO3/0.1 M NaHCO3). The β-hexosaminidase release was
assessed by measuring absorbance at 405 nm using Versamax microplate spectrophotometer (Molecular
Devices, San Jose, CA, USA).

4.6. Calcium Mobilization Assay

Transfected RBL-2H3 cells (2 × 106) were loaded with 1 μM Fura-2 acetoxymethyl ester for
30 min at 37 ◦C, followed by de-esterification in HEPES-buffered saline for additional 15 min at room
temperature. Cells were washed, resuspended in 1.5 mL of HEPES-buffered saline containing 0.1%
BSA, and then stimulated with SP. In some experiments, cells were treated with PTx (100 ng/mL, 16 h)
and/or YM-254890 (10 μM, 5 min), and then stimulated with SP. Ca2+ mobilization was determined
using a Hitachi F-2700 Fluorescence Spectrophotometer with dual excitation wavelength of 340 and
380 nm, and an emission wavelength of 510 nm.

4.7. Statistical Analysis

Data shown are mean ± standard error of the mean (SEM) values derived from at least three
independent experiments. GraphPad Prism scientific software version 6.07 was used for statistical
analysis. Statistical significance was determined using a nonparametric t-test and two-way ANOVA
due to non-normal distribution data. Differences were considered as statistically significant at a value
of * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.
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Abbreviations

MC Mast cell
SP Substance P
NK-1R Neurokinin-1 receptor
MRGPRX2 Mas-related G protein-coupled receptor-X2
GPCR G protein-coupled receptor
TM Transmembrane
ICL Intracellular loop
PTx Pertussis toxin
RBL-2H3 Rat basophilic leukemia-2H3 cells
RBL-MRGPRX2 RBL-2H3 cells stably expressing MRGPRX2
GPCRdb GPCR database
WT Wild-type
PE Phycoerythrin
CRAC Cholesterol recognition amino acid consensus
NHERF Na+/H+ exchanger regulatory factor
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Abstract: Mast cells (MCs) recognize antigens (Ag) via IgE-bound high affinity IgE receptors
(FcεRI) and trigger type I allergic reactions. FcεRI-mediated MC activation is regulated by various G
protein-coupled receptor (GPCR) agonists. We recently reported that ionotropic P2X4 receptor (P2X4R)
stimulation enhanced FcεRI-mediated degranulation. Since MCs are involved in Ag-independent
hypersensitivity, we investigated whether co-stimulation with ATP and GPCR agonists in the absence
of Ag affects MC degranulation. Prostaglandin E2 (PGE2) induced synergistic degranulation when
bone marrow-derived MCs (BMMCs) were co-stimulated with ATP, while pharmacological analyses
revealed that the effects of PGE2 and ATP were mediated by EP3 and P2X4R, respectively. Consistently,
this response was absent in BMMCs prepared from P2X4R-deficient mice. The effects of ATP and
PGE2 were reduced by PI3 kinase inhibitors but were insensitive to tyrosine kinase inhibitors which
suppressed the enhanced degranulation induced by Ag and ATP. MC-dependent PGE2-triggered
vascular hyperpermeability was abrogated in a P2X4R-deficient mouse ear edema model. Collectively,
our results suggest that P2X4R signaling enhances EP3R-mediated MC activation via a different
mechanism to that involved in enhancing Ag-induced responses. Moreover, the cooperative effects of
the common inflammatory mediators ATP and PGE2 on MCs may be involved in Ag-independent
hypersensitivity in vivo.

Keywords: extracellular ATP; P2X4 receptor; prostaglandin E2; EP3 receptor; bone marrow-derived
mast cell; mast cell degranulation; Ca2+ influx; PI3 kinase

1. Introduction

Mast cells (MC) are widely distributed in the body and abundant in tissues that contact with
the external environment, such as the intestine, respiratory tract, and skin [1]. MCs are replete
with secretory granules containing a variety of preformed mediators, such as histamine, cytokines,
and proteases, that they release in response to various harmful pathogens or invading external
substances [2]. This process is thought to initiate immunoregulatory reactions by providing a
microenvironment that recruits and activates other immunocompetent cells; however, such reactions
are sometimes inappropriately enhanced under certain conditions, causing hypersensitivity and allergic
inflammation [3]. The most well-known MC activation pathway involves high affinity IgE receptors
(FcεRI), which enable MCs to form a barrier against pathogen invasion [4]. When antigens (Ag)
cross-link the IgE-FcεRI complex, many signaling molecules are phosphorylated by the protein tyrosine
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kinase Lyn and subsequently recruited Syk, activating multiple pathways involving processes such as
degranulation, cytokine production, and lipid mediator production [5]. MCs are known to express
various immunoregulatory receptors, including toll-like receptors, stem cell factor (SCF) receptors, and
G-protein-coupled receptors (GPCR), whose stimulation has been reported to promote IgE-dependent
MC degranulation [6]. For instance, it has been shown that PGE2, which is known to mediate
inflammation [7], and adenosine, which accumulates extracellularly under ischemic conditions [8],
enhance Ag-mediated MC degranulation [9–11]. The effects of PGE2 and adenosine are mediated
by the EP3 receptor (EP3R) and A3 receptor (A3R), respectively, and are commonly transmitted via
the pertussis toxin (PTX)-sensitive Gi protein, suggesting a similar underlying mechanism. Indeed,
several studies have demonstrated that enhancing Ag-induced MC degranulation by co-stimulation
with Gi-coupled receptor agonists requires the activation of phosphoinositide 3-kinase (PI3K) γ, a PI3K
subclass regulated by the Gi protein βγ subunit [10,11]. These enhanced responses are thought to be
involved in exacerbating allergic reactions.

In addition to Gi-coupled receptor agonists, we recently reported that extracellular ATP also
enhances the Ag-induced degranulation response in bone marrow-derived MCs (BMMCs) by activating
the P2X4 receptor (P2X4R), a ligand-gated ion channel [12]. Unlike Gi-coupled receptor agonists,
P2X4R stimulation does not induce the PI3K signaling pathway, but enhances the Ag-induced tyrosine
phosphorylation of signaling molecules including Syk and phospholipase C (PLC) γ [13]. Based on
these results, we hypothesized that stimulation of MCs with ATP and Gi-coupled receptor agonists
may cause MC degranulation in an IgE-independent manner. Indeed, we previously showed that
co-stimulating BMMCs with ATP and adenosine induced synergistic degranulation via A3R [12].

With respect to IgE-independent MC activation, MCs express several pattern recognition-receptors,
such as toll-like receptor 2 and 4, which are stimulated by micro-organism specific molecular motif,
triggering the innate immune responses [14]. In this category, extracellular ATP is also considered
to act as a danger signal, because living cells contain high concentrations of ATP and release it
to extracellular space under adverse conditions, like tissue damage, necrosis, and pyroptosis [15].
The accumulation of ATP is detected by surrounding cells through a wide variety of receptors; not
only G protein-coupled receptors (P2Y1,2,4,6,11,12,13,14), but also ionotropic receptors (P2X1-7). Upon
stimulation through different mechanism, MC is known to be capable of producing a wide variety of
inflammatory and anti-inflammatory cytokines, no less than other immune cells such as macrophages
and lymphocytes [16]. Indeed, MCs have quite recently been implicated in the pathogenesis of systemic
lupus erythematosus [17] and neurofibromatosis [18]. In such inflammatory diseases, MC activation
cannot be explained only by the IgE-dependent mechanism. Since, extracellular ATP is suggested to be
released from cells via mechanical stress such as itching-induced scratching behavior [19,20], MCs
must be exposed to ATP and various humoral factors in the inflammatory environment.

This study therefore investigated whether combining ATP with GPCR agonists affected
MC degranulation, finding that co-stimulation with ATP and PGE2 induced synergistic MC
degranulation by activating P2X4 and EP3R, respectively, via a novel mechanism that is different to the
Ag-induced response.

2. Results

2.1. Effects of ATP and GPCR Agonist co-Stimulation on BMMC Degranulation

We first examined the effect of ATP and GPCR agonist co-stimulation on the degranulation of
BMMCs. We tested the GPCR agonists sphingosine-1-phosphate (S1P) (1 μM), PGE2 (1 μM), histamine
(100 μM), C5a (10 nM), PGD2 (1 μM), UDP-glucose (100 μM), and compound 48/80 (10 μM), all of
which constantly increased the intracellular Ca2+ concentration ([Ca2+]i) of Fura-2 loaded BMMCs,
albeit to varying degrees (data not shown). Although these GPCR agonists had no effect on BMMC
degranulation when tested alone, PGE2 markedly induced degranulation when concurrently stimulated
with 100 μM ATP (Figure 1A). Time course experiments revealed that co-stimulation with ATP and
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PGE2 induced degranulation rapidly, with the response initiated within 2 min and reaching the
maximum steady state in 5 min (Figure 1B). Different PGE2 concentrations only induced BMMC
degranulation in a concentration-dependent manner in the presence of 100 μM ATP, with PGE1

inducing similar effects (Figure 1C). Moreover, the effects of ATP on degranulation in the presence of
PGE2 were concentration-dependent (Figure 1D). On the basis of these results, we examined the effects
of co-stimulation with 100 μM ATP and 1 μM PGE2 for 5 min in the following experiments.

Figure 1. Synergistic effects of ATP and prostaglandin (PG)E2 on mast cell (MC) degranulation. (A) Bone
marrow-derived MCs (BMMCs) were stimulated with sphingosine-1-phosphate (S1P) (1 μM), PGE2

(1 μM), histamine (100 μM), C5a (10 nM), PGD2 (1 μM), and UDP-glucose (100 μM) with or without ATP
(100 μM) (n = 3, mean ± SEM). ** p < 0.01 indicates a significant difference from the control. (B) BMMCs
were stimulated for 1–30 min with ATP (100 μM, �) and PGE2 (1 μM, �) alone or simultaneously (�;
n = 3, mean ± SEM). (C) BMMCs were stimulated with different concentrations (0.01–1 μM) of PGE1 (�,
�) and PGE2 (�, �) with (�, �) or without (�, �) ATP (100 μM) (n = 3, mean ± SEM). * p < 0.05 and
** p < 0.01 indicate significant differences compared to ATP alone. (D) BMMCs were stimulated with
different concentrations of ATP (1–100 μM) with (�) or without (�) PGE2 (1 μM) (n = 3, mean ± SEM).
* p < 0.05 and ** p < 0.01 indicate significant differences compared to PGE2 alone.

2.2. Involvement of Gi-Coupled EP3R in Synergistic Degranulation Induced by PGE2 and ATP

The biological effects of PGE2 are known to be mediated by four different EP receptors. Quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) revealed that the BMMCs used in this study
expressed EP1, EP3, and EP4 receptor mRNAs, while pharmacological experiments with selective EPR
antagonists revealed that only the EP3 antagonist ONO-AE3-208 inhibited the degranulation induced
by PGE2 and ATP (Figure 2A). Consistently, only the ONO-AE-248 agonist against EP3R, a Gi-coupled
receptor, induced degranulation in the presence of ATP (Figure 2B). Moreover, the degranulation
induced by PGE2 and ATP was abolished by pretreating the BMMCs with 50 ng/mL of PTX (Figure 2C).

23



Int. J. Mol. Sci. 2019, 20, 5157

Figure 2. Involvement of EP3 receptor activation in the synergistic effect of prostaglandin (PG)E2 and
ATP on mast cell (MC) degranulation. (A) Bone marrow-derived MCs were preincubated with a vehicle,
ONO-8713 (EP1 antagonist), ONO-AE3-240 (EP3 antagonist), and ONO-AE3-208 (EP4 antagonist) at
1 μM for 5 min and then stimulated with vehicle (-) or ATP (100 μM) with or without PGE2 (1 μM) for
5 min. Data are shown as the mean ± SEM (n = 3). * p < 0.05 indicates a significant difference from
the control. (B) BMMCs were stimulated with PGE2, ONO-DI-004 (EP1 agonist), ONO-AE1-259 (EP2
agonist), ONO-AE-248 (EP3 agonist), or ONO-AE1-329 (EP4 agonist) at 1 μM with or without ATP
(100 μM). Data are shown as the mean ± SEM (n = 3). * p < 0.05 and ** p < 0.01 indicate significant
differences from the response without ATP (none). (C) BMMCs were treated with or without pertussis
toxin (PTX, 50 ng/mL) overnight and stimulated with ATP (100 μM) with or without PGE2 (1 μM) for
5 min. Data are shown as the mean ± SEM (n = 3). * p < 0.05 indicates a significant difference from
the control.

2.3. Involvement of Ionotropic P2X4R in the Effect of ATP and PGE2 on Degranulation

We next attempted to identify the P2 receptor subtype that mediates the effect of ATP on
degranulation with PGE2. We previously reported that under our experimental conditions, BMMCs
express ionotropic P2X1, 4, and 7, which are all stimulated by ATP, and G protein-coupled P2Y1, 2, and 14

receptors, which are stimulated by ADP, UTP, and UDP-glucose, respectively [21]. Since UDP-glucose
had little effect (Figure 1A), we examined the effects of ADP and UTP on degranulation with PGE2.
As shown in Figure 3A, ADP and UTP had weak effects on degranulation with PGE2 compared
to ATP. Consistently, the effect of ATP on degranulation with PGE2 was not affected by the P2Y1

antagonist MRS2179 or P2Y2 antagonist AR-C118925 (Figure 3B). Among the P2X receptor antagonists,
degranulation induced by ATP and PGE2 was inhibited by the P2X4 antagonist 5-BDBD, but not the
P2X1 antagonist NF449 or P2X7 antagonist AZ10606120 (Figure 3C,D). Furthermore, the effect of ATP
on degranulation with PGE2 was enhanced by the P2X4R positive allosteric modulator ivermectin
(Figure 3D) but totally absent in BMMCs prepared from P2X4R-deficient mice (Figure 3E).
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Figure 3. Involvement of P2X4 receptor (P2X4R) activation in the synergistic effect of prostaglandin
(PG) E2 and ATP on mast cell (MC) degranulation. (A) Bone marrow-derived MCs (BMMCs) were
stimulated concurrently with PGE2 (1 μM) and a vehicle, ATP, ADP, or UTP (100 μM) for 5 min.
(B) BMMCs were preincubated with a vehicle, the P2Y1 antagonist MRS2179 (10 μM), or the P2Y2

antagonist AR-C118925 (10 μM) for 5 min and then stimulated with ATP (100 μM) with or without
PGE2 (1 μM) for 5 min. (C) BMMCs were preincubated with a vehicle, the P2X1 antagonist NF449
(10 μM), or the P2X7 antagonist AZ10606120 (1 μM) for 3 min and then stimulated with ATP (100
μM) with or without PGE2 (1 μM) for 5 min. (D) BMMCs were preincubated with a vehicle, the P2X4
antagonist 5-BDBD (10 μM), or the P2X4R positive allosteric modulator ivermectin (10 μg/mL) for 5
min and then stimulated with ATP (100 μM) with or without PGE2 (1 μM) for 5 min. (E) BMMCs
prepared from wild type and P2X4R-deficient mice (P2X4R KO) were stimulated with ATP (100 μM)
with or without PGE2 (1 μM) for 5 min. Data are shown as the mean ± SEM (n = 3). N.S. no significant
difference, * p < 0.05 and ** p < 0.01 indicate significant differences.

2.4. Mechanism underlying the Synergistic Degranulation Induced by ATP and PGE2

We recently reported that stimulating P2X4R enhanced Ag-induced degranulation and increased
Src tyrosine kinase signaling pathways, such as Syk and phospholipase Cγ (MS submitted). Therefore,
we examined effects of the Src family tyrosine kinase inhibitor PP2 and the Syk inhibitor R406 on
degranulation induced by ATP and PGE2. As shown in Figure 4A,B, although both PP2 and R406
effectively inhibited the degranulation induced by co-stimulation with ATP and Ag, they had little
effect on that induced by ATP and PGE2. It has been reported that MC degranulation induced by
PGE2 is mediated by PI3K [10]. Consistent with the previous report, MC degranulation induced by
co-stimulation with ATP and PGE2 was inhibited by the non-selective PI3 kinase inhibitor LY294002
but not the structurally similar negative control LY303511 (Figure 4C). The response was also inhibited
by AS605240, a specific PI3Kγ inhibitor that is activated by G protein βγ subunits (Figure 4D), whereas
the Akt inhibitor triciribine had no effect on the degranulation induced by ATP and PGE2 (Figure 4E).
These results suggest that P2X4R stimulation enhanced EP3R-mediated signaling in a PI3K-dependent
but Akt-independent manner.
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Figure 4. Effect of tyrosine kinase and phosphoinositide 3-kinase (PI3K)/Akt signaling pathway
inhibitors on mast cell (MC) degranulation induced by co-stimulation with ATP and prostaglandin
(PG)E2. (A) Bone marrow-derived MCs (BMMCs) were preincubated with a vehicle or the Src tyrosine
kinase inhibitor PP2 (1 μM) for 5 min and then stimulated with ATP (100 μM) with or without
PGE2 (1 μM) or 2,4-dinitrophenyl human serum albumin (DNP-HSA, 10 ng/mL). (B) BMMCs were
preincubated with a vehicle or the Syk inhibitor R406 (2 μM) for 5 min and then stimulated with ATP
(100 μM) with or without PGE2 (1 μM) (n = 3). (C) BMMCs were preincubated with a vehicle, the PI3K
inhibitor LY294002 (10 μM), or the control compound LY303511 (10 μM) for 5 min and then stimulated
with ATP (0.1 mM) with or without PGE2 (1 μM) (n = 3). (D) BMMCs were preincubated with a
vehicle or the PI3Kγ inhibitor AS605240 (1 μM) for 5 min and then stimulated with ATP (100 μM) with
or without PGE2 (1 μM) (n = 3). (E) BMMCs were preincubated with a vehicle or the Akt inhibitor
triciribin (10 μM) for 5 min, and then stimulated with ATP (100 μM) with or without PGE2 (1 μM)
(n = 3). Data are shown as the mean ± SEM. N.S. no significant difference, ** p < 0.01 indicates a
significant difference.

2.5. Effects of Co-Stimulating BMMCs with ATP and PGE2 on ERK1/2, Akt, and Syk Phosphorylation

As shown previously, ATP enhanced Ag-induced Syk phosphorylation (Figure 5A) in BMMCs;
however, neither PGE2 nor co-stimulation with PGE2 and ATP affected Syk phosphorylation (Figure 5A).
In contrast, stimulation with PGE2 and ATP alone induced ERK1/2 and Akt phosphorylation in a
time-dependent manner. Furthermore, Syk phosphorylation in response to ATP and Ag was greater than
the response to either alone, whereas the Akt and ERK1/2 phosphorylation induced by co-stimulation
with ATP and PGE2 was slightly lower (Figure 5B).
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Figure 5. Effect of co-stimulation with ATP and prostaglandin (PG)E2 on Syk, extracellular
signal-regulated kinase (ERK)1/2, and Akt phosphorylation in bone marrow-derived mast cells
(BMMCs). (A) BMMCs were stimulated with ATP (100 μM) with or without PGE2 (1 μM, upper) or
2,4-dinitrophenyl human serum albumin (DNP-HAS,10 ng/mL, lower) for 1 min. Cell lysates were
subjected to western blot analysis for phospho-Syk and total-Syk. (B) BMMCs were stimulated with
ATP (100 μM) with or without PGE2 (1 μM) for 1 (left) or 3 (right) min. Cell lysates were subjected to
western blot analysis for phospho-Akt and total Akt (upper) or phospho-ERK 1/2 and total-ERK 1/2
(lower). The numbers below each image indicate normalized relative phosphorylated protein intensity;
the results for no stimulation are set to one. Blots are representative of three independent experiments.

2.6. Effects of Co-Stimulating BMMCs with ATP and PGE2 on [Ca2+]i

In Fura-2-loaded BMMCs, ATP stimulation induced a rapid increase in [Ca2+]i which decreased to
a sustained steady state, whereas PGE2 induced a similar [Ca2+]i increase, but to a weaker extent than
that induced by ATP. Co-stimulation with ATP and PGE2 resulted in a sustained increase in [Ca2+]i
that was greater than the additive responses elicited by ATP or PGE2 alone, but was not evident in
BMMCs obtained from P2X4-deficient mice (Figure 6A,B), and was inhibited by the PI3Kγ inhibitor
AS605240 (Figure 6C,D).
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Figure 6. Effects of co-stimulating bone marrow-derived mast cells (BMMCs) with ATP and
prostaglandin (PG)E2 on intracellular Ca2+ concentration ([Ca2+]i) levels. (A) BMMCs prepared from
widg type (WT) or P2X4 receptor deficient (P2X4RKO) mice were loaded with Fura-2 acetoxymethyl
ester and changes in [Ca2+]i were monitored after stimulating with ATP (black line), PGE2 (gray line),
or ATP plus PGE2 (dotted line) at the time indicated by the arrow. The Ca2+ data are representative of
four independent experiments. (B)Summary of the data obtained in A. Results are indicated as fold
of ATP-induced response (WT; 205 ± 38 nM, n = 4, P2X4RKO; 115 ± 16 nM, n = 4). Data are shown
as the mean ± SEM (n = 4). N.S.; no significant difference, * p < 0.05 indicates a significant difference.
(C) BMMCs prepared from WT or P2X4RKO were preincubated with or without the PI3Kγ inhibitor
AS605240 (1 μM) for 5 min and then stimulated with ATP (100 μM) plus PGE2 (1 μM). The superimposed
[Ca2+]i changes are representative of at least four different BMMC preparations obtained from different
animals. (D) Summary of the data obtained in C. Results are indicated as fold of control response (WT;
342 ± 45 nM, n = 3, P2X4RKO; 158 ± 29 nM, n = 4). Data are shown as the mean ± SEM (n = 3–4). N.S.;
no significant difference, * p < 0.05 indicates a significant difference.

2.7. Role of P2X4R Signaling in PGE2-Induced Skin MC Activation in Vivo

Administering PGE2 to mouse ears reportedly induces edema due to increased extravasation via
the EP3R-mediated activation of resident MCs [22]; therefore, we examined whether P2X4R contributed
toward this response. Intradermally injecting PGE2 into the auricle of wild type mice caused significant
Evans blue leakage compared to solvent-injected auricles (Figure 7); however, these effects were
absent in MC-deficient KitWsh/Wsh mice, confirming that MCs are involved in the PGE2-induced effects.
Moreover, the effect of PGE2 on dye leakage was significantly abrogated in P2X4R-deficient mice
(Figure 7).
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Figure 7. Comparison of prostaglandin (PG) E2-induced hyperpermeability in wild type, P2X4
receptor-deficient (P2X4RKO), and mast cell-deficient Kit Wsh/Wsh mice. PGE2 (1.5 nmol) was
intradermally injected into the ear and vascular permeability measured 30 min later. Data are shown as
the mean ± SEM (n = 5–6). N.S. no significant difference, * p < 0.05 indicates a significant difference.

3. Discussion

Previously, we reported that Ag-induced MC degranulation was enhanced by extracellular
ATP [12]. Although various GPCR agonists have been shown to enhance Ag-induced degranulation,
particularly those acting on Gi-coupled receptors [9,11], we found that the ATP-induced response
was mediated by the ionotropic P2X4R [12]. This study examined whether P2X4R stimulation
affected IgE-independent MC activation in combination with the GPCR agonists S1P, compound
48/80, UDP-glucose, C5a, histamine, PGD2, and PGE2, which reportedly activate MCs via the S1P2,
MRGPRB2, P2Y14, C5a, H3, DP2, and EP3 receptors, respectively [6]. In this study, these agonists had
little effect on MC degranulation alone, with only PGE2 causing a strong degranulation response when
co-stimulated with ATP. Since ATP is known to promote PG production in various tissues [23,24], this
finding may help understand the physiological functions of MCs.

The biological effects of PGE2 are mediated by four different receptor subtypes, EP1, EP2, EP3,
and EP4Rs [25]. EP3R has been well characterized as the site of action via which PGE2 stimulates MC
degranulation alone or in the presence of Ag [9,10,22]. In this study, pharmacological investigation
using receptor subtype selective agonists and antagonists indicated that the costimulatory effects
of PGE2 and ATP on degranulation were also mediated by EP3R. In particular, the effect of PGE2

was inhibited by the selective EP3 antagonist ONO-AE3-208 and mimicked by the selective EP3
agonist ONO-AE-2248. Furthermore, our observation that the effect of PGE2 was abolished by the
PTX-mediated inactivation of Gi-dependent signals is consistent with the fact that EP3R is the only
Gi-coupled EP receptor subtype [25]. With respect to ATP receptors, we previously demonstrated
that BMMCs express mRNA for the P2X1, P2X4, P2X7, P2Y1, P2Y2 and P2Y14 receptors [12]. Several
results obtained in this study clearly suggest that the effect of ATP was mediated by P2X4R, similar
to enhanced Ag-induced degranulation [12]. First, combining PGE2 with the P2Y1 agonist ADP,
P2Y2 agonist UTP, and P2Y14 agonist UDP-glucose did not mimic the effect of ATP on degranulation.
In addition, the effect of ATP and PGE2 was affected by neither the P2Y1 antagonist MRS2179 nor the
P2Y2 antagonist AR-C118925, indicating that G protein-coupled P2Y receptors are not involved in ATP
and PGE2-induced degranulation. Moreover, degranulation induced by ATP and PGE2 was inhibited
by the P2X4 antagonist 5-BDBD but not the P2X1 antagonist NF449 or P2X7 antagonist AZ10606120, and
was enhanced by the P2X4R positive allosteric modulator ivermectin [26]. Finally, the degranulation
induced by ATP and PGE2 was impaired in BMMCs prepared from P2X4R-deficient mice, suggesting
that co-activation of Gi-coupled EP3R and ionotropic P2X4R induces MC degranulation.

Previously, we demonstrated that P2X4R stimulation promotes Ag-induced tyrosine
phosphorylation signaling, providing a possible mechanism for synergistic MC degranulation in
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response to Ag and ATP [13]. However, this mechanism was not involved in the effect of ATP and
PGE2 on MC degranulation, since the response to ATP and PGE2 was insensitive to the tyrosine kinase
inhibitor PP2 or Syk inhibitor R406, both of which inhibited the synergistic degranulation induced by Ag
and ATP. Furthermore, ATP, PGE2, and their combination failed to induce Syk phosphorylation. It has
been demonstrated that stimulating EP3R with PGE2 in BMMCs induces Gβγ-mediated PLCγ and
PI3Kγ activation, increased phosphorylation of Akt (a kinase downstream of PI3K), and functionally
promotes Ca2+ influx [9,11]. In this study, degranulation induced by ATP and PGE2 was inhibited by
the non-selective PI3K inhibitor LY294002 and PI3Kγ selective inhibitor AS605240; however, ATP did
not enhance PGE2-induced Akt phosphorylation but rather decreased it slightly. Although ATP itself
slightly stimulates Akt phosphorylation, this effect is unchanged in P2X4R KO mice [13], suggesting
that ATP-induced Akt phosphorylation is mediated by a receptor other than P2X4R and that P2X4R
stimulation does not affect Gβγ-mediated PI3Kγ activation. These results suggest that PI3Kγ activation
is necessary for ATP and PGE2-induced degranulation but that the downstream mechanism differs to
that described for the combination of Ag and PGE2 [9,11].

In the Ca2+ assay, we observed an enhanced [Ca2+]i response to ATP and PGE2 that was abrogated
in BMMCs obtained from P2X4R KO mice and partly suppressed by inhibiting PI3Kγ with AC605240.
Assuming that Ca2+ influx through P2X4R is crucial for degranulation in response to ATP and PGE2,
two potential mechanisms could be inferred. First, since it has been reported that P2X4R channel
activity is enhanced by membrane PI(3,4,5)P3 accumulation [27], EP3R-mediated PI3Kγ activation may
cause PI(3,4,5)P3 accumulation which in turn promotes P2X4R-mediated Ca2+ influx. Second, MCs
have been reported to possess functional G protein-coupled inwardly-rectifying K+ channel (GIRK),
a Gβγ-gated K+ channels [28]; therefore, EP3R activation may open these channels, hyperpolarizing
the membrane and increasing in driving force of Ca2+ influx [29] through the P2X4 receptor. Similar
methods of regulation have been demonstrated in Ag-induced MC activation, where Ca2+-activated K+

channels play a critical role in facilitating Ca2+ influx via store-operated Ca2+ channels [30]. Further
research using electrophysiological analysis is required to explore the precise mechanism of crosstalk
between EP3 and P2X4R signaling.

Local PGE2 administration has been reported to enhance vascular permeability by directly
activating MCs via EP3R activation [22]. In this study, a similar effect of PGE2 was reproduced in WT
mice but not MC-deficient Kit Wsh/Wsh mice, while the PGE2-induced increase in vascular permeability
was shown to be significantly attenuated in P2X4R-deficient mice. These results indicate that ATP
positively controls the responsiveness of MCs to PGE2 via P2X4R in vivo. Since both ATP and PGE2 are
extracellular mediators that accumulate in damaged or inflamed tissues, the response described here
may help to understand the role of MCs in Ag-independent hypersensitivity [14].

Recent accumulating evidence suggest that P2X4R signal is involved in several inflammatory
diseases, including neuropathic pain induced by nerve injury [31], joint inflammation in rheumatoid
arthritis [32], rejection to transplanted tissue [33], and allergic airway inflammation [34]. The present
study focused on the MC degranulation response, an early event in MC activation. As mentioned
earlier, MCs can produce wide variety of cytokines [16], which affect chronic responses related to
inflammatory diseases. It is therefore important to examine whether P2X4R signaling would affect the
MC cytokine production.

In summary, this study demonstrated that co-stimulating MCs with ATP and PGE2 synergistically
induces degranulation via ionotropic P2X4R and Gi-coupled EP3R, respectively (Figure 8). Moreover,
this reaction is independent of the tyrosine kinase cascade, which plays a major role in the Ag-induced
response, and is likely to involve enhanced Ca2+ influx in a manner dependent on EP3R-mediated PI3K
activation. Previously, we reported that ATP also promotes Ag-induced allergic reactions via P2X4R
activation; therefore, P2X4R signaling is suggested to act as an enhancer for both Ag-dependent and
-independent MC activation. Taken together, targeting the ionotropic P2X4R may be a novel strategy
for controlling allergic reactions.
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Figure 8. Proposed mechanism of interaction between P2X4 receptor (P2X4R) and EP3 receptor
(EP3R) signals for the synergistic degranulation in mast cells(MCs). Extracellular ATP released from
damaged cells stimulates MC P2X4R 1�, leading to Ca2+ influx. Such conditions are accompanied
by an inflammation with increased production of prostaglandin (PG)E2. In MCs, PGE2 stimulates
Gi-coupled EP3R 2�, leading to activation of phosphoinositide 3-kinase (PI3K)γ and G protein-coupled
inwardly-rectifying K+ channel (GIRK) viaβγ-complex of the G protein 3�. Activation of PI3Kγincreases
phosphoinositide-3,4,5-trisphosphate (PIP3) levels in plasma membrane 4�, thereby promoting P2X4R
channel activity 5�. GIRK activation may cause hyperpolarization of the membrane potential 6�, which
would increase the driving force of Ca2+ inflow through P2X4R 7�. These interactions between P2X4R
and EP3R signals lead to the observed synergy in MC degranulation 8�. P2X4R signal also promotes
IgE-dependent tyrosine kinase-mediated signals to induce facilitated degranulation, as described
previously 9� [12].

4. Materials and Methods

4.1. Materials

UTP, ATP, ADP, PGE1, PGE2, 2,4-dinitrophenyl human serum albumin (DNP-HSA), anti-DNP IgE
(clone SPE-7), p-nitrophenyl N-acetyl-β-d-glucosaminide, and the GenElute Mammalian Total RNA
miniprep kit were obtained from Sigma-Aldrich (Tokyo, Japan). Allophycocyanin (APC)-conjugated
rat anti-mouse c-Kit antibodies (clone 2B8) were obtained from BD Pharmingen (Tokyo, Japan).
Phycoerythrin (PE)-conjugated mouse anti-mouse FcεRIα antibodies (clone MAR-1) were obtained
from eBioscience (San Diego, CA, USA). Recombinant mouse interleukin (IL)-3 and recombinant mouse
SCF were obtained from Peprotech (London, UK). MRS2179, AR-C118925, NF449, AZ10606120,
5-BDBD, Ivermectin, PP2, LY303511, LY294002, Triciribine, and AS605240 were obtained from
Tocris Bioscience (Bristol, UK). R406 was obtained from Cayman Chemical (Michigan, USA).
Fura-2-acetoxymethylester (AM) and PTX were obtained from Wako (Osaka, Japan). Anti-phospho-Syk,
anti-Syk, anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-Akt, and anti-Akt antibodies were
obtained from Cell Signaling Technology (Danvers, MA, USA). ONO-DI-004 (selective EP1 agonist),
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ONO-AE1-259-01 (selective EP2 agonist), ONO-AE-248 (selective EP3 agonist), and ONO-AE1-329
(selective EP4 agonist) were obtained from ONO Pharmaceuticals (Osaka, Japan). All other chemicals
were of reagent-grade or the highest quality available.

4.2. Animals

P2X4R-deficient mice were generated by Dr. Yamamoto (University of Tokyo), as described
previously [35]. C57BL/6 and KitWsh/Wsh mice were purchased from SLC Japan (Hamamatsu, Japan)
and RIKEN (Ibaraki, Japan), respectively. All mice were maintained under specific pathogen-free
conditions at the animal facility of Takasaki University of Health and Welfare. All experiments were
performed in accordance with the regulations of the Animal Research Committee of Takasaki University
of Health and Welfare.(Approval number: 1813, 1 April, 2018)

4.3. Cell Culture

BMMCs were established using bone marrow from C57BL/6 mice, as described previously [36].
Briefly, bone marrow cells were collected from the femur and cultured in RPM I1640 medium containing
10% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and 10 ng/mL recombinant
IL-3. After 2 weeks, the cells were cultured with 10 ng/mL of recombinant SCF for 4–6 weeks. After
these treatments, almost all (>95%) cells displayed an MC phenotype, as indicated by CD117 (c-Kit)
and FcεRI expression measured using a FACSCant II flow cytometer (BD Biosciences, Tokyo, Japan).

4.4. Degranulation Assay

Degranulation was evaluated by measuringβ-hexosaminidase release, as described previously [36].
BMMCs were sensitized with 50 ng/mL anti-DNP IgE overnight in RPMI 1640 growth medium. Cells
were washed twice with phosphate buffered saline (PBS), suspended in Krebs-Ringer-HEPES (KRH)
buffer (130 mM NaCl, 4.7 mM KCl, 4.0 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.8 mM CaCl2,
11.5 mM glucose) and 10 mM HEPES (pH 7.4) containing 0.1% bovine serum albumin (BSA), and then
stimulated under various conditions for 5 min at 37 ◦C. Reactions were terminated by placing the cells
on ice and centrifuging them. Supernatants were collected and the cell pellets were lysed in 1 % Triton
X-100. The supernatant and cell lysate were incubated with an equal volume of 1 mM p-nitrophenyl
N-acetyl-β-D-glucosaminide dissolved in citrate buffer (pH 4.5) in a 96-well plate at 37 ◦C for 30 min.
Na2CO3/NaHCO3 buffer (pH 10.4) was then added and the absorbance was measured at 405/655 nm.

4.5. [Ca2+]i Measurement

Cells were collected and washed twice with KRH containing 0.1 % BSA, suspended in KRH-BSA
buffer, and treated with 1 μM Fura-2 AM at 37 ◦C for 20 min. The Fura-2-loaded cells were washed
twice with KRH-BSA buffer and adjusted to 1–2 × 105 cells/mL. Changes in Fura-2 fluorescence were
measured as described previously [36].

4.6. Western Blot

Cells were collected, washed with PBS, and resuspended in KRH. The reaction was performed in
KRH buffer and terminated by adding 4× sample buffer. The lysate was separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immobilon-P
polyvinylidene fluoride (PVDF) membranes. The PVDF membranes were blocked with 5% BSA-TBST
for 1 h at room temperature, exposed to primary antibodies overnight at 4 ◦C, and secondary antibodies
for 2 h at room temperature. Antibodies were diluted as follows: anti-phospho-Syk (1:1000), anti-syk
(1:1000), anti-phospho-ERK1/2 (1:1000), anti-ERK1/2 (1:1000), anti-phospho-Akt (1:1000), anti-Akt
(1:1000), and horseradish peroxidase (HRP)-linked anti-rabbit IgG (1:10000). The entire western blots
were shown in Supplementary Materials.
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4.7. Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using the GenElute Mammalian Total RNA miniprep kit. First-strand
cDNA was synthesized using Moloney Murine Leukemia Virus reverse transcriptase with a 6-mer
random primer. qRT-PCR was performed using an SYBR green kit, as described previously [37].

4.8. PGE2-Induced Skin Edema

Mice were anesthetized with isoflurane, injected intravenously with 200 μL 0.5% Evans blue
diluted in PBS, and injected intradermally in the right ear with PGE2 (1.5 nmol) in 20 μL saline and in
the left ear with a vehicle of 0.1% ethanol in saline. After 30 min, the mice were sacrificed and their
ears collected and weighed. Evans blue dye was extracted from the ears with 1 mL formamide at 55 ◦C
for 24 h and absorbance measured at 620 nm. Data are expressed as μg of Evans blue per mg of ear.

4.9. Statistics

All experiments were repeated at least three times, yielding similar results. Data represent the
mean ± standard error of the mean (SEM). Statistical analyses were performed using the Student’s t-test
for two sample comparisons and one-way analysis of variance (ANOVA) with Dunnett’s two-tailed
test for multiple comparisons. p values < 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/20/5157/s1.
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[Ca2+]i Intracellular Ca2+ concentration
A3R A3 receptor
Ag Antigen
APC Allophycocyanin
BMMCs Bone marrow-derived mast cells
DNP-HSA 2,4-dinitrophenyl human serum albumin
EP3R EP3 receptor
FcεRI High affinity IgE receptors
GPCR G-protein-coupled receptors
IL Interleukin
KRH Krebs-Ringer-HEPES
MC Mast cell
P2X4R P2X4 receptor
PE Phycoerythrin
PG Prostaglandin
PI3K Phosphoinositide 3-kinase
PLC Phospholipase C
PTX Pertussis toxin
PVDF Immobilon-P polyvinylidene fluoride
qRT-PCR Quantitative reverse transcription-polymerase chain reaction
S1P Sphingosine-1-phosphate
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Abstract: A history of allergies doubles the risk of vulvodynia—a chronic pain condition of unknown
etiology often accompanied by increases in numbers of vulvar mast cells. We previously established
the biological plausibility of this relationship in mouse models where repeated exposures to the
allergens oxazolone or dinitrofluorobenzene on the labiar skin or inside the vaginal canal of ND4
Swiss Webster outbred mice led to persistent tactile sensitivity and local increases in mast cells.
In these models, depletion of mast cells alleviated pain. While exposure to cleaning chemicals has
been connected to elevated vulvodynia risk, no single agent has been linked to adverse outcomes. We
sensitized female mice to methylisothiazolinone (MI)—a biocide preservative ubiquitous in cosmetics
and cleaners—dissolved in saline on their flanks, and subsequently challenged them with MI or
saline for ten consecutive days in the vaginal canal. MI-challenged mice developed persistent tactile
sensitivity, increased vaginal mast cells and eosinophils, and had higher serum Immunoglobulin E.
Therapeutic and preventive intra-vaginal administration of Δ9-tetrahydrocannabinol reduced mast
cell accumulation and tactile sensitivity. MI is known to cause skin and airway irritation in humans,
and here we provide the first pre-clinical evidence that repeated MI exposures can also provoke
allergy-driven genital pain.

Keywords: mast cells; allergy; vulvar pain; methylisothiazolinone; Δ-9 tetrahydrocannabinol

1. Introduction

Debilitating, unexplained provoked localized vulvar pain or vulvodynia affects a significant
proportion (~8%) of women [1,2] and is epidemiologically linked to a history of both seasonal and
contact allergies [3]. Vulvar biopsies from diagnosed patients show increases in mast cells and
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nerves [4–6]. To recapitulate and dissect the pathobiology of allergy-driven tactile sensitivity and to
inform novel therapies, we established mouse models of allergy-driven genital pain [7–9]. We have
shown that contact hypersensitivity to the commonly used laboratory haptens oxazolone (Ox) on the
labiar skin or dinitrofluorobenzene (DNFB) on the labiar skin or vaginal canal induces persistent tactile
genital pain and increased accumulation of mast cells in the labiar tissues of outbred, female ND4 mice
well beyond the resolution of visible inflammation. Chemical depletion of labiar mast cells reduced
Ox-driven painful responses [8] and therapeutic topical administration of Δ-9-tetrahydrocannabinol
(THC) in the vaginal canal alleviated DNFB-induced pain and reduced numbers of accumulated mast
cells in the affected tissue [9]. Here, we examined the potential of a common household chemical,
2-methyl-4-isothiazolin-3-one/methylisothiazolinone (MI), to induce contact hypersensitivity reactions
and consequent allergy-driven genital pain in ND4 female outbred mice. MI is a biocide preservative
present in soaps, shampoos, vaginal washes, household cleaners, and paints [10,11]. Recent evidence
suggests that a significant portion of people exposed to MI developed the capacity for an allergic
response [11,12], showed exacerbated inflammatory responses [13], and experienced tissue injury in
the skin or lungs [12,14] after exposure. Allergic responses to MI have also been linked to vulvar
dermatitis [15,16], but no connections between such dermatoses and the later development of vulvar
pain have been made in the published clinical literature. Recently, Reed and colleagues identified
exposures to household and workplace chemicals as a possible risk factor for the development of
vulvodynia [17]. Our previously published mouse models demonstrated the biological plausibility of
the epidemiological link between chemical exposures and the development of genital pain. However, a
specific link between vulvodynia and a known environmental chemical does not yet exist. We suggest
that MI is a plausible candidate for an environmental irritant/allergen, and that exposure to MI might
drive allergy-provoked pain. Here, we repeatedly applied MI dissolved in saline (a surrogate for
water-based cleansers that typically contain MI as a preservative) topically within the vaginal canals of
mice and characterized consequent allergic inflammation, accumulation of mast cells, and ano-genital
sensitivity to pressure. We also assessed the effects of therapeutic and preventive administration of
topical THC treatments in the vaginal canal on mast cell abundance and painful sensitivity.

2. Results

2.1. Meta-Analysis of Patch-Testing Studies Reveals Widespread Sensitization to MI in Populations Tested in
Europe and North America

MI has been in use as a biocide preservative for many decades by itself and, earlier, in conjunction
with methylchloroisothiazolinone (MCI), and adverse allergic reactions to these chemicals were reported
as early as the 1980s [18,19] in both clinical and pre-clinical studies [20,21]. MCI was considered a strong
sensitizer and subsequently discontinued; MI, which was previously used at a lower concentration in
the MI/MCI mixture, was used at a higher concentration by itself, and safe limits for MI in cosmetic
preparations were set at 100 ppm [22]. However, reports of allergic outcomes as well as sensitization of
populations exposed to the purported safe doses of MI via household and industrial contexts have
continued to rise. We conducted a meta-analysis of studies that reported MI-sensitivity via patch
testing to evaluate the epidemiological trends of allergic sensitivity to MI. Of the 163 epidemiological
studies, between 1995 and 2019, reported on PubMed.gov, most were conducted in Europe, along
with a few North American investigations (Figure 1A). One article without MI parts per million (ppm)
tested was excluded from plotting [23]. Sample sizes varied between fewer than 100 and more than
10,000 human subjects and concentrations of MI used varied between 500 and 2000 ppm. By 2012,
studies reporting 5–10% of participants being MI-sensitive were more prevalent, while the majority of
studies reporting 1% of participants sensitized to MI were published prior to 2012 (Figure 1B). In 2013,
the American Contact Dermatitis Society named MI the Allergen of the Year [24]. Sensitivity to MI is
clear and present in populations within North America and Europe, and adverse health outcomes
related to MI are on the rise. Given that exposure to household cleaning products is a risk factor for
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developing vulvodynia [17], we found it important to investigate whether repeated exposure to MI
provoked persistent pain in laboratory mice.

 

 

A 

B 

Figure 1. Population level sensitization to methylisothiazolinone (MI) in Europe and North America.
(A) Location of epidemiological studies conducted in Europe (left) and North America (right); all points
plotted at the approximate latitude and longitude of the original study with random noise added
for easier visualization. (B) Sample size reported by epidemiological studies in Europe and North
America using MI patch tests. Point placement corresponds with the year each study ended. Sample
size may include multi-year studies if yearly data were not available. Color gradient indicates the
highest concentration of MI in parts per million (ppm) tested in each study and the size of the point
represents the proportion of the population that tested sensitive to MI. Studies in which MI ppm were
not reported are excluded from the plot. The size of each point represents the percent of participants
that were found to be sensitized to MI (n = 151 studies).

2.2. Repeated Exposures to MI in the Vaginal Canal Induce Painful Ano-Genital Responses to Touch and
Aberrant Mast Cell Accumulation in the Affected Tissues

Using standard conventions of species scaling practices, we used 10,000 ppm (1% w/v in saline;
100 times the safe human dose [22] of 100 ppm, i.e., ppm) as a sensitizing dose and a lower 0.5%
dose for subsequent challenges of MI dissolved in saline in our experiments using 6–8-week-old
outbred ND4 female mice. These doses are similar to those used for dermal sensitization and challenge
using MI in CBA [25] mice, as well as dermal and airway sensitization and challenge with MI in
C57BL/6 and BALB/C mouse strains [26]. To our knowledge, we are the first to use MI in ND4 mice
and, therefore, we first confirmed that these sensitization and challenge doses caused detectable and
significant ear-swelling responses in flank-sensitized ND4 mice after three topical challenges on the
ear (Figure S1).

Next, we sensitized mice with 1% and 0.5% MI dissolved in saline on their shaved flanks before
administering 10 daily challenges of 0.5% MI or saline in their vaginal canals (Figure 2A). We assessed
changes in tissue mast cells after 10 intra-vaginal challenges with 0.5% MI or saline and found that
one day after 10 MI challenges, there were 1.75 times as many mast cells in the vaginal canal tissue of
sensitized female ND4 Swiss mice compared with vehicle-challenged controls, although this increase

39



Int. J. Mol. Sci. 2019, 20, 5361

was no longer detectable by 21 days (Figure 3A–G). This was accompanied by a significant increase
in serum IgE levels in MI-challenged mice one day after the cessation of challenges (Figure 3H);
circulating IgE is important for mast cell expansion and survival [27,28]. Furthermore, we observed
that sensitized female ND4 Swiss mice were more sensitive to touch, as measured with an electronic
Von Frey meter, with a 60% decrease in withdrawal threshold one day after 10 exposures to MI in
the vaginal canal (Figure 3I). Shaved and sensitized mice that were treated with 0.9% saline were
significantly less sensitive than their MI-treated counterparts and did not display a similar decrease
from baseline. MI-challenged mice remained significantly more sensitive than saline-treated controls
for up to 14 days (Figure 3I). These observations of early mast cell accumulation, elevated serum IgE,
and consequent painful sensitivity in response to MI exposures are congruent with similar outcomes we
have previously described in mice exposed to commonly used laboratory haptens Ox and DNFB [7–9],
and suggest that this ubiquitous household preservative can induce allergy-provoked pain.

Figure 2. Sensitization, challenge, and treatment timelines. Schedule of MI in saline flank sensitizations
and challenges (A–C). (B) Therapeutic intra-vaginal Δ-9-tetrahydrocannabinol (THC) treatment timeline.
(C) Preventative intra-vaginal THC treatments.

Figure 3. Cont.
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Figure 3. Increased mast cell density in the vaginal canal and elevated tactile ano-genital sensitivity
after 10 intra-vaginal MI challenges in previously sensitized ND4 female mice. Representative confocal
images of vaginal canal tissue from MI sensitized mice challenged with MI (A–C) or saline D–F) at 1, 7,
and 21 days after the 10th MI challenge, respectively. Mast cells stained with FITC-conjugated avidin
(green) and nuclei counterstained with DAPI (blue); 200×magnification. (G) Density of avidin+ mast
cells in 12 μm vaginal canal cryo-sections from sensitized mice challenged with MI or saline. Results
reported as fold change in avidin signal in MI- over saline-treated mice. Dotted line denotes no change.
Data pooled from 5–6 mice. (H) Serum IgE content in mice treated with MI or saline in the vaginal
canal 1 day after the last MI/saline challenge. NT bar denotes serum IgE levels in naïve age-matched,
untreated mice. Significance with respect to vehicle control group * = p < 0.05; 4–6 mice/treatment
group. (I) Tactile sensitivity in MI and saline challenged mice, reported as mean ± SEM of the percent
decrease from baseline in the withdrawal threshold for each treatment group; n = 17–18 mice/treatment
group. Red dotted line = 33% hyperalgesia threshold. Significance with respect to vehicle control
group *** p < 0.001.

2.3. Repeated Exposures to MI in the Vaginal Canal Induce Inflammatory Changes in the Vaginal Mucosa and
in the Spinal Cord of Mice

In our previous experiments, we found that repeated intra-vaginal exposures to the hapten DNFB
induced increased levels of interleukin (IL)-6 and interferon-γ (IFN-γ) transcripts in the vaginal canal [9].
Here, we found that one day after the 10th MI challenge, average relative transcript abundance of
mRNAs encoding IFN-γ and IL-6 in the vaginal canal tissue of MI-treated ND4 Swiss mice increased
twofold over vehicle-challenged mice (Figure 4A). However, at seven days following 10 MI challenges,
the amount of IFN-γ and IL-6 transcripts was comparable to vehicle-challenged controls (Figure 4A).

As painful responses to touch persisted for more than two weeks after the cessation of MI
exposures in the vaginal canal, we next looked for changes in levels of immunomodulatory factors
in the spinal cord of MI-treated versus control mice. IL-1 and IL-6 signaling in the spinal cord are
associated with low grade chronic inflammation [29], and intra-thecal injection of anti-IL-6 antibodies
has been shown to alleviate pathological pain [30]. We evaluated the relative transcript abundance of
IL-1β and IL-6 in the spinal cord of both MI-treated and control mice one and seven days after the 10th
challenge. The levels of IL-1β were increased by 1.5-fold in the spinal cord one day after 10 challenges,
but this increase was resolved by seven days after cessation of challenges (Figure 4B). IL-6 transcripts
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were slightly elevated by 0.75-fold to 2-fold in the spinal cord of MI-treated mice at one day after
10 challenges, but the increase was also no longer detected at seven days.

Figure 4. Inflammatory changes in the vaginal canal and spinal cord, and increased eosinophil activity
after 10 intra-vaginal MI challenges in previously sensitized ND4 female mice. Relative transcript
abundance of interferon-γ (IFN-γ) and interleukin (IL)-6 transcripts in the vaginal canal tissue (A) and
IL-1β and IL-6 in spinal cord tissue (B) of MI challenged mice one and seven days after 10 challenges,
normalized to β2-microglobulin mRNA levels; 5–6 mice/treatment group. Black dotted line denotes no
change in the relative abundance of transcripts. (C) Tissue eosinophil peroxidase levels measured by
optical density (OD)/g of wet tissue, in the vaginal canal of mice one day after the 3rd and 10th MI
challenge; 3–5 mice/treatment group. Significance with respect to vehicle control group ** p < 0.01.
EPO, eosinophil peroxidase.

Given the increase in eosinophils accompanying pain-inducing allergic exposures to hapten
oxazolone we observed earlier [7], we measured the levels of eosinophil peroxidase (EPO; a tissue
marker for activated eosinophils) in the vaginal canal after 10 exposures to MI. One day after both 3
and 10 MI challenges, the levels of EPO were significantly higher in MI-treated vaginal canals than in
vaginal canals exposed to saline. One day after 10 challenges, mice had around three times higher
levels of EPO in MI-treated vaginal canal tissue than controls (Figure 4C). Seven days after the 10th
challenge, eosinophil activity in the tissue was no longer increased as compared with saline controls.
Mice that were multiply exposed to oxazolone showed neutrophil influx into the painful, allergic
tissue [7]. Here, we saw a slight, but not significant increase in myeloperoxidase activity, indicating
neutrophil influx into MI-challenged tissue after 1–3 administrations of MI in the vaginal canals of
sensitized mice; however, by one day after the 10th administration of MI, we could see no differences
in myeloperoxidase activity between saline-challenged and MI-challenged mice (Figure S2).

2.4. Therapeutic Administration of THC in the Vaginal Canal after 10 MI Exposures Reduces Both Mast Cell
Numbers as Well as Painful Sensitivity to Touch

Intra-vaginal therapeutic application of THC alleviated DNFB-provoked allergy-driven genital
pain in our previous studies [9]. To assess any effects of therapeutic THC treatment following induction
of MI-provoked mast cell increase and heightened tactile sensitivity, we administered 50 μg of THC
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intra-vaginally in 20 μl saline for six consecutive days in the vaginal canal beginning one day after the
tenth MI challenge (Figure 2B). One day after six THC treatments, mast cell numbers decreased by 45%
compared with mice that received no THC (Figure 5A–C). Seven days after THC treatment, mast cells
were slightly decreased by 7% of those observed in untreated MI-challenged mice. By 21 days after
the last THC treatment, mast cell numbers for both the no treatment (NT) and THC treatment groups
were indistinguishable from one another (Figure 5B); this coincided with the resolution of mast cells to
baseline levels after 10 MI challenges (Figure 3A–G). We evaluated tactile sensitivity in mice treated
with therapeutic THC and found that, one day following cessation of THC treatment, tactile sensitivity
was significantly reduced compared with untreated mice, with THC-treated mice displaying a ~20%
decrease from baseline and mice not treated with THC displaying a 45% decrease (Figure 5D). By seven
days after the last THC treatment, the sensitivity thresholds for mice treated with THC were at the
same levels as mice that did not receive THC.

Figure 5. Reduced vaginal mast cell density and ano-genital sensitivity following six intra-vaginal
therapeutic THC treatments after 10 vaginal MI challenges in previously sensitized ND4 female mice.
(A,C) Representative confocal images of vaginal canal tissue from mice that were sensitized and
challenged with MI and subsequently treated with THC (A) or untreated, that is, NT (C), at one day
after the last treatment, respectively. Mast cells stained with FITC-conjugated avidin (green) and
nuclei counterstained with DAPI (blue); 200×magnification. (B) Mast cell density displayed as fold
change in avidin signal in THC-treated over NT mice at 1, 7, and 10 days after the 6th THC treatment;
6–7 mice/treatment group. Black dotted line denotes no change in MC abundance. (D) Anogenital
tactile sensitivity of MI challenged mice treated with NT (black) or therapeutic THC (red) 1, 7, and 10
days after the 6th THC treatment; n = 8–9 mice/treatment group. Results displayed as mean ± SEM.
Significance with respect to control group * p < 0.05.
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2.5. Preventive Administration of THC in the Vaginal Canal before and during 10 MI Exposures Reduces Both
Mast Cell Numbers as Well as Painful Sensitivity to Touch

We next treated MI-challenged mice with THC before and during exposures to MI to evaluate the
potential preventive effects of THC in MI-driven allergy-induced pain. We applied THC inside the
vaginal canal 12 h before each MI challenge as well as once 12 h after the 10th challenge (Figure 2C).
One day after the cessation of MI challenges, and 12 h after the last THC treatment, mast cell numbers
in the THC-treated vaginal canal tissue showed a ~0.6-fold decrease in comparison with non-THC
treated mice exposed to MI in the vaginal canal daily for 10 days (Figure 6A,C,D). This comparative
decrease persisted at seven days after the last MI challenge; with avidin signal intensity of THC
treated MI-challenged mice decreased by ~50% (Figure 6B,C,E). At 21 days after the 10th MI challenge,
mast cell numbers between THC-treated and control MI-challenged mice were similar, reflecting the
decrease in mast cell density seen at 21 days after 10 MI challenges. Importantly, preventive THC
treatment resulted in a significant, persistent reduction in mean tactile sensitivity at one and seven
days after cessation of treatment, compared with NT controls (Figure 6F). We observed decreases from
the baseline of only 30% and 25% in mice treated preventively with THC at one and seven days after
the cessation of MI challenges, respectively, compared with mice not treated with THC, who displayed
a 55% decrease from the baseline at one day and a 50% decrease at seven days.

 

Figure 6. Reduced vaginal mast cell density and ano-genital sensitivity following intra-vaginal
preventive THC treatments before and during 10 vaginal MI challenges in previously sensitized ND4
female mice. (A,B,D,E) Representative images of vaginal canal tissue from THC-treated (A,B) and
NT (D,E) MI-challenged mice one and seven days after the 10th MI challenge. Mast cells stained
with FITC-conjugated avidin (green) and nuclei counterstained with DAPI (blue); 200×magnification.
(C) Mast cell density displayed as fold change in avidin+ signal intensity of the THC-treated over NT
mice; n = 3–7 mice/treatment group. (F) Ano-genital tactile sensitivity of preventive THC-treated and
NT mice at 1, 7, and 21 days after the 10th MI challenge; 8–9 mice/treatment group. Red dotted line
denotes 33% hyperalgesia threshold. Results displayed as mean ± SEM. Significance with respect to
control group * p < 0.05 and ** p < 0.01.
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3. Discussion

Our collective understanding of risk factors, etiologies, and effective interventions for vulvodynia
continues to evolve. Histories of seasonal and contact allergies [3], recurrent urinogenital infections [31],
and chronic psychological stress [32,33] have all been positively associated with individual- and
population-level vulvodynia risk. In our previously published work, we have demonstrated the
biological plausibility of contact allergy reactions in labiar skin [7,8] and vaginal canal [9] tissues,
driving subsequent persistent painful sensitivity to touch in the ano-genital ridge of ND4 female mice.
We used hapten irritants, oxazolone and DNFB, commonly used in the laboratory, to study contact
hypersensitivity in mice and found a common pattern in the pathogenesis of allergy-driven pain.
Multiple exposures to haptens led to abnormal tissue mast cell accumulation and tactile pain. Mast
cell depletion, either via intra-labiar secretagogue compound 48/80 [8] or intra-vaginal topical THC [9],
led to a temporary alleviation of painful symptoms.

A recent study by Reed et al. [17] suggests that environmental exposure to household and
work-related toxins may amplify vulvodynia risk. Accordingly, we demonstrate here that the biocide
preservative MI triggers allergy-driven, mast cell-dependent pain responses in a mouse model of
vulvodynia. MI is widely used in cosmetics and cleaners, and has been the target of recent scrutiny
as a population-level sensitizing allergen [12] and a risk factor for skin and airway injury [12,14].
Our meta-analysis of patch-testing studies (Figure 1) demonstrates significant recent clinical and
epidemiological attention paid to MI toxicity in Europe. In 2014, the European Commission’s Scientific
Committee on Consumer Safety regulated MI out of leave-on cosmetic products and lowered the safe
limit of MI in rinse-off cosmetics from 100 ppm to 15 ppm [34]. In contrast, MI is still widely used at
100 ppm in cosmetics in the United States [24].

A limited number of mouse studies of MI toxicity in the past have used sensitizing doses of 1–2%
MI followed by 0.5% MI used for elicitation [25,26]. We found that 10 intra-vaginal exposures to 0.5%
MI in previously sensitized ND4 female mice caused painful ano-genital sensitivity and vaginal mast
cell expansion at one and seven days after cessation of MI challenges, accompanied by increased
local transcription of IFN-γ and IL-6 genes and higher levels of circulating IgE. As avidin binds to
proteoglycans present in granules, we acknowledge that it is possible that some of the avidin staining
we see in the vaginal canal after 10 consecutive MI challenges might be coming from eosinophils or
possibly neutrophils present in the tissue. However, as we show in Figure S2 and Figure 4, eosinophils
and neutrophils (as measured by tissue peroxidase activity) are no longer increased in the vaginal
canal tissue by the time 10 MI challenges have been administered. These outcomes of MI exposure
are similar to what we have observed with labiar and vaginal exposures to common laboratory
haptens [7–9]. Mast cells are present in murine [35] and human [36] vaginal canal and are known to
participate in local inflammatory responses to parasites [37], bacteria [38], and yeast [39]. Mast cell
increases have been reported in subsets of vulvodynia patients [5,6], but not in others [40]. Foster and
colleagues have described increased levels of inflammatory cytokines in vulvar tissue [41,42], while
Reed et al. have reported not finding such differences in the population they studied [43]. However,
taken together, multiple lines of evidence suggest that dysregulated inflammation is a part of the
pathobiology of vulvodynia.

Pathological inflammation in allergic diseases has been linked, in part, to the bacterial dysbiosis
and disruption of the commensal microflora of the gut, lungs, and skin [44]. Altered gut microbiomes
have been reported in fibromyalgia patients experiencing chronic widespread pain [45] and associated
with visceral abdominal pain [46]. In a pilot study of the effects of MI on the mouse vaginal microbiota,
we found that repeated exposures to MI as well as saline vehicle initially disrupt the vaginal microbiota
in our mouse model (Figure S3). However, beta diversity analyses suggest that only MI challenges
continue to disrupt the microbiota, while saline-treated control mice return toward baseline stability
(Figure S3A). This difference in compositional stability between MI and saline treatments is greatest
at days 16–17 post-sensitization (Figure S3B). We are currently conducting further experiments to
monitor changes in both vaginal and gut microbiota after MI exposures and to investigate resulting
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dysregulated inflammation in the vaginal canal. Disruptions of this ecosystem have been linked to
increased susceptibility to several diseases including bacterial vaginosis [47,48], chlamydia [49], and
endometriosis [50], and thus are of interest to the larger pathological implications of this work. In our
pilot studies, we see that after three exposures, MI-treated mice also had detectably higher levels of IL-1
and CXCL-2 in vaginal lysates and continued to have higher expression of the genes encoding these
cytokines up to a week after MI challenges ended (Figure S3C,D), suggesting continued heightened
inflammation in the vaginal canal. The dynamics of the vaginal microbiome in health and disease [51]
are relatively understudied and may be a fruitful direction to pursue in understanding the inflammatory
correlates of vulvodynia. Given the role of spinal IL-6 in chronic inflammation and pathological
pain [30], we tested inflammatory gene expression in the sacral spinal cord of MI-challenged mice and
found slight increases in both IL-6 and IL-1β transcripts one day after 10 challenges (Figure 4). IL-1β,
released by spinal microglia, has been implicated in inflammatory pain that lasts beyond the presence
of the noxious environmental stimulus that triggered it in the first place [52]; this is similar to hapten
allergen-driven pain that persists well after antigen challenge in our past and current mouse studies.
Systemic increases in nerve growth factor (NGF) have been reported in the serum of some vulvodynia
patients [45], and central sensitization of the nervous system reported in others [53]. As such, cellular
and molecular mechanisms underlying central sensitization and its contributions to vulvar pain need
to be further elucidated to determine whether novel biomarkers and/or targeted therapies can be
developed to help at least a subset of the population in need. Although a history of allergies is
known to amplify vulvodynia risk, eosinophil levels and activity have not, to our knowledge, been
studied in vulvodynia patients. Eosinophils are critical mediators of allergic responses as well as
long-term esophageal and airway remodeling [54]. We see MI-driven early increases in eosinophil
activity (Figure 3); while specific roles of eosinophils in pain pathologies remain to be characterized,
eosinophilia accompanies many painful chronic conditions, including endometriosis [55]. Eosinophils
may be another important cellular player to consider in the pathogenesis of vulvar pain.

Vulvodynia is a multifactorial condition and likely has different, potentially overlapping etiologies.
Our pre-clinical findings and those from clinical studies affirm that identifying inflammatory biomarkers
and cellular mechanisms of action for different etiologies is warranted and may lead to novel effective,
targeted therapies. We have observed before [8,9], and see here again, that in tissue allergy-driven
persistent pain, mast cell depletion can help relieve tactile sensitivity. Six daily doses of intra-vaginal
administration of 50 μg THC after multiple MI exposures alleviates painful responses temporarily for
up to seven days, along with a concomitant ~50% reduction in tissue mast cells (Figure 5). Additionally,
if pre-sensitized mice are treated daily with THC beginning 12 h before the first MI challenge until
12 h after the last MI challenge, they do not develop painful ano-genital tactile sensitivity (Figure 6).
Our results suggest that mast cells may play a role in the cannabinoid-mediated pain reduction of
allergy-triggered genital pain in our model, although the effects of cannabinoid signaling on mast cell
survival are not known. While topical mast cell granule stabilizer cromolyn has not been efficacious
in relief of vulvodynia in the clinic [56], to our knowledge, mast cell depletion therapies have not
been tested. Similarly, effects of cannabis-based medicines in vulvodynia pain relief have not been
investigated and may well warrant a closer look.

The vaginal mucosa, while susceptible to noxious environmental stimuli, is also known to induce
tolerance [57], and we have previously seen that 10 labiar exposures to the hapten DNFB produce
longer lasting pain compared with 10 vaginal exposures [9]. While our findings here provide critical
support for the idea that intra-vaginal MI exposures can provoke local inflammation and genital pain,
human populations are exposed to MI through multiple routes, including skin and airways, and to
cumulatively higher doses than the likely already unsafe limit of 100 ppm. The ubiquitous use of
methylisothiazolinone in a wide range of consumer products raises the concern that repeated exposures
to methylisothiazolinone from multiple sites could exceed the 100 ppm limit, and consequently increase
the risk of sensitization in the population. To investigate this idea, we are currently conducting studies
to determine whether cumulative exposure to methylisothiazolinone from multiple routes of exposure
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elicits sensitization as effectively as exposure through a single, localized route. From a regulatory
perspective, it is also important to understand the biological threshold at which sensitization and
pain occur. Accordingly, we are conducting dose-response studies to determine the doses required
to elicit sensitization and pain. In the context of increasing scrutiny of MI toxicity in both the
scientific [12] and popular [58] literature, our work here draws attention to a hitherto overlooked
harmful outcome of MI exposure—its potential to contribute to allergy-driven persistent genital pain.
While a potential link between methylisothiazolinone, mast cells, and vulvar pain may provide new
tools for prevention and intervention for those living with vulvodynia, increased understanding of
mechanistic connections between chemical exposures, allergies, and chronic pain may well be of even
broader use and importance.

4. Materials and Methods

4.1. Meta-Analysis of MI Sensitization Studies

A total of 164 studies of MI-sensitization published from 1995 to 2019 were collected from
PubMed.gov using “methylisothiazolinone AND (patch test)” as search terms. All articles were parsed
with Python using xml.etree.ElementTree API to extract author names, title, publication year, and
journal title. For each study in which patch testing was used to determine sensitization, testing
locations, percent sensitivity to MI (ppm), and testing year(s) were extracted manually. Graphs were
plotted using R. Scatter plots were generated using the gather() function from the tidyr package and
ggplot() function from the ggplot2 package [59]; maps were generated with get_stamenmap() and
ggmap() functions in the ggmap package [60].

4.2. Animal Usage

Six to twelve-week-old naive female ND4 Swiss mice (Harlan Laboratories, Indianapolis, IN, USA)
were housed with a 12 h light/dark cycle and free access to food and water in Macalester College’s
animal facilities. Mice were euthanized using 100% CO2 inhalation at predetermined timepoints.
This study was performed in accordance with the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. All experimental protocols were approved by Macalester College’s
Institutional Animal Care and Use Committee (IACUC B16Su2, approved on 1 July 2016).

4.3. MI Sensitization and Challenge

For MI challenges on ears, mice were anesthetized with isoflurane (Baxter Healthcare Corporation,
Deerfield, IL, USA) and their backs were shaved on day 1. Sensitization was performed on the
following day with 100 μL of 1% MI in a 4:1 mixture of acetone and olive oil (Sigma-Aldrich, St. Louis,
MO, USA). On day 8, mice were sensitized a second time with 100 μL of 0.5% MI. Beginning on day 12,
mice were challenged with 20 μL of 0.5% MI on each ear, 10 μL on each side, once every day at the
same time for three days.

For vaginal canal challenges, mice were shaved on the flank on day 1 and sensitized on the flank
with 100 μL of 1% methylisothiazolinone (MI) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.9%
saline on the next day. Four days later, mice were sensitized again on the flank with 100 μL 0.5% MI
in 0.9% saline (Figure 2). From day 12 onwards, mice were challenged with 20 μL of either 0.5% MI
or vehicle (saline) in the vaginal canal. Mice were challenged daily at the same time for either three
(Figure S2) or ten days (Figure 2).

4.4. Ear Edema Measurements

Ear thickness was measured using digital calipers (±0.1 mm; VWR, Radnor, PA, USA) one and
two days prior to the start of the experiment to establish the baseline for each mouse. Measurements
were repeated 6 and 24 h after the third challenge. The percent difference between the baseline and
post-challenge values was calculated for each mouse and then for each experimental group.
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4.5. THC Treatments

THC was precipitated from a methanol extract (Sigma-Aldrich, St. Louis, MO, USA) and
resuspended in 0.9% saline with a few drops of olive oil (Sigma-Aldrich, St. Louis, MO, USA) to
promote emulsification. Then, 50 μg of THC in 20 μL of saline solution was gently pipetted into the
vaginal canals of mice. Therapeutic treatments were administered for six consecutive days after the
10th MI challenge (Figure 2B). Preventive treatments were administered daily starting 12 h prior to the
first MI challenge and ending 12 h after the 10th MI challenge (Figure 2C).

4.6. Tissue Collection and Storage

Whole blood was collected immediately after euthanasia via heart puncture; cells were removed
by centrifugation, serum aliquoted, and stored at –80 ◦C. Vaginal canal and spinal cord tissues were
carefully extracted 1, 7, and 21 days after MI challenges or THC treatment, as indicated in the figures.
Vaginal canals were carefully extracted, and the section between the cervix and introitus was used
for further analyses. Sacral sections 1 and 2 of the spinal cord were identified as described [61],
collected, and flushed with cold 1× phosphate buffered saline (PBS) (MidSci, St. Louis, MO, USA).
All tissues extracted for semi-quantitative real-time reverse transcription PCR (sqRT-PCR) were weighed
immediately after collection, flash-frozen, and stored at –80 ◦C. Tissues extracted for immunofluorescent
staining were flash-frozen and stored at –80 ◦C. Tissues extracted for eosinophil peroxidase analyses
were weighed after extraction, stored in 0.5% hexadecyl trimethylammonium bromide (HTAB) buffer
at a volume 5.6 times the wet tissue mass, flash-frozen, and stored at –80 ◦C. Vaginal canal tissues used
for protein quantification were flash-frozen and stored at –80 ◦C.

4.7. Tactile Sensitivity

Mechanical sensitivity was measured in a 2 × 2 mm area of the ano-genital ridge of mice with
an electronic von Frey Anesthesiometer (IITC Corporation, Woodland Hills, CA, USA). Mice were
allowed to acclimate in individual Plexiglass von Frey chambers over a wire mesh grating 15 min prior
to any sensitivity measurements. Two baseline measurements were taken one and two days prior to
MI sensitization; mice were screened for optimal responsiveness and sorted into experimental groups
with comparable average baseline responses, as previously described [7–9]. Three to four experimental
measurements were taken at described timepoints after 10 MI challenges and/or THC treatments by
an experimenter blinded to the treatment groups. The averages of experimental measurements were
calculated for each timepoint and reported as a percent decrease from the baseline. Percent decreases
from the baseline of 33% or higher were considered hyperalgesic [7,8,62].

4.8. Immunofluorescent Staining and Microscopy

Flash-frozen vaginal canal samples collected from mice 1, 7, and 21 days after ten challenges
were embedded in optimal cutting temperature compound (Sakara Finetek, Torrance, CA, USA) and
12 μm sections were cut using a Leica CM 1860 cryostat. Sections were fixed in 4% paraformaldehyde
(Sigma-Alrich, St. Louis, MO, USA; pH 8.5), permeabilized for 30 min with 0.1% Triton (Sigma-Aldrich,
St. Louis, MO, USA)/PBS, and blocked for one hour in 5% normal donkey serum/PBS. For mast cell
staining, slides were incubated for one hour with Fluorescein Avidin D (Vector Laboratories; Burlingame,
CA, USA) (1:1000) to stain polysaccharides in mast cell granules, as described by Kakurai et al. [63]
and in our own previous studies [7–9]. For mast cell quantification after MI or saline challenges, all
slides were coverslipped with Vectashield + DAPI (Vector Laboratories, Burlingame, CA). Sections
were imaged using a Zeiss LSM 800 laser scanning confocal microscope. Composite images of ten
optical 1 μm sections projected on the z-axis were analyzed using Zen2.1 software (Carl Zeiss AG,
Oberkochen, Germany). Mast cell density was determined by fluorescent pixel intensity measurements,
taken in four representative 5000 μm2 regions of interest from one section. Three sections per slide
were quantified for three slides per mouse. For mast cell quantification after THC administration, four
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representative 5000 μm2 regions of interest, as well as one blank region of interest outside of the tissue,
were measured for three sections per each slide. The average of the four representative sections was
taken, subtracted by the blank region of interest, and then divided by 5000 μm2 to give a value of the
average fluorescent intensity/μm2 for each section quantified. Three sections per slide were quantified
per mouse.

4.9. RNA Isolation and Quantification of Gene Expression

Total RNA was extracted from flash-frozen vaginal canal or spinal cord tissues using the
Total RNA Mini Kit (Midwest Scientific, St. Louis, MO, USA). RNA was eluted with RT-PCR
grade water, and quantified using either a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA) or NanoPhotometer NP80 (Implen, West Lake Village, CA, USA).
mRNA was reverse-transcribed in a 2720 Thermal Cycler (Thermo Fisher Scientific) using Superscript
III First-Strand Synthesis System (Thermo Fisher Scientific). Relative transcript abundance was
determined by sqRT-PCR using TaqMan Gene Expression Assay Primer/Probe Sets: interleukin-6 (IL-6;
Mm00446190_m1), interferon-γ (IFN-γ; Mm01168134_m1), chemokine C–X–C motif ligand (CXCL-2;
Mm00436450_m1), interleukin-1 β (IL-1β; Mm00434228_m1), and MasterMix (Life Technologies)
in a StepOnePlus Real-Time PCR System (Life Technologies). The results were normalized to the
expression of housekeeping gene β-2-microglobulin (β2M; Mm00437764_m1) and then calculated as
fold-expression over vehicle controls [64], following methods used in previous studies [7–9].

4.10. Protein Quantification

Protein concentrations in serum and in vaginal canal lysates were determined using enzyme-linked
immunosorbent assay (ELISA). IgE concentration was measured using an IgE ELISA kit (Bethyl
Laboratories, Montogomery, TX, USA). CXCL2 and IL-1β levels were quantified using cytokine
specific ELISA kits (R&D Systems, Minneapolis, MN, USA) from whole cell lysates, as previously
described [8,9]. Absorbances for all ELISAs were measured at 450 nm and 570 nm using a PowerWave
XZ microplate spectrophotometer (Biotek Instruments, Winooski, VT, USA). The recorded optical
density measurements (OD) were then used to determine the protein concentration for each sample
from a standard curve. Total protein concentrations in all samples were determined using a Detergent
Compatible Assay (Bio-Rad, Hercules, CA, USA) following the manufacturers’ directions. Total protein
concentrations were used to normalize concentrations of target proteins derived from ELISA assays.

4.11. Quantification of Eosinophil Activity

Vaginal canals stored in hexadecyl trimethylammonium bromide (HTAB) buffer were homogenized
into whole cell lysates after adding 0.5% HTAB at a volume of four times larger than the storage
buffer. All samples were sonicated, freeze-thawed thrice, re-sonicated for optimal homogenization,
and centrifuged to separate cellular debris, after which the resulting supernatant was incubated in a
substrate solution containing 0.025% hydrogen peroxide, 16 mmol/L o-phenylenediamine, and PBS in
a 96-well plate. After 30 min, absorbances were read at 490 nm. All measured optical densities (OD)
were divided by the mass of wet tissue to obtain OD/g of wet tissue.

4.12. Vaginal 16S rRNA-Based Microbiome Profiling and Analysis

To investigate the effect of MI sensitization and challenge on the vaginal microbiota, we collected
vaginal microbial biomass by lavage as previously described [8] using 100 μl of sterile PBS before
sensitization (day 0), post-sensitization (day 6), and after 3 and 10 daily challenges of MI or saline
(experiment days 7 and 14). Lavage samples were frozen immediately at –80 ◦C until processing.
Genomic DNA was extracted by the University of Minnesota Genomics Center, followed by 16S
rRNA gene amplification using Nextera library-compatible primers flanking the V3–V4 hypervariable
regions in a dual-indexing protocol [65]. Libraries were verified with 16S qPCR and normalized based
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on molecular copy number, and then sequenced on an Illumina MiSeq with v3 reagents in 2 × 300
paired-end mode.

We used the quality control pipeline SHI7 [66] to stich paired reads, trim adaptors, and a quality
filter with a trimming threshold of 32 and a mean quality score of 33. This yielded 1,671,150 reads
that were then aligned to a custom database from the NCBI RefSeq 16S rRNA Targeted Loci Project
(https://www.ncbi.nlm.nih.gov/refseq/targetedloci/) at 97% identity with the accelerated optimal gapped
alignment engine BURST [66], run in CAPITALIST mode. OTUs present in less than 5% of samples, and
samples with less than 200 counts, were dropped, leaving 33 samples for downstream analysis, with
an average read count of 10,411 per sample. Initial diversity analyses were performed using QIIME2
v.2018.11 (https://qiime2.org/) [67], and further statistical tests and visualizations were performed in R
v3.5.0 (R Foundation for Statistical Computing, Vienna, Austria; https://www.R-project.org/), using the
packages ggplot2 and splinectomeR [68].

4.13. Statistical Analysis

Data were processed using Excel (Microsoft, Redmond, WA, USA) or FlowJo Software (FlowJo,
Ashland, OR, USA) and graphed using PRISM 5.0 (GraphPad, San Diego, CA, USA). One-way analysis
of variance (ANOVA), post hoc Tukey honest significant different (HSD) analyses, or unpaired Student’s
t-test were run using JMP software (v. 10, SAS, Cary, NC, USA) to compare treatment groups at
designated time points. Statistical significance will be defined as p < 0.05, p < 0.01, and p < 0.001
between the two treatment groups and indicated by *, **, and ***, respectively.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/
5361/s1.
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Abstract: The cell-autonomous circadian clock regulates IgE- and IL-33-mediated mast cell activation,
both of which are key events in the development of allergic diseases. Accordingly, clock modifiers
could be used to treat allergic diseases, as well as many other circadian-related diseases, such as sleep
and metabolic disorders. The nuclear receptors REV-ERB-α and -β (REV-ERBs) are crucial components
of the circadian clockwork. Efforts to pharmacologically target REV-ERBs using putatively specific
synthetic agonists, particularly SR9009, have yielded beneficial effects on sleep and metabolism. Here,
we sought to determine whether REV-ERBs are functional in the circadian clockwork in mast cells and,
if so, whether SR9009 affects IgE- and IL-33-mediated mast cell activation. Bone marrow-derived mast
cells (BMMCs) obtained from wild-type mice expressed REV-ERBs, and SR9009 or other synthetic
REV-ERBs agonists affected the mast cell clockwork. SR9009 inhibited IgE- and IL-33-mediated mast
cell activation in wild-type BMMCs in association with inhibition of Gab2/PI3K and NF-κB activation.
Unexpectedly, these suppressive effects of SR9009 were observed in BMMCs following mutation of
the core circadian gene Clock. These findings suggest that SR9009 inhibits IgE- and IL-33-mediated
mast cell activation independently of the functional circadian clock activity. Thus, SR9009 or other
synthetic REV-ERB agonists may have potential for anti-allergic agents.

Keywords: REV-ERBs; mast cells; IgE; IL-33; circadian clock

1. Introduction

The circadian clock controls a large proportion of genes in a cyclic manner, thereby
regulating the timing of cellular activities [1,2]. The circadian clock consists of a cell-autonomous
transcription–translation feedback loop involving several clock genes. Briefly, the transcription factors
BMAL1 (Arntl) and CLOCK heterodimerize, bind to E-box motifs throughout the genome, and activate
transcription of their own repressors Period (Per1-3) and Cryptochrome (Cry1, 2). The PER and CRY
proteins form oligomers and enter the nucleus, where they inhibit BMAL1/CLOCK activity. This
negative-feedback loop takes ~24 h to be completed, with several post-transcriptional regulation.
Accordingly, the circadian clock controls periodic expression of thousands of clock-controlled genes
(CCGs) with E-box motifs in their promoter/enhancer regions other than Per and Cry.

Previously, we showed that in mouse mast cells, Clock binds to E-box motif in the promoter of
β-subunit gene of the high-affinity IgE receptor FcεRIβ or IL-33 receptor ST2 in a circadian manner,
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contributing to day–night variation in IgE- and IL-33-mediated mast cell activation [3,4]. Because
IgE- and IL-33-mediated mast cell activation plays a key role in the development and maintenance of
allergic diseases [5,6], synthetic compounds capable of modifying the period, phase, or amplitude of
clock gene expression in mast cells may have potential as new anti-allergy drugs [7,8].

The nuclear receptors REV-ERB-α (Nr1d1) and REV-ERB-β (Nr1d2) (REV-ERBs) function as
transcriptional repressors. REV-ERBs regulate the expression of genes involved in the control of
circadian rhythm, metabolism, and inflammatory response [9–11]. As components of the circadian clock,
REV-ERBs provide a stabilizing loop that regulates the timing and amplitude of Bmal1 [1,2]. Briefly, the
BMAL1/CLOCK heterodimer activates transcription of REV-ERBs and, in turn, REV-ERB-α/REV-ERB-β
proteins repress Bmal1 expression by competing bindings of transcriptional activators, RORα and
RORγ, to the ROR-response element (RRE) in the Bmal1 promoter.

Recent studies have shown that pharmacologically targeting of REV-ERBs using putatively
specific synthetic agonists, particularly SR9009 [12], has beneficial effects on circadian rhythm disorders,
including jet lag, sleep disturbance, metabolic disease, inflammation, and cancer [12–15]. For instance,
administration of SR9009 induces wakefulness and reduces rapid-eye-movement (REM) and slow-wave
sleep in mice [13]. However, it remains unclear whether mast cells express functional REV-ERBs, and
if so, whether synthetic REV-ERB agonists such as SR9009 would have beneficial in these cells.

Hence, in this study, we sought to determine whether mast cells express functional REV-ERBs,
and if so, whether SR9009 affects IgE- and IL-33-mediated mast cell activation. Our results revealed
that REV-ERBs are functional in mast cells, and that SR9009 inhibits IgE- and IL-33-mediated mast
cell activation. Unexpectedly, this inhibition was independent of functional clock activity. These
findings suggest that SR9009 or other synthetic REV-ERB agonists may have therapeutic potential
against allergic diseases.

2. Results

2.1. Mast Cells Express Functional REV-ERBs

First, we investigated whether REV-ERBs are expressed and functional in mast cells. For this
purpose, we examined the kinetics of the mRNA levels of REV-ERB-α and REV-ERB-β as well as two
other major clock genes, Per2 and Bmal1, in bone marrow-derived mast cells (BMMCs) from wild-type
mice. REV-ERB-α and REV-ERB-β mRNAs were expressed at considerable levels comparable to Per2
and Bmal1 in wild-type BMMCs (Threshold Cycle (Ct value) of each gene in the real-time quantitative
PCR experiments were as follows; REV-ERB-α: 32~34, REV-ERB-β: 30~32, Per2: 31~33, Bmal1:
30~32). REV-ERB-α, but not REV-ERB-β, mRNA exhibited oscillations (REB-ERB-α: p = 4.15 × 10−5,
REV-ERB-β: p = 0.26, one-way ANOVA) with a peak at 18 h following a medium change to synchronize
the mast cell clock (Figure 1a). Per2 and Bmal1 mRNA levels exhibited circadian oscillations (Per2:
p = 9.44 × 10−9, Bmal1: p = 9.89 × 10−7, One-way ANOVA), as previously reported (Figure 1a) [16].
Because no good anti-REV-ERB-α or -β antibody is available, we were unable to confirm REV-ERB-α
and -β expression in BMMCs at the protein level. Consistent with a model in which transcription
of REV-ERBs is activated by the BMAL1/CLOCK heterodimer [1,2], BMMCs from Clock-mutated
mice [17] expressed significantly much lower levels of REV-ERB-α and REV-ERB-β mRNA expression
than BMMCs from wild-type mice (Figure S1).
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Figure 1. Mast cells express REV-ERBs and synthetic REV-ERB agonists can synchronize the mast cell
clockwork. (a) Kinetics of the mRNA expression changes of REV-ERB-α, -β, Per2, and Bmal1 at the
indicated time points after a medium change in constitutively cultured wild-type BMMCs. The values
represent the means ± SD (n = 3) (one-way ANOVA). (b) Monitoring of PER2LUC bioluminescence of
BMMCs derived from PER2LUC knock-in mice after the medium change for 120 h. Synthetic REV-ERB
agonists (10 μM) were added to the culture 72 h after the start of the monitoring (black arrow).

We next examined the effects of SR9009 and other synthetic REV-ERBs agonists SR9011 [12] and
GSK4112 [14] on the mast cell clockwork in vitro. We confirmed that treatment of wild-type BMMCs
with SR9009, SR9011, or GSK4112 for 24 h at a concentration of 1 or 10 μM did not affect cell viability, as
judged by a metabolic assay (NAD(P)H-based: WST-1 assay) (Figure S2a) and expression of Annexin V
(Figure S2b); by contrast, a dose of 50 μM exerted cytotoxicity. Therefore, in this study, we used 10 μM,
the most commonly used concentration among published studies [12,14,15].

We previously showed that the mast cell clockwork (i.e., the kinetics of PER2 expression) can
be evaluated in vitro [3], based on monitoring of bioluminescent emission of BMMCs from Per2Luc

knock-in mice, which express PER2 as a luciferase fusion protein [18] (PER2LUC BMMCs). A simple
medium change triggers synchronization of the circadian clocks in peripheral cells in vitro [19].
Accordingly, the mast cell clockwork (as reflected by the oscillation of PER2LUC) was observed from
0 to 72 h after a media change, as previously described (Figure 1b) [3]. The PER2LUC oscillation
may have been limited to 0–72 h due to a lack of oscillator coupling in dissociated cell cultures
without internal zeitgebers (‘time givers’ in German), leading to damping of the ensemble rhythm
at the population level [3]. We found that addition of 10 μM SR9009, SR9011, or GSK4112 72 h
after the medium change recovered the mast cell clockwork (i.e., PER2LUC oscillation) for another
48 h (Figure 1b), suggesting that activation of REV-ERBs by these reagents can synchronize the mast
cell clockwork at the population level. Collectively, these results suggested that mast cells express
functional REV-ERBs, and that SR9009 or other synthetic agonists can affect the mast cell clockwork.

2.2. SR9009 and Other Synthetic Agonists of REV-ERBs Inhibit IgE- and IL-33-Mediated Mast Cell Activation

We next examined the effects of SR9009 and other synthetic REV-ERBs agonists on IgE- and
IL-33-mediated activation in mast cells. Pretreatment of wild-type BMMCs for 1 h with 10 μM SR9009,
SR9011, or GSK4112 inhibited IgE-mediated degranulation, as judged by β-hexosaminidase release,
histamine release, and CD63 expression (Figure 2a, Figure S3). IgE-mediated IL-6 and IL-13 protein
expression in wild-type BMMCs was also suppressed by pretreatment with 10 μM SR9009, SR9011,
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and GSK4112 for 1 h (Figure 2b). Importantly, intraperitoneal administration of SR9009 inhibited
passive cutaneous anaphylactic (PCA) reaction, a classical in vivo model of IgE/mast cell-mediated
skin allergic response, in wild-type mice (Figure 2c). Similarly, pretreatment of wild-type BMMCs
for 1 h with 10 μM SR9009, SR9011, or GSK4112 inhibited IL-33-mediated IL-6 and IL-13 protein
expression in wild-type BMMCs (Figure 2d). We also found that pretreatment of wild-type BMMCs for
1 h with 10 μM SR9009, SR9011, or GSK4112 inhibited LPS-mediated IL-6 and IL-13 protein expression
in wild-type BMMCs (Figure S4a).

Figure 2. Inhibition of IgE- and IL-33-mediated mast cell activation by synthetic REV-ERB agonists.
(a) IgE-mediated release of β-hexosaminidase (left) or CD63 upregulation (right) in wild-type and
Clock-mutated BMMCs in the presence or absence of 10 μM synthetic REV-ERB agonists (n = 3).
(b) IgE-mediated IL-6 and IL-13 production from wild-type or Clock-mutated BMMCs in the presence
or absence of 10 μM synthetic REV-ERB agonists (n = 4). (c) PCA reactions in wild-type mice i.p.
treated with vehicle or 100 mg/kg SR9009. Representative pictures of the skin color reactions (upper left
panels) and the digitalized images of the density value evaluations (lower left panels). The quantitative
analysis of the data is shown in the right panel. (n = 5). (d) IL-33-mediated IL-6 and IL-13 production
from wild-type or Clock-mutated BMMCs in the presence or absence of 10 μM synthetic REV-ERB
agonists (n = 4). The values represent the means ± SD (error bars). * p < 0.05.

Similar to wild-type BMMCs, 10 μM SR9009, SR9011, and GSK4112 inhibited IgE-mediated
degranulation and IgE- and IL-33-mediated IL-6 and IL-13 expression in wild-type fetal skin-derived
mast cells (FSMCs), mouse connective tissue-type skin-derived mast cells (Figure S5).

Unexpectedly, these suppressive effects of SR9009, SR9011, and GSK4112 were also observed in
BMMCs derived from Clock-mutated mice (Figure 2a–d), suggesting that suppression of IgE- and
IL-33-mediated mast cell activation by SR9009 or other synthetic REV-ERB agonists does not require
functional circadian clock activity. In addition, we found that IL-33-mediated IL-13 production was
significantly lower in Clock-mutated BMMCs than in wild-type BMMCs (Figure 2b,d), suggesting that
Clock mutation can affect IL-13 production via IL-33 in mast cells.

2.3. SR9009 Inhibits IgE- and IL-33-Mediated Activation of the Gab2/PI3K and NF-κB Pathways in Mast Cells

To investigate the mechanisms by which SR9009 suppresses IgE- and IL-33-mediated mast cell
activation, we examined the drug’s effects on IgE- and IL-33–induced intracellular signaling pathways
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leading to degranulation or cytokine expression such as the Gab2/PI3K pathway and NF-κB and p38
MAPK pathways [5,6,20,21].

The Gab2/PI3K pathway is critical in FcεRI signaling leading to degranulation in mast cells [22].
Briefly, stimulation of FcεRI phosphorylates Gab2 probably by Syk and Src family protein-tyrosine
kinases Syk or Lyn. Then, phosphorylated Gab2 binds to the p85 subunit of PI3K and recruits PI3K
to its substrate lipids, thereby leading to PLCγ activation and degranulation. Interestingly, SR9009
inhibited IgE-mediated phosphorylation of Gab2 and the p55 subunit of PI3K in wild-type BMMCs
(Figure 3a). SR9009 did not affect Gab2 mRNA expression in wild-type BMMCs (Figure S6). In contrast
to IgE stimulation, IL-33 did not induce phosphorylaton of Gab2 in wild-type BMMCs.

Figure 3. Effects of SR9009 on IgE- and IL-33-mediated intracellular signaling in wild-type BMMCs.
(a) Western blot analysis of phospho-Gab2, phospho-p55 PI3K, phospho-p38 MAPK, and phospho-p65
in wild-type BMMCs stimulated with IgE or IL-33 for 10 min in the presence or absence of 10 μM
SR9009. The level of β-actin is shown at the bottom as a loading control. (b) Luciferase assay of NF-κB
activity in wild-type BMMCs treated with IgE- or IL-33 in the presence or absence of 10 μM SR9009
(n = 3). The values represent the means ± SD. * p < 0.05.

Both the NF-κB and p38 MAPK pathways mediate IgE- or IL-33-mediated transcriptonal activation
of cytokine gene expression [5,6,20,21]. SR9009 inhibited IgE- and IL-33–induced phosphorylation
of p65, a subunit of NF-κB, but did not affect IgE- or IL-33–induced phosphorylation of p38 MAPK
in wild-type BMMCs (Figure 3a). In addition, a reporter assay showed that SR9009 suppressed IgE-
or IL-33-mediated transcriptional activation of NF-κB in BMMCs (Figure 3b). SR9009 also inhibited
LPS-mediated transcriptional activation of NF-κB in BMMCs (Figure S4b). Consistent with these
findings, SR9009 inhibited IgE-, IL-33-, and LPS-mediated IL-6 and IL-13 mRNA expression in wild-type
BMMCs (Figure S7).

We found that SR9009 did not affect surface expression levels of FcεRI or IL-33 receptor ST2
in wild-type BMMCs (Figure S8). Together, these results suggest that inhibition of the Gab2/PI3K
and NF-κB pathways, but not p38 MAPK, contributes to the suppressive effects of SR9009 on IgE- or
IL-33-mediated degranulation and cytokine gene expression of mast cells.

2.4. SR9009 May Inhibit IgE- and IL-33-Mediated Mast Cell Activation Independently of REV-ERBs

The inhibitions of mast cell activation by SR9009 appeared to be independent of the functional
circadian clock activity (Figure 2). Thus, we asked whether the inhibitory actions of SR9009 depended
on its agonistic function. For this purpose, the effects of SR9009 on IgE- or IL-33-mediated mast cell
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activation were examined when REV-ERBs expression were knocked-down by specific siRNAs in
wild-type BMMCs.

Both REV-ERBα and β mRNA expressions were significantly downregulated using the specific
siRNAs in wild-type BMMCs by ~80% compared to those in wild-type BMMCs using the control
siRNAs (Figure 4a). Unexpectedly, pretreatment of the REV-ERBs knocked-down BMMCs for 1 h
with 10 μM SR9009 inhibited IgE-mediated degranulation, as judged by β-hexosaminidase release and
CD63 expression (Figure 4b). IgE- and IL-33-mediated IL-13 protein expression was also suppressed
by pretreatment with 10 μM SR9009 for 1 h in REV-ERBs knocked-down BMMCs (Figure 4c,d). These
results suggest that the inhibitory actions of SR9009 on IgE- and IL-33-mediated mast cell activation
may not depend on its agonistic function through REV-ERBs.

Figure 4. Inhibition of IgE- and IL-33-mediated mast cell activation by SR9009 in REV-ERBs
knocked-down BMMCs. (a) REV-ERB- α and -β mRNA expression after the specific or control
siRNA transfection (n = 3). (b) IgE-mediated release of β-hexosaminidase (left) or CD63 upregulation
(right) in siRNA transfected BMMCs in the presence or absence of 10μM SR9009 (n= 3). (c) IgE-mediated
IL-13 production from siRNA transfected BMMCs in the presence or absence of 10 μM SR9009 (n = 3).
(d) IL-33-mediated IL-13 production from siRNA transfected BMMCs in the presence or absence of
10 μM SR9009 (n = 3). The values represent the means ± SD. *p < 0.05.

3. Discussion

Molecular understanding of the circadian clock is opening new therapeutic frontiers for several
diseases—including sleep and metabolic disorders, inflammatory diseases, and cancer—through
pharmacological targeting of circadian clock components [23]. Given that IgE- and IL-33-mediated
mast cell activation is under the control of the circadian clock [3,4] and synthetic REV-ERBs agonists,
particularly SR9009, have exhibited many beneficial effects in animal models of circadian-related
disorders [12–15], this study sought to determine whether mast cells express functional REV-ERBs and
SR9009 affects IgE- and IL-33-mediated mast cell activation. The current results suggest that SR9009
or other synthetic REV-ERB agonists can synchronize the mast cell clockworks and inhibit IgE- and
IL-33-mediated mast cell activation.

SR9009 significantly inhibited IgE- and IL-33-mediated mast cell activation (Figure 2). The
Gab2/PI3K pathway is critical in FcεRI signaling leading to degranulation in mast cells [22] and
the NF-κB pathway mediates IgE- or IL-33-mediated transcriptonal activation of cytokine gene
expression [5,6,20,21]. Thus, it is likely that SR9009 and other synthetic REV-ERB agonists inhibited
IgE-mediated degranulation and IgE- and IL-33-mediated IL-6 and IL-13 expression through the
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suppression of the Gab2/PI3K and NF-kB pathways, respectively. Because the Gab2/PI3K pathway
play a partial role in IgE-mediated cytokein expression [22], inhibition of this pathway by SR9009 may
be also involved in the suppression of IgE-mediated IL-6 and IL-13 expression.

It remains to be determined how SR9009 inhibits the Gab2/PI3K and NF-κB pathways. However,
regarding the NF-κB pathway, there were several reports that address the inhibitory mechanisms of
SR9009 on the NF-κB pathway, including transcriptional repression of NF-κB–related genes such as
IL-6 [24], p65 [25], and induction of FABP4, an intracellular lipid-binding protein [26]. In contrast, it
remains totally unclear how SR9009 inhibits IgE-mediated Gab2/PI3K activation in mast cells.

Pretreatment of Clock-mutated BMMCs with SR9009 and other synthetic REV-ERBs agonists for
1 h can suppress IgE- and IL-33-mediated activation, as in wild-type BMMCs (Figure 2). Moreover,
given that treatment of wild-type PER2LUC BMMCs with SR9009, SR9011, or GSK4112 did not affect
PER2LUC expression 1 h after the addition of the agent (Figure 1b), the suppressive effects of SR9009 or
other synthetic REV-ERB agonists may be independent of functional circadian clock activity and PER2
expression in mast cells. The observation that treatment of wild-type BMMCs with SR9009 for 1 h did
not affect the expression of FcεRI or ST2 (Figure S8) also support this idea, as expression of FcεRI and
ST2 is under the control of mast cell clock activity [3,4].

Surprisingly, SR9009 inhibited IgE- or IL-33-mediated activation in REV-ERBs knocked-down
BMMCs (Figure 4). Thus, the inhibitory actions of SR9009 on IgE- and IL-33-mediated mast cell
activation may be independent on its agonistic function through REV-ERBs. Most recently, Dierickx et al.
reported that SR9009 has REV-ERB-independent effects on cell proliferation and metabolism [27]. They
showed that SR9009 can decrease cell viability, rewire cellular metabolism, and alter gene transcription in
hepatocytes and embryonic stem cells derived from REV-ERB-α and -β double knockout mice although
the mechanisms remain unclear. Thus, SR9009 and possibly other SR9009-related synthetic REV-ERB
agonists might inhibit IgE- and IL-33-mediated mast cell activation independently of REV-ERBs.
However, it should be noted that REV-ERBs knocked-down BMMCs still express REV-ERB-α and
REV-ERB-β mRNAs, albeit at very low levels and SR9009 could exert its function through the residual
expression of REV-ERBs.

Clock mutation decreases IL-33-mediated IL-13 production in BMMCs (Figure 2b,d). Kawauchi et
al. reported that IL-33-mediated IL-6 and IL-13 production exhibit a time-of-day–dependent variation
in synchronized, but not Clock-mutated, BMMCs [4]. Thus, it is likely that Clock may be involved
in the circadian regulation of IL-33-mediated IL-13 production, although the mechanisms involved
remain to be determined.

In summary, our findings show that activation of REV-ERBs by SR9009 or other synthetic REV-ERBs
agonists can inhibit IgE- and IL-33-mediated activation of mast cells in association with suppression of
the Gab2/PI3K and NF-κB pathways. Thus, modulation of REV-ERB activity by synthetic REV-ERB
agonists may have potential for broad ranges of allergic diseases.

4. Materials and Methods

4.1. Materials

Reagents used in this study were acquired from the indicated suppliers: SR9009 (Merck
Millipore, Burlington, MA, USA); SR9011, GSK4112, LPS, and Evans blue (Sigma-Aldrich, St. Louis,
MO, USA); recombinant mouse IL-3 (PeproTech, Rocky Hill, NJ, USA); recombinant mouse IL-33
(R & D Systems, Minneapolis, MN, USA); anti-TNP IgE, anti-DNP mouse IgE mAb, anti-mouse
CD16/32, PE-conjugated anti-mouse c-kit Ab, and APC-conjugated anti-mouse ST2 Ab (BD Bioscience,
San Jose, CA, USA); DNP-BSA (Cosmo Bio, Tokyo, Japan); APC-conjugated anti-mouse CD63 Ab,
FITC-conjugated anti-mouse FcεRIα (BioLegend, San Diego, CA, USA); anti-phospho-NF-κB p65 Ab
(Ser536; #3033), anti-phospho-p38 MAPK Ab (Thr180/Thy182; #4511), anti-phospho-Gab2 Ab (Tyr452;
#3882), anti-phosph-PI3 Kinase p85 (Tyr458)/p55 (Tur199) Ab (#4228), and anti-β-actin Ab (#4970)
(Cell Signaling Technology, Danvers, MA, USA).
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4.2. Mice

Male 6–8-week-old C57BL/6 mice (Japan SLC, Tokyo, Japan), Per2Luciferase (Per2Luc) knock-in mice
(C57BL/6 background) where PERIOD2 (PER2) is expressed as a luciferase fusion protein [18], and
C57BL/6 ClockΔ19/Δ19 mice [17] were kept under 12-hour light / 12-hour dark conditions. ClockΔ19/Δ19

mice have an A-to-T point mutation in the 5’ splice site of intron 19 and consequently an in-frame
deletion of the whole exon 19 (ClockΔ19/Δ19), resulting in the loss of normal transcriptional activity [17].
All animal experiments were approved by the Institutional Review Board (IRB) of the University of
Yamanashi and carried out according to IRB guidelines (ethics committee: Koji Moriishi, Toshiyuki
Oda, Hiroaki Nagatomo, Hiroyuki Narita, Jiang Ling, Junichi Miyazaki, Kazuhiro Mori, and Teruhiko
Wakayama, approval code: A28-36, 14 August 2019).

4.3. Preparation of Bone Marrow-Derived Mast Cells (BMMCs) and Fetal Skin-Derived Mast Cells (FSMCs)

BMMCs were prepared from femoral bone marrow cell suspensions from male C57BL/6 mice,
Per2Luc mice, or ClockΔ19/Δ19 mice as previously described [3]. Briefly, crude bone marrow cells
were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 10 mM
nonessential amino acids, penicillin–streptomycin, 10 mM sodium pyruvate, and 50μM 2-ME (complete
RPMI 1640) in the presence of 10 ng/mL recombinant mouse IL-3 (rmIL-3). Floating cells were refreshed
twice per week, and further expanded for 2–4 weeks in fresh complete RPMI 1640 supplied with
rmIL-3. Finally, the cells (>90% FcεR1+c-kit+) were used as BMMCs without further purification.

Fetal skin mast cells (FSMCs) were generated from fetal skin of C57BL/6 mice on day 14, as
described previously [28]. Briefly, fetal skin was treated with trypsin diluted in medium to form a
single cell suspension. Then the cells were cultured in complete medium containing 20 ng/mL rmIL-3
and 20 ng/mL recombinant mouse SCF. After 2 weeks, non-adherent and loosely-adherent cells were
collected, and mast cells were collected by Percoll density-gradient centrifugation. Finally, the cells
(>90% FcεR1+c-kit+) were used as FSMCs.

4.4. Quantitative Real-Time PCR

Total RNA was isolated from BMMCs using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA).
RNA was quantified on a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Complementary DNA (cDNA) was synthesized using the ReverTra Ace RT-PCR Kit
(TOYOBO, Osaka, Japan). Quantitative real-time PCR (qPCR) was performed on a Step One Plus Fast
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) using qPCR Master Mix (Applied
Biosystems) with specific primers and probes against mouse REV-ERB-α, IL-13 (Applied Biosystems),
REV-ERB-β, IL-6, and GAPDH (IDT; Coralville, IA, USA). qPCR data were normalized against the
corresponding levels of GAPDH mRNA.

4.5. Measurement of Bioluminescence in BMMCs Generated from Per2Luc Mice

BMMCs generated from Per2Luc knock-in mice were centrifuged at 1500 rpm for 5 min, placed in a
35 mm Petri dish and incubated at 37 ◦C. As previously described, bioluminescence was monitored for
120 h at 10-min intervals using a dish-type luminometer (Kronos DioAB-2550; ATTO, Tokyo, Japan) [3].
After 72 h of medium change for synchronization, 10 μM REV-ERB agonists were added to the culture.

4.6. Flow Cytometry Analysis

BMMCs were stained with PE-conjugated anti-mouse c-kit, FITC-conjugated anti-mouse FcεRI,
APC-conjugated anti-mouse ST2, or APC-conjugated anti-mouse CD63 in the presence of rat anti-mouse
CD16/32. After washing with PBS, the stained cells were analyzed on a BD Accuri C6 flow cytometer
(BD Biosciences). Flow cytometry data were analyzed using the CellQuest software (BD Biosciences).
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4.7. Stimulations of BMMCs or FSMCs

BMMCs or FSMCs were incubated with 1μg/mL anti-DNP mouse IgE mAb for 1 h at 4 ◦C and, then,
incubated with or without REV-ERB agonists for 1 h at 37 ◦C. Then, these cells were stimulated with 1
μg/mL of anti-mouse IgE antibody for 1 h at 37 ◦C (for β-Hexosaminidase or histamine measurement)
or for 6 h at 37 ◦C (for IL-6 or IL-13 measurement). BMMCs or FSMCs were incubated with or without
REV-ERB agonists for 1 h at 37 ◦C and then stimulated with 1 ng/mL IL-33 or 1 μg/mL LPS for 6 h at
37 ◦C, followed by measurement of IL-6 and IL-13 in the culture supernatants.

4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of IL-6, IL-13, and histamine in supernatants of cell cultures were determined
by ELISA. Kits for mouse IL-6 (R & D Systems), mouse histamine (Oxford Biomedical Research,
Rochester Hills, MI, USA), mouse IL-13 (eBioscience/Thermo Fisher Scientific) were obtained from the
indicated suppliers.

4.9. β-Hexosaminidase Release Assay

BMMCs or FSMCs were incubated with 1 μg/mL anti-DNP mouse IgE mAb for 1 h at 4 ◦C, and
then stimulated with 1 μg/mL of anti-mouse IgE antibody with or without REV-ERB agonists for 1 h at
37 ◦C. Total release was obtained by adding 1% Triton buffer for 40 min. Supernatants were collected
from each well and mixed with p-nitrophenyl-N-acetyl-β-d-glucosaminide to determine the enzymatic
activity of the released β-hexosaminidase. After 90 min at 37 ◦C, the reaction was stopped by addition
of 0.2 M glycine solution, and OD (405 nm) was measured on a spectrophotometer.

4.10. Western Blot Analysis

Ten minutes after various stimulations, BMMCs were lysed in RIPA buffer (25 mM Tris-HCl, pH 7.6,
150 mM NaCl, 1% Triton ×100, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitor cocktail
(Merck Millipore, Burlington, MA, USA) and vanadate (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). Cell lysate was dissolved in sample buffer containing 50 mM dithiothreitol and
bromophenol blue, and then boiled for 5 min. Protein concentrations were measured on a NanoDrop
ND-1000. Proteins were subjected to SDS-PAGE and transferred to polyvinylidene fluoride membranes.
Blots were immersed in 5% milk blocking solution for 1 h at room temperature (RT), followed by
incubation with primary antibody solution overnight at 4 ◦C. Membranes were washed three times
with TBS/T, and then incubated in a secondary antibody solution for 1 h at RT. Immunoreactive proteins
were visualized using ECL Prime (GE Healthcare).

4.11. Reporter Assays

Using the Mouse Macrophage Nucleofector kit (VPA-1009; Lonza, Basel, Switzerland), BMMCs
were transiently transfected with the pNFκB-Luc reporter plasmid, with pRL-CMV as an internal
control. After 24 h, the transfected BMMCs were stimulated with IL-33 (1 ng/mL) or anti-mouse IgE
antibody (1 μg/mL) or LPS (1 μg/mL) in the absence or presence of REV-ERBs agonists. Relative NF-κB
luciferase activity was normalized against transfection efficiency.

4.12. Cell Viability Assay

After stimulations with synthetic REV-ERB agonists for 24 h, cell viability was monitored using the
Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto, Japan) and PE-Annexin V apoptosis detection
kit (BD Bioscience, San Jose, CA, USA).

4.13. Passive Cutaneous Anaphylaxis

Mouse anti-TNP IgE (100 ng) was intradermally injected into dorsal skin. After 24 h, 15%
Cremophor (vehicle) or SR9009 (100 mg/kg) was intraperitoneally injected. After 1 h, the mice
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were challenged by intravenous injection with 2.5mg/kg of DNP-BSA in PBS containing 0.2% Evans
blue dye. Vascular permeability was visualized 40 min later as blue staining of the injection areas
on the inside of the skin. Staining sites were digitized using a high-resolution color camera, and
images were saved JPEG files. The images analyzed using ImageJ 1.43 (NIH, Bethesda, MD, USA)
as previously described [3]. Briefly, the color-scale images (the upper panels) were converted to HSB
(hue/saturation/brightness) stack images, which were then split into hue, saturation, and brightness
images. The blue-stained areas were selected from the hue image using the threshold tool, afterwards
these images were combined with the saturation image. The density values for the blue-stained areas
were measured using the analyze tool.

4.14. siRNAs Experiments

All siRNAs were purchased from Invitrogen (now Thermo Fisher, Waltham, MA, USA). Specific
siRNAs against NR1D1 (stealthTM RNAi; Nr1d1MSS211361 [3_RNAI]) or NR1D2 (stealthTM RNAi:
Nr1d2MSS221355 [3_RNAI]) were used.

Transfection of wild-type BMMCs were performed with Mouse Macrophage Nucleofector Kit
(VPA-1009; Lonza, Basel, Switzerland). BMMCs were suspended in Nucleofector Solution to a final
concentration of 2 × 106 cells/100μL. The cells were transfected with 500 nM negative control or 250
nM specific siRNA of NR1D1 and NR1D2, respectively, using the Nucleofector II (Amaxa Biosystems,
now Lonza) program Y-001. Subsequently, the transferred cells were placed in a 20% FBS medium and
cultured in a 24-well plate. After 24 h, the transfected BMMCs were stimulated with anti-mouse IgE
antibody (1μg/mL), IL-33 (1 ng/mL), or LPS (1 μg/mL) in the absence or presence of 10 μM SR9009.

4.15. Statistical Analysis

Statistical analyses were performed using the unpaired Student’s t-test for two-group comparisons.
Multigroup comparisons were analyzed by one-way ANOVA with Tukey–Kramer post hoc test. A
value of p < 0.05 was considered to be significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6320/s1.
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Abstract: Accumulating evidence suggests that mast cells play critical roles in disruption and
maintenance of intestinal homeostasis, although it remains unknown how they affect the local
microenvironment. Interleukin-9 (IL-9) was found to play critical roles in intestinal mast cell
accumulation induced in various pathological conditions, such as parasite infection and oral
allergen-induced anaphylaxis. Newly recruited intestinal mast cells trigger inflammatory responses
and damage epithelial integrity through release of a wide variety of mediators including mast cell
proteases. We established a novel culture model (IL-9-modified mast cells, MCs/IL-9), in which
murine IL-3-dependent bone-marrow-derived cultured mast cells (BMMCs) were further cultured
in the presence of stem cell factor and IL-9. In MCs/IL-9, drastic upregulation of Mcpt1 and Mcpt2
was found. Although histamine storage and tryptase activity were significantly downregulated
in the presence of SCF and IL-9, this was entirely reversed when mast cells were cocultured with
a murine fibroblastic cell line, Swiss 3T3. MCs/IL-9 underwent degranulation upon IgE-mediated
antigen stimulation, which was found to less sensitive to lower concentrations of IgE in comparison
with BMMCs. This model might be useful for investigation of the spatiotemporal changes of newly
recruited intestinal mast cells.

Keywords: mast cell; IL-9; chymase; histamine; ATP

1. Introduction

Intestinal and respiratory tracts are constantly exposed to a wide variety of stimulatory factors
and are in a continuous state of change. Immune cells located at these tracts have to adapt themselves
to these changes in a timely manner. Mast cells are one of the most suitable immune cells that regulate
immune responses at such interfaces because they express a diverse array of surface receptors and
undergo flexible local transdifferentiation [1,2]. They were found not only to trigger inflammatory
responses but also to be involved in immune suppression [3]. Accumulating evidence suggests
that intestinal mast cells play critical roles in parasite expulsion through their multiple functions,
including regulation of epithelial and endothelial functions and modulation of innate and adaptive
immunity [4–6].

Interleukin-9 (IL-9), which was also found to be one of the critical mediators for worm expulsion,
was first identified as a mast cell growth factor [7]. IL-9 transgenic mice exhibited rapid expulsion of
the intestinal nematodes and local mastocytosis in epithelial layer of the gut, trachea and kidney [8–10].
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The number of intestinal mast cells were unchanged in the gene-targeted mice lacking IL-9 or IL-9
receptor-α chain, whereas oral-antigen-induced accumulation of intestinal mast cells was impaired
in these mice [11,12]. These findings indicate that IL-9 should trigger intestinal mastocytosis upon
parasite infection and newly recruited mast cells should make a significant contribution towards
worm expulsion. IL-9 was found to enhance stem cell factor (SCF)-mediated proliferation of murine
bone-marrow-derived cultured mast cells, although IL-9 alone could not support mast cell growth and
survival [13]. It remains largely unknown how transdifferentiation of intestinal mast cells should occur
under the influence of IL-9 and SCF.

IL-3-dependent bone-marrow-derived cultured mast cells (BMMCs) have been investigated as a
useful model of murine immature mast cells. BMMCs were initially regarded as a model of mucosal
mast cells, because they stored chondroitin sulphate E, rather than heparin, in their granules and had
lower amounts of histamine, both being characteristic of persistent mucosal mast cells [14]. However,
accumulating evidence has suggested that there are many differences among BMMCs, resident mucosal
mast cells and recruited mast cells upon parasite infection. IL-3 was found to play critical roles in
parasite expulsion and intestinal mastocytosis [15]. Murine mucosal mast cells recruited upon parasite
infection were found to highly express a series of chymase genes, such as Mcpt1 [16], although little or
no expression of these genes was confirmed in BMMCs. Furthermore, because the number of mucosal
resident mast cells is quite small, they remain to be fully characterized. Because BMMCs are highly
capable for further differentiation into mature mast cells, local reconstitution of BMMCs in recently
developed mast-cell-deficient mice has been used as one of the best suitable approaches to clarify
the functions of tissue mast cells [17]. We previously established a modified coculture method of
BMMCs using murine fibroblastic cell line, Swiss 3T3, which shared many characteristics with murine
cutaneous mast cells [18,19]. We tried to develop here a novel culture model, in which BMMCs were
further cultured in the presence of IL-9 and SCF. This model at least partly reflected the characteristics
of intestinally recruited mast cells and provided some insights into the process of transdifferentiation
of newly recruited mast cells in intestinal tissues.

2. Results

2.1. Combination of IL-9 and SCF Induced Expression of Mcpt1 and Mcpt2 and Depleted Histamine in
Murine BMMCs

Accumulating evidence suggests that SCF plays critical roles in growth and survival of murine
tissue mast cells, which are enhanced by IL-9 in mucosal tissues. BMMCs, which are regarded
as an immature mast cell population, were found to be obtained when murine bone marrow cells
were cultured for about one month in the presence of IL-3. They have potential to undergo further
differentiation in response to the environment changes. We first investigated the effects of IL-9
on BMMCs and found that IL-9 alone or in combination with IL-3 could not support the further
survival of BMMCs. We, therefore, added SCF, which is responsible for growth and maturation
of the connective-tissue-type mast cells and is also abundantly expressed in the intestinal tissues,
to the culture to support survival of the cultured mast cells. Expression of Mcpt1 and Mcpt2, both
regarded as characteristic of mucosal mast cells [13], was drastically induced during the culture
period in the presence of SCF and IL-9, whereas that of Mcpt5 and Cpa3 was upregulated and
maintained (Figure 1a–d). It was noteworthy that a drastic downregulation of Hdc, which encodes the
enzyme responsible for histamine synthesis, was unexpectedly observed (Figure 1e). We previously
demonstrated that Ptgr1, which encodes the enzyme involved in inactivation of the eicosanoids, was
expressed in the mucosal mast cells, not in the connective-tissue-type mast cells in murine stomach [20].
Expression of Ptgr1 was found to be moderately upregulated in our system (Figure 1f). Surface
expression levels of FcεRI and c-kit were significantly decreased in the presence of SCF and IL-9
(Figure 1g,h).
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Figure 1. Induction of the characteristic genes of mucosal mast cells in the presence of interleukin-9
(IL-9) and stem cell factor (SCF). (a–f) Bone-marrow-derived cultured mast cells (BMMCs) were
cultured in the presence of 10 ng/mL IL-9 and 30 ng/mL SCF for 16 days. Expression levels of mRNA of
(a) Mcpt1, (b) Mcpt2, (c) Mcpt5, (d) Cpa3, (e) Hdc and (f) Ptgr1 were measured by quantitative RT-PCR.
The expression levels were normalized by measuring mRNA expression of Gapdh. The values are
expressed as the means ± SEM (n = 3). Multiple comparisons were performed using one-way ANOVA
with the Dunnett post-test. Values with * p < 0.05 are regarded as significant (vs. day 0). (g,h) Surface
expression levels of (g) FcεRI and (h) c-kit of BMMCs (day 0, open columns) and MCs/IL-9 (day 12,
closed columns) were measured by flow cytometry as described in Section 4. The mean fluorescence
intensities are shown as the means ± SEM (n = 3, right panels). Statistical analysis was performed using
Student’s t-test. Values with * p < 0.05 and ** p < 0.01 are regarded as significant.

We then measured the enzymatic activities of the cultured mast cells. Chymotryptic activity was
significantly increased in BMMCs cultured in the presence of SCF and IL-9 for 12 days (designed
as IL-9-modified mast cells, MCs/IL-9), whereas tryptic activity was downmodulated (Figure 2a,b).
Carboxypeptidase A activities varied greatly in MCs/IL-9 (Figure 2c). In agreement with the expression
levels of Hdc, histamine synthesis was drastically suppressed in the presence of SCF and IL-9
(Figure 2d,e). Because tissue mast cells are often located next to cells expressing the membrane-bound
form of SCF, we performed the coculture with a murine fibroblastic cell line, Swiss 3T3, in the presence
of SCF and IL-9, and investigated the characteristics of the cocultured mast cells. The presence of
fibroblasts enhanced the induction of chymotryptic activity (Figure 2f). Carboxypeptidase A activities
were significantly induced in the cocultured MCs/IL-9 (Figure 2h). Regarding the tryptic activity and
histamine synthesis, the presence of fibroblasts reversed the actions of SCF and IL-9 (Figure 2g,i,j).
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Figure 2. Effects of Swiss 3T3 fibroblastic cell line on the characteristic changes of the cultured mast
cells in the presence of IL-9 and SCF. Enzymatic activities of (a,f) chymase, (b,g) tryptase and (c,h)
carboxypeptidase A were measured in BMMCs (open circles, a–c,f–h) and in MCs cultured in the
presence of IL-9 and SCF for 12 days (closed circles, a–c) and in MCs cocultured with Swiss 3T3
fibroblasts in the presence of IL-9 and SCF for 16 days (closed circles, f–h). Statistical analysis was
performed using Student’s t-test. Values with * p < 0.05 and ** p < 0.01 are regarded as significant.
(d,i) Cellular contents of histamine and (e,j) enzymatic activities of HDC were measured (d,e) in MCs
cultured in the presence of IL-9 and SCF and (i,j) in MCs cocultured with Swiss 3T3 fibroblasts in the
presence of IL-9 and SCF, respectively. Statistical analysis was performed using one-way ANOVA with
Dunnett’s test. Values with * p < 0.05 and ** p < 0.01 are regarded as significant (compared with Day-0).

2.2. Antigen-Induced Degranulation Was Attenuated in MCs/IL-9 When They Were Sensitized with Lower
Concentrations of IgE

Previous studies suggested that IL-9 alone should not be able to form a mast cell population from
hematopoietic stem cells in the bone marrow but could support the expansion and maturation of a
mucosal mast cell population [13]. We compared the characteristics of two model populations, BMMCs
as a newly recruited immature population and MCs/IL-9 as a more differentiated mucosal population.
MCs/IL-9 showed a similar profile to that of BMMCs in degranulation upon IgE-mediated antigen
stimulation when they were sensitized with 1 μg/mL of IgE, whereas the levels of degranulation
were significantly decreased in MCs/IL-9 when they were sensitized with 10 ng/mL IgE (Figure 3a,b).
Decreases in the levels of degranulation were also found in MCs/IL-9 when they were stimulated with
thapsigargin and A23187 (Figure 3c).

2.3. Degranulation of MCs/IL-9 in Response to ATP

Increased concentrations of ATP are often found in injured tissues and inflammatory sites. Several
recent studies have indicated the significance of ATP-mediated activation of tissue mast cells [21].
Remarkable levels of degranulation (>50%) were found in BMMCs when they were stimulated with
0.3 mM ATP (Figure 4a). Such prominent responses were not observed in MCs/IL-9. We investigated
the mRNA expression levels of several P2X receptor subtypes that have been previously reported to
be expressed in mast cells [22]. Moderate and high levels of expression of P2rx1, P2rx4 and P2rx7
along with very low levels of expression of P2rx3 were detected both in BMMCs and in MCs/IL-9
(Figure 4b,e). The expression levels of P2rx7 were slightly, but not significantly, elevated in MCs/IL-9.
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Figure 3. Comparison of the profiles of antigen-induced degranulation between BMMCs and MCs/IL-9.
(a,b) BMMCs (open circles) or MCs/IL-9 (closed circles) were sensitized with (a) 10 ng/mL or (b) 1 μg/mL
anti-TNP IgE (clone IgE-3) for 3 h at 37 ◦C. The cells were twice washed and stimulated with the
indicated concentrations of the antigen (TNP-conjugated BSA). The levels of degranulation were
determined by measuring the enzymatic activity of β-hexosaminidase. Values are presented as the
means ± SEM (n = 4). Multiple comparisons were performed using two-way ANOVA with the Sidak
test. Values with * p < 0.05 and ** p < 0.01 are regarded as significant. (c) BMMCs (open columns) or
MCs/IL-9 (closed columns) were stimulated without (C, vehicle) or with 300 nM thapsigargin (TG) or
1 μM A23187 (A). The levels of degranulation were determined by measuring the enzymatic activity of
β-hexosaminidase. Values are presented as the means ± SEM (n = 4). Statistical analysis was performed
using Student’s t-test. A value with ** p < 0.01 is regarded as significant.

Figure 4. Comparison of the profiles of ATP-induced degranulation between BMMCs and MCs/IL-9.
(a) BMMCs (open circles) and MCs/IL-9 (closed circles) were stimulated with the indicated concentrations
of ATP. The levels of degranulation were determined by measuring the enzymatic activity of
β-hexosaminidase. Values are presented as the means ± SEM (n = 4). Multiple comparisons were
performed using two-way ANOVA with the Sidak test. A value with ** p < 0.01 is regarded as
significant. (b–e) The levels of mRNA expression of (b) P2rx1, (c) P2rx3, (d) P2rx4 and (e) P2rx7 in
BMMCs (open circles) and MCs/IL-9 (closed circles) were measured by quantitative RT-PCR.
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2.4. Induction of the Inflammatory Cytokine Gene Expression in MCs/IL-9

Mast cells are known to be the sources of a wide variety of cytokines. We compared the cytokine
gene expression profiles between BMMCs and MCs/IL-9, considering IL-4, -5, -6, -13 and TNF-α
(Figure 5). Because TNF-α was found to be pre-formed in murine mast cells [23], the release of
TNF-α protein may not reflect the changes of mRNA expression. Overall, MCs/IL-9 were found to
be poor producers of these cytokines, which play critical roles in various intestinal inflammatory
responses, in comparison with BMMCs. MCs/IL-9 were found to be incapable of IL-4 synthesis.
Lipopolysaccharide (LPS) could induce the expression of proinflammatory cytokines such as IL-6 and
TNF-α in BMMCs, whereas it could only induce marginal levels of IL-6 in MCs/IL-9. MCs/IL-9 had
potential to produce IL-5, IL-6, IL-13 and TNF-α upon IgE-mediated antigen stimulation.

Figure 5. Comparison of transcriptional induction of various cytokines in between BMMCs and
MCs/IL-9. BMMCs (open circles) or MCs/IL-9 (closed circles) were sensitized with 1 μg/mL anti-TNP
IgE (clone IgE-3) for 3 h at 37 ◦C. The cells were twice washed and stimulated with the antigen
(100 ng/mL, TNP-conjugated BSA) for 1 h (IgE/Ag). In parallel, BMMCs (open circles) or MCs/IL-9
(closed circles) were stimulated with LPS (1 μg/mL) or ATP (1 mM) for 1 h at 37 ◦C. Expression levels of
mRNA of a series of cytokines ((a), IL-4; (b), IL-5; (c), IL-6; (d), IL-13; (e), TNF-α) were determined
by quantitative RT-PCR. Statistical significance for comparison between BMMCs and MCs/IL-9 was
determined by unpaired Student’s t-test. Values with * p< 0.05 and ** p< 0.01 are regarded as significant.

3. Discussion

We characterized a novel bone-marrow-derived cultured mast cell model, which partly reflected
the nature of newly recruited murine intestinal mast cells. Parasite infections or oral allergen-induced
immediate responses cause drastic changes in the intestinal mucosa, whereas it remains largely
unknown how local mast cells adapt themselves to these changes. We focused on the roles of SCF
and IL-9, both of which were found to have major impacts on newly recruited intestinal mast cells.
Accumulating evidence suggests that a large number of mast cells should be recruited into the intestinal
tracts and that activated mast cells should play critical roles in pathology of inflammatory bowel diseases
(IBD) and irritable bowel syndrome (IBS) [24–28], indicating that the characterization of intestinal mast
cells should contribute to development of novel therapies for these chronic inflammatory diseases.

We previously found significant increases in histamine storage in BMMCs cocultured with Swiss
3T3 fibroblasts in the presence of SCF [18]. SCF alone was found to have a potential to induce
histamine synthesis in BMMCs [29]. Here, histamine synthesis was abolished in the presence of SCF
and IL-9, suggesting that IL-9 should be a potent suppressor of histamine synthesis. Histamine could
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profoundly affect the intestinal homeostasis through multiple pathways. It promotes increased vascular
permeability and epithelial ion transport by acting on the H1 receptors [30,31] and recruits neutrophils
by acting on the H4 receptors [32]. Forward et al. demonstrated in vitro that histamine could attenuate
the suppressor functions of CD4+CD25+ T regulatory cells by acting on the H1 receptors [33]. IL-9
may adequately control the intestinal environment through limiting the effects of mast-cell-derived
histamine. Interestingly, contact with fibroblasts was found to cancel the effects of IL-9. Migration of
newly recruited mast cells in the intestinal tissues may stimulate histamine synthesis and promote
further inflammatory responses (Figure 6).

Figure 6. IL-9 has an impact on the characteristics of murine bone-marrow-derived cultured mast
cells. The combination of SCF and IL-9 induced the expression of Mcpt1 and Mcpt2 in murine
bone-marrow-derived cultured mast cells, as reported previously, and significantly suppressed the
histamine synthesis and storage. IL-9-modified mast cells (MCs/IL-9) were less sensitive to ATP
and the antigen in degranulation. The presence of fibroblasts recovered the histamine synthesis and
tryptase expression.

IL-9 was found to induce the expression of Mcpt1 and Mcpt2 [13], which was often found during
parasite infections and oral allergen-induced anaphylaxis [34,35]. Our findings are consistent with
these findings. The gene-targeted mice lacking Mcpt1 exhibited delayed expulsion of Trichinella spiralis,
but not of Nippostrongylus brasiliensis [36]. Transcriptional induction of Mcpt1 at the early phase should
be required for efficient expulsion of Trichinella spiralis. Recently, mucosal mast cells were found to
damage the epithelial barrier through release of Mcpt1 upon Candida albicans infection [37]. We noticed
that tryptic activity was significantly decreased in the presence of SCF and IL-9, whereas this trend was
entirely reversed by coculture with fibroblasts. This strict regulation of tryptase activity might reinforce
the hypothesis that migration of recruited mast cells should regulate the intestinal epithelial integrity.
In the jejunum of mice infected with Trichinella spiralis, Mcpt2+ mast cells were accumulated in the
mucosal layer at the early phase, with Mcpt2+ and Mcpt6+ mast cells being detected at the recovery
phase [35]. Mast cells recruited in the intestinal tissues upon parasite infection were often resident
after its complete expulsion and were involved in pathogenic changes of the epithelial integrity. The
gene-targeted mice lacking Mcpt6 exhibited less severe pathology than the wild-type mice in sodium
dextran sulfate and trinitrobenzene sulfonic acid (TNBS) induced colitis model [38], indicating that
Mcpt6 should be involved in disruption of the epithelial integrity.

A variety of cells were found to be involved in recruiting mast cells through the release of
IL-9. CD4+ IL-9 producing T cells (Th9) play critical roles in mast cell accumulation in allergic lung
inflammation [39]. In the tolerant allografts, CD4+CD25+Foxp3+ regulatory T cells were found to
recruit mast cells through production of IL-9 [40]. Interestingly, the mast cell itself was found to be
the source of IL-9, which was augmented by lipopolysaccharide [41–44]. These findings raised a
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possibility that the number of intestinal mast cells should be drastically increased via the positive
feedback loop. CD1d-restricted NKT cells, which are also the source of IL-9, were found to be involved
in the recruitment of mast cell progenitors to the lung upon the aerosolized antigen challenge [45].
In this model, IL-9 might be involved in the early step of pulmonary mastocytosis.

We characterized the stimulated mediator release of MCs/IL-9 in comparison with BMMCs.
BMMCs were found to be more sensitive to lower concentrations of IgE and the other secretagogues
than MCs/IL-9. Kurashima et al. demonstrated that extracellular ATP should play critical roles in
the pathology of TNBS-induced colitis model by acting on P2X7 purinoreceptors in intestinal mast
cells [46]. In our system, ATP induced expression of IL-4 and IL-13 in BMMCs, whereas little or no
induction of cytokine genes were observed in MCs/IL-9, raising a possibility that mast-cell-derived
inflammatory cytokines should function at a very early stage of inflammation. Intestinal mast cells
under the influence of IL-9 may contribute to inflammatory responses mainly through the release of
chymases, but not histamine and proinflammatory cytokines.

We here established a novel culture model, which might be useful for investigation of
spatiotemporal changes of the newly recruited intestinal mast cells. It should be required to integrate
the findings obtained in vitro and in vivo for in-depth understanding of mastocytosis in the intestinal
tissues and phenotypic changes of the intestinal mast cells.

4. Materials and Methods

4.1. Materials

The following materials were commercially obtained from the sources indicated:
ATP, an anti-dinitrophenyl IgE antibody (clone SPE-7), p-nitrophenyl-β-d-2-acetoamide-2-
deoxyglucopyranoside, probenecid and N-succinyl-Ala-Ala-Pro-Phe-pNA from Sigma-Aldrich
(St. Louis, MO, USA), fetal bovine serum (FBS) from Thermo Fisher Scientific (Waltham, MA,
USA), an anti-trinitrophenyl IgE antibody (clone IgE-3), an FITC-conjugated rat anti-mouse IgE
antibody, a phycoerythrin-conjugated rat anti-mouse CD117 antibody and Fc blocker (clone 2.4G2)
from BD Biosciences (San Diego, CA, USA), trinitrophenyl bovine serum albumin (TNP-BSA)
from LSL (Tokyo, Japan), H-D-Ile-Pro-Arg-pNA (S-2288) from Chromogenix (Milano, Italy),
N-(4-methoxyphenylazoformyl)-Phe-OH potassium salt (M-2245) from Bachem AG (Bubendorf,
Switzerland), thapsigargin from Merck Millipore (Billerica, MA, USA), Fura-2/AM from Dojindo
Laboratories (Kumamoto, Japan), recombinant mouse IL-9 from PeproTech (Rocky Hill, NJ, USA) and
recombinant mouse IL-3 from R & D Systems (Minneapolis, MN, USA). Murine SCF was prepared by
baculovirus expression system with Sf9 cells according to the procedure described previously [16].
All other chemicals were commercial products of reagent grade.

4.2. Animals

Specific-pathogen-free, 8- to 10-week-old male BALB/c mice were obtained from Japan SLC
(Hamamatsu, Japan) and were kept in a specific-pathogen-free animal facility at Okayama University.
This study was approved by the Committee on Animal Experiments of Okayama University (approved
#OKU2012218 and #OKU2015040).

4.3. Preparation of Bone-Marrow-Derived Cultured Mast Cells

Preparation of IL-3-dependent bone-marrow-derived cultured mast cells (BMMCs) was performed
as previously described [47]. Bone marrow cells obtained from male BALB/c mice were cultured
in the presence of 10 ng/mL murine recombinant IL-3 for ~30 days. More than 95% of the cells
exhibited metachromasy by acidic toluidine blue (pH 3.3) staining and were FcεRI+c-kit+ on the flow
cytometry. IL-9-modified mast cells (MCs/IL-9) were prepared by the culture of BMMCs in the presence
of 10 ng/mL IL-9 and 30 ng/mL SCF. Subculture was performed every other day for 12 days. In some
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experiments, BMMCs were cocultured with Swiss 3T3 cells, which were pretreated with mitomycin c
as described previously [18], in the presence of 10 ng/mL IL-9 and 30 ng/mL SCF.

4.4. Flowcytometry

The cultured cells were treated with 10 μg/mL Fc blocker (clone 2.4G2) for 10 min at 4 ◦C and then
further incubated with 12.5 μg/mL IgE (clone SPE-7) for 50 min at 4 ◦C. The surface expression levels
of FcεRI and c-kit were measured using FACSCalibur (BD Biosciences, San Diego, CA, USA) with an
FITC-conjugated rat anti-mouse IgE antibody and a phycoerythrin-conjugated rat anti-CD117 antibody.

4.5. Measurement of Granule Protease Activities

The enzymatic activities of three kinds of granule proteases, i.e., chymase, tryptase and
carboxypeptidase A, were measured using their specific substrates as described previously [18].
The cells were washed in phosphate-buffered saline (PBS), incubated in PBS containing 2 M NaCl and
0.5% Triton X-100 at 4 ◦C for 30 min and then centrifuged at 12,000× g for 30 min at 4 ◦C to obtain the
supernatant fractions. Chymotryptic activity was measured in 33 mM Tris-HCl, pH 8.3, containing
3.3 mM CaCl2 and 0.3 mM N-succinyl-Ala-Ala-Pro-Phe-pNA. Tryptic activity was measured in 33 mM
Tris-HCl, pH 8.3, containing 2 mM S-2288. Carboxypeptidase A activity was measured in 33 mM
Tris-HCl, pH 7.5, containing 0.6 mM M-2245. The enzymatic activity was calculated according to the
changes of the values of OD405.

4.6. Measurement of Enzymatic Activity of Histidine Decarboxylase

The cultured cells were homogenized in the lysis buffer (10 mM potassium phosphate, pH 6.8
containing 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 0.2 mM dithiothreitol, 0.01 mM
pyridoxal 5′-phosphate, 0.2 mM phenylmethylsulfonylfluoride, 0.1 mM benzamidine, 10 μg/mL
aprotinin, 10 μg/mL leupeptin, 10 μg/mL E-64, 1 μg/mL pepstatin A and 0.1% Triton X-100) and
centrifuged at 10,000× g for 30 min at 4 ◦C. The resultant supernatant was incubated in the assay buffer
(0.1 M potassium phosphate, pH 6.8 containing 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5′phosphate,
2% polyethylene glycol #300, 0.2 mM aminoguanidine and 0.8 mM L-histidine) at 37 ◦C for 4 h.
The reaction was stopped by adding perchloric acid (3%). Histamine was fluorometrically measured
by HPLC with a cation exchange column, WCX-1 (Shimadzu, Kyoto, Japan), after derivatization with
o-phthalaldehyde [48].

4.7. Measurement of Degranulation

The cultured cells were suspended in PIPES-buffer (25 mM PIPES-NaOH, pH 7.4 containing
125 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 5.6 mM glucose and 0.1% bovine serum albumin) and
then stimulated with the antigen or ATP for 30 min at 37 ◦C. They were centrifuged at 800× g at
4 ◦C for 5 min to obtain the supernatants (extracellular fractions, E). The resultant pellets were
resuspended in PIPES-buffer containing 0.5% Triton X-100 and were centrifuged at 10,000× g for 10 min
to obtain the supernatants (cell-associated fractions, C). The enzymatic activities of β-hexosaminidase
were measured using the specific substrate, p-nitrophenyl-β-D-2-acetoamide-2-deoxyglucopyranoside
(3.4 mM) in 67 mM citrate, pH 4.5. The amounts of p-nitrophenol were determined by measuring the
values of OD405. The percentages of degranulation were calculated; E/(C + E) × 100 (%).

4.8. Quantitative RT-PCR

Total RNAs were extracted from the splenocytes using NucleoSpin RNA Kit (TaKaRa Bio Inc.,
Kusatsu, Japan) and reverse transcribed using PrimeScriptTM RT Reagent Kit (TaKaRa Bio Inc.). First
strand DNAs were subjected to quantitative PCR using KOD SYBR qPCR Mix (TOYOBO, Osaka,
Japan) or SYBR Green PCR Master Mix (Thermo Fisher Scientific) with the specific primer pairs as
follows. Mcpt1: 5′-GCA CTT CTC TTG CCT TCT GG-3′, 5′-TAA GGA CGG GAG TGT GGT CT-3′;
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Mcpt2: 5′-GCA CTT CTT TTG CCT TCT GG-3′, 5′-TAA GGA CGG GAG TGT GGT TT-3′; Mcpt5:
5′-AGA ACT ACC TGT CGG C-3′, 5′-GTC GTG GAC AAC CAA AT-3′; Cpa3: 5′-GAT GTC TCG TGG
GAC T-3′, 5′-GCC GTA GAT GTA ACG GG-3′; Hdc: 5′-TGC ACG CCT ACT ATC CTG CTC TTA C-3′,
5′-TCT GTG CAA GCT GGG CTA GAT G-3′; Ptgr1: 5′-CAT CGT GAA TCG GTG G-3′; Il4: 5′-TCG
GCA TTT TGA ACG AGG TC-3′, 5′-GAA AAG CCC GAA AGA GTC TC-3′; Il5: 5′- ATG GAG ATT
CCC ATG AGC AC-3′, 5′-GTC TCT CCT CGC CAC ACT TC-3′; IL6: 5′-TGG AGT CAC AGA AGG
AGT GGC TAA G-3′, 5′-TCT GAC CAC AGT GAG GAA TGT CCA C-3′; Il13: 5′- CAG CTC CCT GGT
TCT CTC AC-3′, 5′-CCA CAC TCC ATA CCA TGC TG-3′; Tnf : 5′-AAG CCT GTA GCC CAC GTC
GTA-3′, 5′-GGC ACC ACT AGT TGG TTG TCT TTG-3′; P2rx1: 5′-CCA GGA CTT CCG AAG CCT
TGC-3′, 5′-AGA ACT GTG GCC ACT CCA AAG ATG-3′; P2rx3: 5′-TCT TGC ACG AGA AGG CCT
ACC AA-3′, 5′-GAT CTC ACA GGT CCG ACG GAC A-3′; P2rx4: 5′-GTG ACG TCA TAG TCC TCT
ACT GT-3′, 5′-TGC TCG TAG TCT TCC ACA TAC TT-3′; P2rx7: 5′-AGC CTG TTA TCA GCT CCG
TGC A-3′, 5′-TCA GGA CAC AGC GTC TGC ACT T-3′; Gapdh: 5′-TGT GTC CGT CGT GGA TCT
GA-3′, 5′-TTG CTG TTG AAG TCG CAG GAG-3′.

4.9. Statistics

Statistical significance between two independent groups was determined by unpaired Student’s
t-test. Statistical significance among multiple groups was determined using one-way ANOVA. Post-tests
were performed with the Dunnett multiple comparison test for comparison with the control groups or
the Tukey–Kramer multiple comparison test for all pairs of column comparison.
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Abstract: Cross-linking of antigen-specific IgE bound to the high-affinity IgE receptor (FcεRI) on the
surface of mast cells with multivalent antigens results in the release of mediators and development
of type 2 inflammation. FcεRI expression and IgE synthesis are, therefore, critical for type 2
inflammatory disease development. In an attempt to clarify the relationship between eosinophilic
chronic rhinosinusitis (ECRS) and mast cell infiltration, we analyzed mast cell infiltration at lesion
sites and determined its clinical significance. Mast cells are positive for c-kit, and IgE in uncinated
tissues (UT) and nasal polyps (NP) were examined by immunohistochemistry. The number of positive
cells and clinicopathological factors were analyzed. Patients with ECRS exhibited high levels of
total IgE serum levels and elevated peripheral blood eosinophil ratios. As a result, the number of
mast cells with membranes positive for c-kit and IgE increased significantly in lesions forming NP.
Therefore, we classified IgE-positive mast cells into two groups: membrane IgE-positive cells and
cytoplasmic IgE-positive cells. The amount of membrane IgE-positive mast cells was significantly
increased in moderate ECRS. A positive correlation was found between the membrane IgE-positive
cells and the radiological severity score, the ratio of eosinophils, and the total serum IgE level.
The number of cytoplasmic IgE-positive mast cells was significantly increased in moderate and
severe ECRS. A positive correlation was observed between the cytoplasmic IgE-positive cells and the
radiological severity score, the ratio of eosinophils in the blood, and the total IgE level. These results
suggest that the process of mast cell internalization of antigens via the IgE receptor is involved in
ECRS pathogenesis.

Keywords: mast cell; eosinophilic chronic rhinosinusitis; c-kit; IgE
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1. Introduction

Chronic rhinosinusitis (CRS) is a condition characterized by chronic mucosal inflammation in
paranasal sinuses for more than 12 weeks, which ultimately causes nasal obstruction, rhinorrhea,
and posterior nasal discharge. CRS is a disease with various etiologies and pathologies and is often
accompanied by headaches and olfactory disorders. One type of CRS is refractory eosinophilic chronic
rhinosinusitis (ECRS). Many patients with non-ECRS are cured by antibiotic administration or surgery.
However, ECRS forms multiple nasal polyps (NP) in a bilateral nature and tends to relapse even after
surgery [1,2]. This disease is relieved by steroid administration, and steroid therapy is considered to
be the most effective treatment [3,4]. ECRS lesions are characterized by an infiltration of numerous
eosinophils. Furthermore, in these patients, increases in peripheral blood allergic factors are observed,
including an increase in eosinophils and IgE. Additionally, this disease frequently occurs in patients
with aspirin intolerance, in which aspirin causes asthma [5].

Mast cells have a wide variety of functional molecules expressed on their surface, which facilitate
cell activation via chemical mediators that synthesize and secrete various cytokines during allergic or
innate immune responses, both of which are heavily influenced by the involvement of the acquired
immune system [6–8]. Mast cells have also been shown to interact with immune cells, such as T-cells,
B-cells, and dendritic cells, and to participate in transplant rejection and tumor immunity [9,10] while
also assisting in protection against viral and bacterial infection via Toll-like receptors (TLRs) [11,12].
Regarding allergies, it has been confirmed that mast cells interact with B-cells in the nasal mucosa
and bronchial mucosa at the time of allergic inflammation leading to the promotion of local IgE
production, suggesting the existence of an allergic exacerbation cycle [13]. Further, mast cells activated
by local inflammation express CD40L (CD154) and produce Th2 cytokines such as interleukin (IL)-4
and IL-13. It has also been shown that IgE production is induced by co-culturing nasal mucosal
mast cells from allergic rhinitis patients with B-cells in vitro [13]. This IgE produced in inflamed
regions serves to enhance high-affinity IgE receptor (FcεRI) expression on the surface of mast cells
and markedly increases sensitivity to this antigen [14]. Thus, it seems that the allergic exacerbation
cycle, responsible for further promoting the inflammatory response, will be initiated in the local
area of allergic inflammation. Herein, we focused on the fact that many patients with ECRS had a
predisposition to allergies, and thus, the current study sought to investigate mast cell expression and
its clinical significance in ECRS lesions.

2. Results

2.1. Patients’ Characteristics

Clinical features are shown in Table 1. Prior to surgery, each CRS patient was examined for serum
levels of IgE, eosinophil ratio, and 1-s forced expiratory volume/forced vital capacity (FEV1/FVC)
ratio. Serum IgE levels were found to be high in severe cases of ECRS (median; 476.2 IU/mL, n = 10),
while moderate and severe ECRS cases showed an increased eosinophil count in the peripheral blood.
Specifically, the mean blood eosinophil ratio was 5.6% for moderate ECRS and 10.8% for severe ECRS.
Further, the mean cognitive threshold in the baseline olfactory examination was particularly high in
patients with ECRS. Among 71 CRS patients, 57 patients exhibited nasal polyps (CRSwNP), with the
remainder exhibiting no visible NP in the middle meatus (CRSsNP; n = 14). Samples were divided into
six groups according to the CRS phenotype: uncinated process tissues (UT) from non-CRS (n = 13), UT
from CRSsNP (n = 14), NP from non-ECRS (n = 27), NP from mild ECRS (n = 8), NP from moderate
ECRS (n = 12), and NP from severe ECRS (n = 10) (Figure 1).
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Table 1. Subjects’ characteristics.

Groups
Non-CRS

(UT)
CRSsNP

(UT)
Non-ECRS

(NP)
Mild ECRS

(NP)
Moderate

ECRS (NP)
Severe ECRS

(NP)

Number 13 14 27 8 12 10
Age (years old) 61.4 (41–92) 60.5 (35–75) 57.6 (36–84) 56.8 (34–70) 52.5 (32–78) 49.5 (33–74)

Sex (female/male) 9/4 6/8 8/19 2/6 5/7 3/7
Blood eosinophil rate (%) 2.1 (0–5.9) 2.5 (0.8–8.6) 3.2 (0.1–7.3) 3.8 (2.6–4.7) 5.6 (1.7–7.9) 10.8 (4.6–22.8)
Serum total IgE (IU/mL) 34.5 (2–99) 141.7 (4–923) 164.6 (4–1322) 150.4 (10–452) 256.4 (34–1768) 476.2 (34–1899)

FEV1/FVC ratio (%) 83.8 (68.7–92.7) 77.3 (66.5–84.7) 78.3 (47.2–91.9) 76.3 (73.2–86.4) 76.0 (49.2–92.3) 72.8 (52.6–89.5)
CT grading score
(Lund–Mackay) 1.9 (1–3) 6.5 (1–14) 13.4 (3–24) 14.3 (8–22) 13.4 (7–21) 16.6 (10–24)

Comorbidity of asthma (n) 0 0 5 0 5 10
Comorbidity of NSAIDs

intolerance (n) 0 0 2 0 1 3

CRS, chronic rhinosinusitis; ECRS, eosinophilic chronic rhinosinusitis; CRSsNP, chronic rhinosinusitis without nasal
polyps; UT, uncinated tissues; NP, nasal polyps; FEV1/FVC ratio, 1-s forced expiratory volume/forced vital capacity
ratio; NSAIDs, nonsteroidal anti-inflammatory drugs.

Figure 1. Histological findings of non-chronic rhinosinusitis (CRS), CRS, and eosinophilic chronic
rhinosinusitis (ECRS). Hematoxylin and eosin staining at 400× magnification (high-powered field,
HPF). (A) non-CRS, (B) CRS with no visible NP in the middle meatus (CRSsNP), (C) non-ECRS, (D)
mild ECRS, (E) moderate ECRS, and (F) severe ECRS. In ECRS, infiltration of eosinophils under the
mucosa was observed.
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2.2. Histological Evaluation and Pathophysiological Significance of c-Kit-Positive Cells

The c-kit-positive mast cells were observed in each group (Figure 2), with the number of
c-kit-positive cells in UT and NP ranging from 0–18 (median: 5.3 cells/HPF) and from 2–36 (median:
9.6 cells/HPF), respectively, per high-power field (HPF). The number of c-kit-positive cells was
significantly higher in NP than in UT (p < 0.001; Figure 3A), which was then compared between the six
study groups. No significant differences were observed between the UT from the non-CRS group and
the CRSsNP group; however, the c-kit-positive cells were significantly increased in the groups forming
NP as compared to CRSsNP. The Kruskal–Wallis test revealed a significant difference in the number of
infiltrating c-kit-positive cells among these groups (p < 0.0001). However, no significant difference was
observed between non-ECRS and each ECRS group. In addition, the severity of ECRS and the number
of c-kit-positive cells were not directly related.

Figure 2. Immunohistochemical staining of c-kit in the diseased tissue. (A) non-CRS, (B) CRSsNP, (C)
non-ECRS, (D) mild ECRS, (E) moderate ECRS, and (F) severe ECRS. The surface membrane of mast
cells was positive for c-kit (400×magnification).
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Figure 3. Lesion infiltration by c-kit-positive cells and the number of c-kit-positive cells. (A) Examination
of the number of c-kit positive cells in the hotspot of each case. The number of c-kit-positive cells
increased in the nasal polyp groups (p < 0.0001, Kruskal–Wallis test). Relationship between the number
of c-kit positive cells and the preoperative CT score (B), eosinophil ratio in peripheral blood (C), and
total serum IgE level (D).

Next, we pathophysiologically characterized the degree of c-kit-positive cell infiltration in sinonasal
tissues. A significant positive correlation was found between the number of infiltrating c-kit-positive
cells and the radiological severity of CRS (r = 0.309, p = 0.006; Figure 3B). Conversely, no correlation
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was observed between the number of infiltrating c-kit-positive cells and peripheral blood eosinophilia
(r = 0.123, p = 0.265; Figure 3C) or total serum IgE level (r = 0.043, p = 0.710; Figure 3D).

2.3. Histological Evaluation and Pathophysiological Significance of IgE-Positive Cells

IgE-positive mast cells were observed in each group (Figure 4) and classified into two types: mast
cells that showed IgE-positive only in the membrane were termed “membrane IgE-positive mast cells”,
while mast cells with IgE positivity in the cytoplasm were designated “cytoplasmic IgE-positive mast
cells”. The number of each cell type was enumerated.

Figure 4. Immunohistochemical findings of IgE in the diseased tissue. (A) non-CRS, (B) CRSsNP, (C)
non-ECRS, (D) mild ECRS, (E) moderate ECRS, and (F) severe ECRS. IgE-positive cells increased in the
diseased tissue (400×magnification).

A higher number of membrane IgE-positive mast cells was observed in cases with NP compared
to those without, with the numbers of membrane IgE-positive mast cells in the UT and NP ranging
from 0–16 (median: 5.2 cells/HPF) and from 0–27 (median: 9.5 cells/HPF), respectively, per HPF.
The Kruskal–Wallis test further demonstrated that, although the number was not different between
UT from non-CRS and UT from CRSsNP, membrane IgE-positive mast cells increased in NP-forming
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groups. In addition, moderate ECRS showed a statistically significant increase compared to non-CRS
and CRSsNP (UT from non-CRS: p < 0.05; UT from non-ECRS: p < 0.05) (Figure 5A). However, no
significant difference was observed between non-ECRS and ECRS. Furthermore, comparing the clinical
data with membrane IgE-positive cells revealed that the number of membrane IgE-positive mast
cells was also positively correlated with radiological severity of CRS (r = 0.470, p < 0.001; Figure 5B),
peripheral blood eosinophilia (r = 0.327, p = 0.002; Figure 5C), and the total serum IgE level (r = 0.458,
p < 0.001; Figure 5D).

Figure 5. Lesion infiltration by membrane IgE-positive cells and the number of IgE-positive cells.
(A) Determination of membrane IgE-positive cell number in the hotspot of each case. The number
of membrane IgE-positive cells increased in the nasal polyp groups (p < 0.0025, Kruskal–Wallis test).
Relationships between the number of membrane IgE-positive cells and the preoperative CT score (B),
eosinophil ratio in peripheral blood (C), and total serum IgE level (D).
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Furthermore, cytoplasmic IgE-positive mast cells were found in lesions of moderate and severe
ECRS (Figure 6A–F). The number of these cells was statistically higher in moderate and severe ECRS
than in the other groups (p < 0.05 and p < 0.01, respectively; Figure 6G). The number of cytoplasmic
IgE-positive mast cells was also significantly correlated to radiological severity of CRS (r = 0.280,
p = 0.012; Figure 6H), peripheral blood eosinophilia (r = 0.404, p < 0.001; Figure 6I), and total serum
IgE (r = 0.500, p < 0.001; Figure 6J).

Figure 6. Cont.
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Figure 6. Lesion infiltration by cytoplasmic IgE-positive cells in each lesion. (A) non-CRS, (B) CRSsNP,
(C) non-ECRS, (D) mild ECRS, (E) moderate ECRS, and (F) severe ECRS. (G) Cytoplasmic IgE-positive
mast cells were significantly increased in moderate and severe ECRS lesions (p < 0.05 and p < 0.01,
respectively). Relationships between the number of cytoplasmic IgE-positive cells and the preoperative
CT score (H), eosinophil ratio in peripheral blood (I), and total serum IgE level (J).

3. Discussion

In this study, an increase in mast cells was observed in non-ECRS and ECRS lesions. Two types
of human mast cells have been described: mast cells that express both tryptase and chymase, found
in the subcutaneous connective tissue (TC-type mast cells; MCTC), and mast cells that express only
tryptase, found in the airway mucosa and intestinal mucosa (T-type mast cells; MCT) [15]. Baba
et al. reported increased numbers of MCTC in the epithelium, glands, and submucosa of ECRS
polyps, as well as increased numbers of MCT in the glands and submucosa of non-ECRS polyps [16].
Furthermore, it was suggested that the distribution of IgE-positive mast cell subtypes differs between
ECRS and non-ECRS [16]. As the present study did not analyze production of tryptase and chymase,
it is unclear which type of mast cells increased. However, it is presumed that MCT increased with
non-ECRS and MCTC increased with ECRS. In our study, the number of c-kit-positive cells and the
number of membrane IgE-positive mast cells increased in cases where NP were formed. In addition,
moderate and severe ECRS exhibited an increase in the number of cytoplasmic IgE-positive mast cells.
Mast cell endocytosis is caused by strong antigen stimulation and is a phenomenon in which FcεRI
and IgE antibodies on the membrane surface are taken into the cytoplasm. Mast cell endocytosis is
considered to be the cause of positive cytoplasmic IgE. Increased levels of IgE are believed to increase
the amount of FcεRI, which in turn induces increased levels of endocytosis [17]. In patients with
ECRS, IgE-positive cells are increased due to an allergic predisposition. In severe cases of ECRS, the
majority of patients have asthma, and excessive endocytosis may further activate the allergic reaction.
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In addition, sustained mucosal inflammation causes the cells to be susceptible to infection from bacteria
and viruses, resulting in strong antigen stimulation and further activation of the immune response.
The accumulation of these factors results in the activation of mast cells, which further increases IgE
levels. As such, we speculate that moderate or severe ECRS lesions may result in an increase in
mast cells positive for cytoplasmic IgE. In the present study, cytoplasmic IgE-positive mast cells were
significantly increased in moderate and severe ECRS, suggesting that the status of ECRS is primarily
allergic, involving activation of mast cells.

As an internal immune mechanism, mast cells are activated upon antigen stimulation to release
cytokines, such as IL-4, IL-13, and IL-5, which are classified as type 2 cytokines and are involved in the
production of IgE as well as the differentiation/proliferation of eosinophils, thus promoting eosinophil
expansion and production of IgE antibody by plasma cells. With increased severity of ECRS, mucosal
rupture may continuously occur, resulting in enhanced and sustained antigenic stimulation and further
mast cell activation, which subsequently cause an enhanced expression of FcεRI. Propagation of this
cycle is considered to lead to endocytosis of mast cells. In this study, since the patients’ blood samples
were not preserved due to the nature of the study being retrospective, it was not possible to quantify
Th2 cytokines in the blood. In addition, the quantification of these cytokines in tissues was not possible
due to the small amount of FFPE samples.

In addition, it has been reported that staphylococcal enterotoxin is likely to be involved
in eosinophilic inflammation of the nasal mucosa as a superantigen or as an adjuvant [18].
The staphylococcal enterotoxin of Staphylococcus aureus has been detected in NP and mucins, and
specific IgE against S. aureus enterotoxins has also been detected. Furthermore, the polyclonal increase
of nonspecific IgE in the nasal cavity is considered to be important for nasal polyp formation [19],
while also inducing differentiation of precursor cells to eosinophils and contributing to proliferation.
Furthermore, it has been reported that anti-IgE antibody therapy is an effective treatment for ECRS
accompanied by NP [20–22]. It has also been reported that anti-IL-5 antibodies were effective
against eosinophil-dominated NP [23]. IL-5 is an important cytokine for eosinophil migration and
activation. Taken together, it has been suggested that mast cells are involved in the mechanism of
ECRS accompanied by the formation of NP.

In a recent study, it has been reported that IgG4-positive cells increase significantly in severe
ECRS [24]. Particularly in allergic diseases, IgG4 is considered to act as a blocking agent for IgE
antibodies induced by the antigen. Furthermore, mast cells positive for cytoplasmic IgE have been
reported in IgG4-related disease (IgG4-RD) [17]. In addition, it has been shown that the number of
endocytic mast cells also increases in the lesions of IgG4-RD [17]. Severe cases of IgG4-RD often have
multiorgan lesions. Similarly, multiple organ lesions, such as eosinophilic esophagitis, have been
reported in severe cases of ECRS [25,26]. While the precise pathogenesis of these diseases is unclear,
there may be a link to family predisposition and allergic diseases [27,28].

In conclusion, it is suggested that mast cells that receive antigen stimulation are involved in the
pathogenesis of ECRS.

4. Materials and Methods

4.1. Patients

Seventy-one Japanese patients with CRS (47 males and 24 females; mean age, 55.8 years) were
enrolled. Among these, 57 patients exhibited NP, and the remainder demonstrated no visible NP
in the middle meatus (n = 14) [24]. Patients with CRSwNP were divided into non-ECRS (n = 27)
and ECRS (n = 30) groups based on the Japanese Epidemiological Survey of Refractory Eosinophilic
Chronic Rhinosinusitis (JESREC) criteria [5]. In brief, the JESREC scoring system assesses whether it is
a unilateral or bilateral disease, the presence of NP, degree of blood eosinophilia, and the dominant
shadow of ethmoid sinus in computed tomography (CT) scans. Herein, a case was diagnosed as ECRS
if it showed a JESREC score of ≥ 1, and tissue eosinophilia ≥ 70 per HPF; ×400). The severity of ECRS
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was further determined by the JESREC algorithm using factor A (presence of both blood eosinophilia
equal to or greater than 5% and an ethmoid-dominant shadow on a CT scan) and factor B (comorbid
bronchial asthma or nonsteroidal anti-inflammatory drug intolerance) as follows: cases negative for
both factor A and B, cases positive for either factor A or B, or cases positive for both factor A and B
were grouped into mild, moderate, or severe ECRS groups, respectively [5]. Using this algorithm, 30
ECRS patients were categorized as mild (n = 8), moderate (n = 12), or severe (n = 10) ECRS subgroups.
All CRSsNP patients were diagnosed as being non-ECRS using these criteria. During surgery, NP and
UT were taken from patients with CRSwNP and CRSsNP, respectively. Serum samples were collected
from 17 patients (non-ECRS: n = 6; mild ECRS: n = 4; moderate ECRS: n = 2; severe ECRS: n = 5).
As the control, 13 non-CRS patients (e.g., patients with blowout fractures, posterior ethmoidal cysts, or
sphenoidal cysts) with normal UT at inspection were enrolled (four males and nine females; mean age,
61.4 years). After surgery, CRS patients received medications, including macrolides and mucolytic
agents for 2 months, together with saline douching, which was continued as long as they could. In
addition, NP patients received systemic corticosteroids (prednisolone: started with 20 mg/day, then
gradually decreased over 1 month) followed by intranasal corticosteroids. Furthermore, ECRS patients
standardly received oral antileukotrienes.

Informed consent for participation in the study was obtained from each patient, and the study
was approved by the Human Research Committee of the Okayama University Graduate School of
Medicine and Dentistry (reference number 1505-030).

4.2. Histological Examination and Immunohistochemistry

All samples used in this study were surgically resected specimens. The surgically removed tissues
were fixed in 10% formaldehyde and embedded in paraffin. Serial 3-μm-thick sections were cut from
the blocks and stained with hematoxylin and eosin (H&E); the sections were immunohistochemically
stained using an automated BOND III stainer (Leica Biosystems, Wetzlar, Germany). Primary antibodies
against the following antigens were used: c-kit (diluted antibody; Nichirei Biosciences Inc., Tokyo,
Japan) and IgE (1:200; DAKO, Glostrup, Denmark).

4.3. Histological Evaluation of c-Kit and IgE-Positive Cell

Mast cells are defined as cells that express both high-affinity IgE receptors and the stem cell factor
receptor, c-kit; therefore, we analyzed the number of mast cells by immunostaining for these markers.
As dendritic cells also express FcεRI, they also stain positive for IgE immunohistochemistry; however,
their shape is significantly different from that of mast cells, allowing us to only quantify cells that could
be distinguished as mast cells.

Cell counts were performed by two independent researchers, and the average number was
calculated. The cells were counted in three hotspot fields with an HPF (×400), and the average per
field was determined. In the hotspot area of c-kit-positive cells, the number of c-kit-positive cells was
counted for each specimen. In the hotspot area of IgE-positive cells, the numbers of cells showing
IgE-positive in the membrane and cytoplasm were counted separately.

4.4. Statistical Analysis

Values are given as the median. The nonparametric Mann-Whitney U test was used to compare
data between groups, and Wilcoxon’s signed-rank test was used to analyze data within each group.
A Kruskal–Wallis test, followed by a Dunn test, was used for multiple comparisons. Correlation
analyses were performed using Spearman’s rank correlation. Statistical analyses were performed with
GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). The p-values for sensitivity
and specificity were calculated using JMP Pro 13.2 (SAS Institute Inc., Cary, NC, USA), and logistic
regression analyses were conducted using STATA 12.1 (StataCorp, College Station, TX, USA). A p value
less than 0.05 (two-tailed) was considered to be statistically significant.
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To compare the c-kit-positive cells and IgE-positive cells among eosinophilic sinusitis, nonsinusitis,
chronic sinusitis, and noneosinophilic sinusitis, the Kruskal–Wallis test method, using IBM-SPSS
statistics software (version 24; IBM, Armonk, NY, USA), was applied. A p value < 0.05 was considered
statistically significant.
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Abstract: Mast cells (MC) are resident tissue cells found primarily at the interphase between tissues
and the environment. These evolutionary old cells store large amounts of proteases within cytoplasmic
granules, and one of the most abundant of these proteases is tryptase. To look deeper into the
question of their in vivo targets, we have analyzed the activity of the human MC tryptase on 69
different human cytokines and chemokines, and the activity of the mouse tryptase (mMCP-6) on
56 mouse cytokines and chemokines. These enzymes were found to be remarkably restrictive in
their cleavage of these potential targets. Only five were efficiently cleaved by the human tryptase:
TSLP, IL-21, MCP3, MIP-3b, and eotaxin. This strict specificity indicates a regulatory function of
these proteases and not primarily as unspecific degrading enzymes. We recently showed that the
human MC chymase also had a relatively strict specificity, indicating that both of these proteases
have regulatory functions. One of the most interesting regulatory functions may involve controlling
excessive TH2-mediated inflammation by cleaving several of the most important TH2-promoting
inflammatory cytokines, including IL-18, IL-33, TSLP, IL-15, and IL-21, indicating a potent negative
feedback loop on TH2 immunity.

Keywords: mast cell; tryptase; chymase; serine protease; human chymase; cleavage specificity;
cytokine; chemokine; TH2

1. Introduction

Mast cells are resident tissue cells of hematopoietic origin that primarily are found at the interphase
between tissues and environment such as skin, intestinal mucosa, lungs, and close to blood vessels
and nerves. These cells store massive amounts of immune mediators in cytoplasmic granules. A large
fraction of the proteins stored in these granules are serine proteases, and all of these belong to the
large family of trypsin/chymotrypsin-related serine proteases [1–5]. This protease family also includes
several coagulation factors, complement factors, and the pancreatic digestive enzymes. The members of
this family that are expressed by hematopoietic cells have been named hematopoietic serine proteases.
They are primarily found in mast cells (MCs), neutrophils, natural killer (NK) cells, and cytotoxic
T cells (Tc), where they are stored in their active forms in the granules for rapid release. Very high
amounts of these proteases are found in these cells; the levels in mast cells can reach 35% of the total
cellular protein [6]. hMCs express one chymotryptic enzyme, the MC chymase (HC), one enzyme
with tryptic specificity, the tryptase and sometimes an enzyme, cathepsin G (hCG), which is otherwise
primarily found in neutrophils.

The various granule proteins of the hematopoietic cells have been shown to have a number
of important immune functions including antibacterial, antiparasitic, general inflammatory,
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anti-inflammatory or apoptosis-inducing activity. For example, the mouse counterpart of the HC,
mouse mast cell protease-4 (mMCP-4) has been shown to be very potent in inactivating several snake,
bee, and scorpion toxins, indicating an important role in defense against potentially life threatening
toxins, a function that is probably evolutionary very old [7]. Recently, some of the hematopoietic
serine proteases have been shown to cleave, and thereby inactivate, various cytokines and chemokines.
For example, mMCP-4 cleaves and inactivates tumor necrosis factor-alpha (TNF-α), thereby limiting
the inflammatory response [8]. The HC also cleaves and activates IL-1β and IL-18, as well as cleaving
the region just outside of the membrane of membrane bound stem cell factor (SCF), which releases it
from the cell [9–11]. The release of SCF from the cell surface makes it able to move more freely in the
tissue, which may then be of importance for attracting progenitor cells, primarily MC progenitors,
from the blood. In addition, HC has been found to cleave two chemotactic substances: active chemerin
and eotaxin-3 (CCL26) [12,13]. The degradation of IL-33, an IL-1-related cytokine, by mMCP-4
and HC indicates that they potentially have a role in limiting inflammation [14,15]. Another of the
hMC enzymes, the tryptase, has also been shown to efficiently degrade the chemokine eotaxin [16].
Numerous examples on the role of these enzymes in the degradation of inflammatory mediators
have been described, indicating that this may be one of the important functions of these enzymes.
In order to study the potential roles of these in limiting inflammation by cleaving cytokines and
chemokines in more general terms, we recently performed an extensive analysis of the cleavage of 51
different human cytokines and chemokines by the HC and hCG. The results showed a remarkable
selectivity for both enzymes but primarily for the HC. Only significant cleavage in 3–4 of the 51 studied
cytokines and chemokines for this enzyme was detected [17]. The cleavage by both enzymes of two
IL-1-related cytokines, IL-18 and IL-33, which act as alarmins, indicated a role of these enzymes in
limiting excessive inflammation. As a continuation of these studies, here we present a similar study
of the human and the mouse mast cell tryptases. The tryptase found in human MCs is a homo or
heterotetramer of four closely related proteases the α, β1, β2, and β3 tryptases [1]. Interestingly the
formation of a heteroteramer between the proteolytically inactive α-tryptase and one of the active
β-tryptases changes both the stability and specificity of the β-tryptase [18]. The mouse counterpart is
named mouse mast cell proteases 6 (mMCP-6) [19]. Interestingly, the active sites of these four subunits
are positioned in the center of the tetramer, making them less accessible for larger substrates [20].

The human tryptase was found to be even more specific than the HC and we could only observe
cleavage of five out of 69 different cytokines and chemokines. The cytokines that were efficiently
degraded were TSLP and IL-21 and the chemokines MCP3, MIP-1b, and eotaxin. Interestingly,
when combining the cleavage of the two of the major proteolytic enzymes of hMCs, the tryptase and the
chymase, we can now see that together they cleave three of the most potent TH2 promoting cytokines,
IL-18, TSLP, and IL-33. Interestingly, also IL-15 and IL-21, which both are efficiently cleaved by HC
and the tryptase, respectively, have been indicated in either promoting TH2 immunity or inhibiting
TH1 immunity [21–23]. This indicates that one major function of the MC proteases is to limit excessive
TH2 driven inflammation. They may act together as a negative feedback loop by cleaving and thereby
inactivating early TH2 promoting inflammatory cytokines.

2. Results

2.1. Analysis of the Purity and Activity of the Recombinant Human and Mouse Mast Cell Tryptases

To determine the activity and purity of the recombinant human tryptase, the enzyme was
dissolved in assay buffer and a sample of approximately 2 μg was separated on a 4–12% SDS-PAGE
gel (Figure 1a). The figure showed several bands that most likely originate from heterogenous
glycosylation (Figure 1a). Expression in fungal expression systems like the Pichia pastoris often
generates heterogenous glycosylation. However, deglycosylation of proteins produced in this system,
using the same purification strategy as this commercial enzyme have shown high purity and that all
the diverse bands observed on gels originate from differently glycosylated tryptase [24].
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Figure 1. Analysis of the recombinant human and mouse mast cell tryptases used for the substrate
analysis by SDS-PAGE and chromogenic substrate assay. (a) Approximately two micrograms of the
recombinant human tryptase was separated on a 4–12% gradient SDS-PAGE gel and stained with
colloidal Coomassie blue solution. Several bands starting at approximately 36 kDa up to almost
70 kDa were seen, indicating heterogenous glycosylation. (b) The activity of the human recombinant
tryptase was assayed against three different chromogenic substrates. All three are substrates for tryptic
enzymes due to the Arg in the P1 position. The human tryptase showed good activity against all
three, but the best activity against the two substrates occurred when the Arg was preceded by a Pro
residue. (c) The purified recombinant mouse mast cell tryptase (mMCP-6) before and after enterokinase
cleavage. (d) The activity of the mouse recombinant tryptase was assayed against three different
chromogenic substrates. The substrate preference for the mouse enzyme was almost identical to its
human counterpart shown in (b). (e,f) Three-dimensional structural models of the human tryptase
tetramer (PDB No: 2fs9). The space filling model of the human MC tryptase is shown from two angles,
from the front looking into the tetramer and from the side [20]. The four active sites in the middle of
the tetramer are marked by four arrows. The pictures were visualized in the UCSF Chimera program.

The activity of this recombinant tryptase was then tested on three different chromogenic substrates
and the enzyme was found to be highly active against all three of these low molecular weight substrates,
which shows the enzyme has a high proteolytic activity (Figure 1b). The mouse mast cell tryptase,
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mMCP-6 was produced in the human cell line HEK293-EBNA, and after purification on Ni+2 chelating
IMAC columns activated by cleavage by enterokinase, lowering the pH to 6.0, and adding heparin,
as previously described (Figure 1c) [19].

The activities of both enzymes were analyzed against three chromogenic tryptase substrates
(Figure 1b,d).

2.2. Analysis of Cleavage Sensitivity against a Panel of 69 Cytokines and Chemokines by the Recombinant
Human Tryptase

The cleavage activity on 69 different recombinant human cytokines and chemokines by the
recombinant human tryptase was analyzed in 11 μL cleavage reactions with approximately 1.2 μg
of cytokine and chemokine and 13 ng of the tryptase (Figure 2). To confirm the initial results,
the experiment was repeated under the same conditions as previously described. The results were the
same as the first experiment (data not shown). In both experiments the enzyme to target ratio was the
same, approximately 1:92.

Most of the 69 cytokines and chemokines analyzed were not cleaved by this enzyme. Of the
cytokines analyzed, only two were efficiently cleaved, TSLP and IL-21, and we could only observe
efficient cleavage of three chemokines, MCP3, MIP-3b, and eotaxin (Figure 2). A minor N or C terminal
trimming of IFN-γ, IL-8, and IP-10, and a minor degrading effect on IL-7, SDF-1β, and CTGF could also
be detected (Figure 2). By using a three-fold increase in the amount of enzyme, we observed a more
pronounced degrading effect on CTGF, and also cleavage of IGF-1, IGF-2, and FGF-1, indicating that
some more targets appear with increasing enzyme to target ratio. However, generally, the tryptase was
remarkably restrictive in its cleavage of this large panel of cytokines and chemokines (Figure 2a,b).
Interestingly, where cleavage occurred, it appeared as if it degraded the target almost completely as
only very faint bands for fragments could be detected for three of the most sensitive targets, TSLP,
IL-21, eotaxin, and MIP-3b and there were no traces of MCP3 after cleavage (Figure 2).
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Figure 2. Cleavage analysis of a panel of 69 recombinant human cytokines and chemokines. The various
recombinant cytokines and chemokines were divided into two separate tubes. One was kept as negative
control (C) where PBS (no enzyme) was added and one was cleaved with the human tryptase.
The cleavage was performed at 37 ◦C in PBS buffered solution (pH 7.3) for 2.5 h. The samples were
separated on 4–12% SDS-PAGE gels under reducing conditions. Size markers are found at the left side
of each gel. The gels were stained in colloidal Coomassie blue solution. (a) Cleavage with 13 ng of
tryptase. (b) Cleavage using three times higher enzyme concentration. The cytokines and chemokines
that were efficiently cleaved or trimmed are marked by red rectangles.

2.3. Analysis of Cleavage Sensitivity against a Panel of 56 Cytokines and Chemokines by the Recombinant
Mouse Tryptase, mMCP-6

The cleavage activity on 56 different recombinant mouse cytokines and chemokines by the
recombinant mouse tryptase, mMCP-6, was performed (two times with identical result) under the
same conditions as described for the human tryptase (Figure 3).
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Most of the 56 cytokines and chemokines analyzed were not cleaved by this enzyme. Of the
cytokines and growth factors analyzed, only eight were efficiently cleaved, IL-13, IL-9, IL-21, IL-33,
VEGF-A, PDGF-B, IL-17C, and IGF-1 (Figure 3), and we could only observe efficient cleavage of five
chemokines, IP-10, MCP-1, MIP-3a, MIP-3b, and eotaxin (Figure 3). A minor N or C terminal trimming
of IFN-γ, IL-6, IL-11, and IL-17F, and a minor degrading effect on IL-7 and SDF-1α could also be
detected (Figure 3).

 

Figure 3. Cleavage analysis of a panel of 56 recombinant mouse cytokines and chemokines. The various
recombinant cytokines and chemokines in buffer solution were divided into two separate tubes.
One was kept as negative control (C) where PBS (no enzyme) was added and one was cleaved with the
mouse tryptase (mMCP-6). The cleavage was performed at 37 ◦C in PBS at pH 7.3 for 2.5 h. The samples
were separated on 4–12% SDS-PAGE gels under reducing conditions. Size markers are found at the
left side of each gel. The gels were stained in colloidal Coomassie blue solution. The cytokines and
chemokines that were efficiently cleaved or trimmed are marked by red rectangles.

2.4. Analysis of Structural Similarities between the Three Efficiently Cleaved Cytokines and Chemokines

To try to understand why a few of the cytokines and chemokines were efficiently cleaved and
why the remaining majority were almost totally unaffected by this enzyme, we wanted to see if there
were any structural characteristics in common between the three cleaved cytokines and chemokines.
After analyzing the sequence, all three contained positively charged patches (Figure 4). Human
TSLP was probably the most extreme in this case, with seven basic amino acids in a row (KKRRKRK)
(Figure 4). Interestingly this sequence is lacking in both rat and mouse TSLP but present in human
and dog TSLP (Figure 4). In order to study if this difference affected the efficiency in cleavage by the
human tryptase, we tested cleavage of both human and mouse TSLP. Human TSLP was very efficiently
cleaved and was totally degraded by 13 ng of tryptase, whereas mouse TSLP was not cleaved at all,
even when using 10 times higher enzyme concentration, 136 ng, which clearly indicates that this
positively charged patch is of importance for the cleavage (Figure 5a). This sequence (KKRRKRK) is not
found in any other cytokine of chemokine in the entire human proteome. All other human cytokines
and chemokines analyzed in this study also lacked a positive patch except VEGF-A, PDGF-A and B.
A C-terminal patch of positively charged amino acids were also seen in IFN-γ. Interestingly IFN-γ is
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trimmed most likely in the C-terminal (Figure 2). However, no cleavage by the human tryptase of
VEGF-A, PDGF-A and B was observed, indicating that also higher order structure of the protein is of
importance. Interestingly mMCP-6 did cleave mouse VEGF-A, PDGF-A and B, indicating that even
minor differences in the structure of the protease or of the target may affect this selectivity. It should be
noted that these three cytokines are highly homologous and almost identical in the regions of interest,
possibly except VEGF-A where the mouse protein has a big C-terminal deletion, which did not affect
the positively charged region. The deletion may possibly enhance the accessibility of this charged
region, making it a better target for mMCP-6. Higher order structures most likely play an important
role in the selectivity, if the positively charged region is exposed or not on the surface of the protein.
Cleavage may also occur only if the protein has an unstructured region accessibly for cleavage by the
tryptase. Two structural requirements may therefore have to be fulfilled, a positive patch for targeting
and a loose structure to allow targeting by the enzymes.

 

Figure 4. (a) Analysis of the primary amino acid sequences of human TSLP, IL-21, MCP3, MIP-1b,
eotaxin, and mouse TSLP. The amino acid sequences of the five cytokines and chemokines that were
efficiently cleaved by the human skin tryptase are shown in one letter code. Negatively charged
residues are marked in green and positively charged in red. The regions that are highly positively
charged and that may act as targets for the tryptase are marked by a red thick line. In (b) an alignment
of human, dog, mouse, and rat TSLP is presented. The conserved residues between the majority of the
four sequences are marked in black. The positively charged patch found in human and dog TSLP is
marked in red for more easy identification.
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2.5. Analysis of the Effect of Spermine on Tryptase Activity

As indicated from previous sections, a high positive charge, as exemplified by the KKRRKRK
sequence in human TSLP, seems to be an important factor for the selectivity of the tryptase. To look
deeper into this selectivity, we decided to analyze the effect on cleavage by a potential low molecular
weight competitor. Spermine appeared as a good candidate. It has a molecular weight of only
202.34 g/mol and at physiological pH all of its four amino groups are charged. The spermine solutions
were made fresh from powder just before use and pH adjusted to pH 7.2. Spermine and tryptase were
first mixed in the reaction buffer and left to equalize for a few minutes before starting the experiment by
addition of the chromogenic substrate. No effect on the cleavage of the chromogenic substrate was seen
at concentrations of spermine from 0.1 to 3 mM, indicating that spermine has no effect on the cleavage
on low molecular weight substrates (Figure 5b). However, when we analyzed the cleavage of human
TSLP the effect of spermine was quite dramatic (Figure 5c). Already at a concentration of 0.5 mM,
the cleavage was reduced by approximately 20%, at 1 mM the cleavage was inhibited by approximately
50%, and at 3 mM almost totally inhibited, which shows a strong inhibitory effect of spermine on the
cleavage of the positively charged target human TSLP by the human tryptase (Figure 5c).

2.6. Cleavage of other Substrates by Human Tryptase

Several proteins have previously been shown to be trimmed or degraded by human tryptase
including fibrinogen and fibronectin [26,27]. To confirm these results and look at potential mechanisms,
we performed a cleavage reaction with purified human fibrinogen and human fibronectin (Figure 5d).
We could not detect any cleavage of fibronectin and only minor trimming of fibrinogen (Figure 5d).
It is known that the N terminal tails of fibrinogen α and β chains are relatively unstructured and open
for cleavage by thrombin (Figure 5e) [25]. The cleavage of the ends of the α and β chains of fibrinogen
by thrombin results in the polymerization of fibrinogen into fibrin clots. It is highly possible that these
loose unstructured ends make them accessible for cleavage also by the human tryptase, whereas the
more tightly structured remaining parts of fibrinogen are more difficult for the tryptase to access.

In marked contrast to the tryptase, both human and opossum chymases did cleave both fibronectin
and fibrinogen quite efficiently (Figure 5d). Furthermore, the cleavage patterns generated were
quite similar indicating a conservation in target specificity over more than 150 million years of
mammalian evolution.

2.7. Cleavage Selectivity of Wild Type (WT) and Mutant Human Tryptase

By a detailed analysis of the amino acid sequence of the human tryptase we observed a region
just C-terminally of the Asp of the active site of the enzyme in a panel of tryptases. All had negatively
charged amino acids, whereas a panel of chymases in the same region was positively charged (Figure 6a).
To test if this region was involved in guiding positively charged substrates into the tetramer for efficient
cleavage, we produced wt and mutant human tryptase involving these two residues (Figure 6a,b).
We exchanged two glutamic acid residues of the tryptase into lysines, the amino acids found in these
positions in the chymases (Figure 6a). The wt and mutant tryptases were produced in the human cell
line HEK-293 EBNA and tested for their activity against three chromogenic substrates and against
recombinant human TSLP (Figure 6c,d). To our surprise, both enzymes were equally active against
all of these substrates, showing that this region of the protease has no effect on the selectivity of the
tryptase (Figure 6c,d).
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Figure 5. Cleavage analysis of human and mouse TSLP, the analysis of the effect by spermine on tryptase
activity, and the cleavage of human fibrinogen and fibronectin by human tryptase, HC, and opossum
chymase. In (a), 2.4 micrograms of active human TSLP was divided into two tubes and in one of
the tubes human tryptase was added. The two tubes were incubated at 37 ◦C for 2.5 h. Following
addition of sample buffer and beta mercaptoethanol, the samples were separated on a 4–12% SDS
PAGE gel. A similar analysis was performed on mouse TSLP, which lacks the positively charged patch
that is present in human and dog TSLP (Figure 4). In (b,c), the effect of spermine on cleavage by the
human tryptase was analyzed by adding spermine to the cleavage reaction at different concentrations
ranging from 0.1 to 3 mM and tested against both a chromogenic substrate (b) and a macromolecule as
represented by human TSLP (c). As can be seen from the figure, spermine had no effect on the cleavage
of the chromogenic substrate, but a potent effect on the cleavage of human TSLP. In (d), the cleavage of
human fibrinogen and fibronectin by human tryptase, HC, and opossum chymase have been analyzed.
Purified human fibrinogen and fibronectin were cleaved with three different enzymes, human tryptase,
human chymase, and opossum chymase. In (d), we can see that no cleavage could be detected with the
tryptase on fibronectin, but a very potent effect on this target by both human and opossum chymase.
We can also see that human tryptase trims the ends of fibrinogen, whereas both human and opossum
chymase has a much more pronounced effect on this target by also cleaving into the more tightly
folded parts of fibrinogen. In (e), a schematic presentation of the overall structure of fibrinogen is
presented [25]. The small scissors and R14 and R16 represent the cleavage sites in these regions of the α

and β chains of fibrinogen by the coagulation enzyme thrombin.
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Figure 6. The effect on cleavage by mutating two negatively charged residues close to the active site of
human tryptase. By analysis of the primary structure of the human tryptase we have observed a marked
difference concerning charge close to the active site between tryptases and chymases. C-terminally
of the asparagine residue of the catalytic triad all tryptases have a negative patch of three negatively
charged residues (a). This region including the Asp of the catalytic triad and the three negatively
charged residues is underlined in red in the sequence of the entire human tryptase shown in the
bottom panel of (a). In this region, all chymases instead have two positively charged residues and one
negatively charged amino acid (a). Could this region be involved in target selection? Two residues that
differ between tryptases and chymases in the human tryptase was therefore mutated to study their
involvement on cleavage (a). The wt and mutant enzymes were produced in HK-293-EBNA cells and
activated by enterokinase cleavage, lowering the pH to 6.0, and adding heparin. (b) SDS-PAGE gel
analysis of wt and mutant enzyme before and after enterokinase cleavage. (c) Cleavage of chromogenic
substrates and (d) the cleavage of human TSLP by the pichia produced enzyme and the wt and mutated
tryptase produced in mammalian cells.

3. Discussion

In a recent study, we have shown that both HC and hCG show a relatively selective cleavage of
a panel of human cytokines and chemokines [17]. This finding contradicted the previously dominating
view of the hematopoietic serine proteases as being relatively unspecific and cleaving almost any
substrate if allowed to do so for extended periods of time. In order to broaden this analysis, here we
have studied another dominating serine protease of human MCs, namely the tryptase. Here, we can
see that this enzyme is even more restrictive. For the human tryptase, we could observe efficient
cleavage of only five cytokines and chemokines out of the 69 tested (Figure 2). All of the five that
were efficiently cleaved had one interesting characteristic in common, the presence of one or several
patches of highly positively charged residues (Figure 4). If that patch was not present, as tested by
cleavage of mouse TSLP, this protein was totally resistant to cleavage even with 10 times more enzyme
(Figure 5a). Mouse TSLP is similar in its overall structure to its human counterpart but lacks this
positive patch. Human TSLP was also very efficiently cleaved and almost no traces of the target could
be seen on the SDS-PAGE gel, indicating that if the substrate enters the tetramer it becomes fully

104



Int. J. Mol. Sci. 2019, 20, 5147

degraded (Figures 1e and 2). This shows clear similarities with the general cytoplasmic proteasome,
which primarily cleaves polyubiquinated substrates [28,29]. The tryptase also show similarities to the
coagulation protease thrombin, where positively charged patches on the enzyme, so called exosites,
attract negatively charged regions on the substrate and thereby bring the target close to the active
site [30].

The question is what region on the tryptase acts as an exosite? One very interesting candidate is
heparin, which is not part of the enzyme itself but is attached to the tryptase, acting as a stabilizer
and activator of the enzyme. When producing the tryptase as a recombinant protein, the enzyme is
inactive before adding heparin [19]. Heparin then assists the tetramerization of the enzyme. At neutral
pH, tetramerization is most likely essential for activity and here heparin is part of this activation
step [19]. Heparin is the most negatively charged molecule in the human body and is thereby a likely
candidate for the selectivity of tryptase for positively charged substrates [31,32]. Interestingly, a similar
effect has previously been observed for the other dominating proteolytic enzyme of human connective
tissue MCs, the chymase. Chymase needs heparin for efficient targeting of several targets including
fibronectin, thrombin, and plasmin [33,34]. The mechanism is probably very similar to the proposed
effect on tryptase, where heparin acts as a binding surface to attract the target and increase the target
concentration close to the active site. These findings add additional support for the very important role
of heparin and other highly negatively charged proteoglycans such as different chondroitin sulfates in
MC biology [31,32].

In order to test the importance of the positive patch for the target selectivity of the human tryptase,
we analyzed the effect of a spermine on the cleavage of chromogenic substrates and of human TSLP.
We observed no effect by spermine on the cleavage of a low molecular weight chromogenic substrate,
which contains no positive patch; however, a potent effect by spermine on the cleavage of human
TSLP was observed (Figure 5b,c). This latter potent inhibitory effect by spermine on the cleavage of
a positively charged substrate indicates that the interaction between a positively charged substrate and
the enzyme, with its attached negatively charged heparin, is inhibited by the presence of a positively
charged molecule like spermine, which supports the role of a positive patch on the substrate for the
targeting by the tryptase.

Upon detailed analysis of a panel of tryptases and a panel of MC chymases, we also observed
a striking difference. In a region just C-terminally of the asparagine of the catalytic triad, there were
several positively charged residues in all the chymases, whereas in all tryptases this region was
negatively charged (Figure 6a). To test the possibility that this region was responsible for guiding
positively charged substrates into the mouth of the tryptase, we produced wt and mutant human
tryptase, where the mutant had two of the negatively charged amino acids of the tryptases exchanged
for the corresponding positively charged residues of the chymases (Figure 6a). Interestingly, both wt
and mutant enzymes were equally active against both chromogenic substrates and on human TSLP,
indicating that these residues had nothing to do with the selectivity for positively charged substrates
(Figure 6c,d). This adds additional support for the idea that it is not the enzyme itself but heparin that
is the prime reason for this selectivity, as there are no other regions with strong negative charge on
the enzyme.

In addition to targets with a positive patch, proteins that have unstructured regions and are
therefore more accessible to enter the tetramer may still be cleaved, as seen for fibrinogen, where only
the relatively unstructured ends were cleaved (Figure 5d,e).

Many of the potential targets identified for the human tryptase are actually also small peptide
hormones, like vasoactive intestinal peptide (VIP) and several airway neuropeptides [1,35,36].
These may more easily enter the tetramer (Figure 1e).

When we look at the panel of cytokines cleaved by the two MC enzymes, one striking feature
appears; these two enzymes together cleave several of the most potent TH2 promoting cytokines,
including IL-18, IL-33, and TSLP (Table 1). This finding indicates that these MC enzymes have
a prominent role in dampening a TH2 driven inflammation, and inflammation at least partly is initiated
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by the same cells, namely MCs and basophils. This points towards a negative feedback loop by these
enzymes on a TH2 dependent inflammatory response.

Table 1. Summary of the results from the cleavage analysis of cytokines and chemokines by the human
and mouse tryptases and the hMC chymase (HC).

Cytokine hTryp. M6 HC Cytokine hTryp. M6 HC

IL-4 − − − IL-1α − −
IL-5 − − − IL-1β − − −

IL-10 − − − IL-1RA +
TSLP ++++ − + IL-33 − + ++++
IL-13 − +++ + IL-18 − +++
SCF − − − IGF-1 − ++++
IL-3 − − + IGF-2 −
IL-31 − − − HGF −

GM-CSF − + − IL-8 ++ −
M-CSF − − IP-10 − ++++ −
G-CSF − − − MCP-1 − + −

TGF- β3 − MCP-2 − −
TNF-α − − − MCP-3 ++++ −

IL-6 − + ++ RANTES − − −
IL-11 − + + SDF-1α − ++ −
LIF − − + SDF-1β + − −
IL-2 − − − EGF − − −

IFN-γ +++ + + MIP-1α − − -
IL-15 − − ++++ flt3L − + ++
IL-12 − − FGF-9 −
IL-20 + − − FGF-19 −
IL-7 + + − BMP-14 −
IL-21 ++++ ++++ − GAL-7H −
IL-16 − − pF4V1 −

VEGF-A + ++++ − IL-25 − − −
VEGF-121 − IL-9 − ++++
PDGF-A − + − MIP-3a − ++++
PDGF-B − +++ − MIP-3b ++++ ++++
BMP-2 − Eotaxin +++ ++++
CTGF ++ + IL-27A -
FGF-1 + − + IL17C ++++
FGF-2 − + + NGF-β −
IL-17A + − − TPO +
IL-17F + + − GRO-a −
IL-22 − − − GRO-b −

CD40L − + − MIP-1b −
BAFF − +
IL-19 − − −

sIL-6R −
CNTF −

All the results concerning the MC chymase originate from an earlier study [17]. The analysis is based on the
SDS-PAGE analysis in Figures 2 and 3. (−) no cleavage activity was observed. (+) showed minor activity, (++) and
(+++) partial cleavage. (++++) complete or almost complete cleavage by the enzyme.

In a parallel project, we have been working on the development of therapeutic vaccines against
allergy, and there focused on a few early TH2-inducing cytokines as potential targets for an allergy
vaccine [37–39]. Interestingly, both of these projects have resulted in the identification of the same
three cytokines, TSLP, IL-18, and IL-33 (Figures 2, 3 and 7). The interest for these early TH2-inducing
cytokines from completely different origins does, in our mind, strongly favor a role of the MC proteases
to limit excessive TH2-driven inflammation by cleavage, and thereby inactivation, of several of these
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early TH2-promoting inflammatory cytokines (Figure 7). The MC proteases may thereby act as
a negative feedback loop to regulate the inflammation partly initiated by the same cell.

 

Figure 7. TH2-inducing cytokines in allergy development. A number of cytokines have been shown
to be potent inducers of TH2-mediated immunity. The most well characterized are thymic stromal
lymphopoietin (TSLP), IL-33, IL-18, IL-25, and IL-4. IL-18 has been shown to be a potent inducer of
TH2-mediated immunity when present alone and not in combination with IL-12. Interestingly when
present together with IL-12, IL-18 acts instead as an enhancer of TH1-mediated immunity [40]. IL-4 and
IL-13 are the only two cytokines known to induce isotype switching in B cells to IgE [41]. IL-5 is
important for eosinophil infiltration activation and proliferation, and IL-31 acts as an inducer of itch
in skin with atopic dermatitis. IL-9 is, in mice, an inducer of mucosal mast cell differentiation [42].
Both IL-15 and IL-21 have been found to have TH2-promoting activity as described in the text.
Cleavage of the TH2-initiating early cytokines would most likely result in a dampening effect on
TH2-mediated immunity.

We also observed efficient cleavage of IL-15 by the HC and of IL-21, MCP3, and eotaxin by the
tryptase, indicating an even broader anti-inflammatory effect of these two MC enzymes, when they act
together. IL-15 is an important cytokine for NK cell activation, and cleavage of this cytokine by the
chymase can thereby also have a dampening effect on NK cell activity [43]. However, and interestingly,
Il-15 has been shown to enhance TH2 immunity and blocking IL-15 has been shown to prevent the
induction of allergen-specific T cells and allergic inflammation in vivo, indicating that IL-15 can also
act as a potent TH2-promoting cytokine [21,22]. IL-21, which was also efficiently cleaved by the
tryptase, has been shown to downregulate TH1-mediated immunity, indicating that it may act as a TH2
cytokine [23]. HC and the human tryptase thereby seem to act together in a potential negative feedback
loop on TH2-mediated immunity by cleavage of TSLP, IL18, IL-33, IL-15, and IL-21. The potent
cleavage of two of the most important chemokines for eosinophil and basophil influx into an area
of inflammation, eotaxin and MCP3, further supports the role of these two enzymes in controlling
excessive TH2 immunity.

Several studies on the potential role of these enzymes or cytokines in vivo have been performed,
which gives strong support the role of these mast cell proteases in controlling excessive TH2 immunity.
One very important study is a study of the mouse counterpart of the human mast cell chymase,
mMCP-4. Knock out of mMCP-4 shows a strong effect on both sensitization and IgE levels [14].
This study gives a strong indication that the cleavage of IL-33 and potentially also IL-18 and IL-15
by mMCP-4 is important for the control of excessive TH2-mediated immunity in mice and most
likely also in humans. Two important studies on the effect of blocking IL-15 in vivo have also been
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published [21,22]. Blocking IL-15 in vivo has been shown to prevent the induction of allergen-specific
T cells and allergic inflammation, which further substantiates the effect of reducing the levels of these
cytokines on allergic sensitization. Also, IL-21 has been shown in vivo to act as a TH2 cytokine by
suppressing the induction of a TH1 response [23]. There are a number of important in vivo studies
that support the role of these enzymes in regulating TH2 immunity by cleavage and thereby reduction
in the in vivo levels of these selected cytokines and thereby on allergic sensitization. What also is
remarkable is the high selectivity of the HC and human tryptase on these TH2 cytokines and almost no
effect on the majority of all the other cytokines or chemokines tested.

Interestingly, concerning the roles of MC proteases in cytokine regulation, is the fact that human
TSLP was degraded but not mouse TSLP, indicating different functions between different species.
A similar phenomenon was seen in our previous analysis of the HC. Here, the human enzyme was seen
not to cleave the inflammatory cytokine TNF-α, which is in marked contrast to its mouse counterpart
mMCP-4, which efficiently cleaves mouse TNF-α [8,17]. This clearly indicates that the targets may
vary quite extensively between relatively closely related species, but that the effects may still be quite
similar, in this case an anti-inflammatory effect. The same was seen for the mouse and human tryptases.
Both efficiently cleaved IL-21, MIP-3B, and eotaxin; however, they differ in the cleavage of two other
TH2 cytokines. The human tryptase cleaves TSLP, whereas mMCP-6, the mouse tryptase, instead
cleaves IL-13 (Figures 2 and 3). Both of these cytokines are important TH2 cytokines whose effect may
be similar even if some of the targets may differ.

In summary, our analysis of this broad panel of 69 different active human cytokines and
chemokines for their sensitivity to cleavage by the human MC tryptase showed a remarkably restrictive
cleavage. Only five out of 69 were efficiently cleaved. This is together with the knowledge that the
HC has previously been shown to be highly selective in its cleavage of cytokines and chemokines,
and together they act on a few inflammatory cytokines including several of the most prominent
TH2-inducing cytokines, IL-18, IL-33, TSLP, IL-21, and IL-15. These findings concerning the potent
activity on TH2-inducing cytokines by these two prominent MC enzymes needs to be taken into
careful consideration when studying the effects of protease inhibitors targeting chymase or tryptase in
allergy treatment. Interestingly, the mouse counterpart of the human tryptase, mMCP-6, was almost
as restrictive in its cleavage. It also cleaved almost all the cytokines and chemokines cleaved by the
human enzyme, except TSLP. However, to compensate for this loss in activity on TSLP, mMCP-6
instead cleaves two other important TH2 cytokines, IL-13 and IL-9.

4. Materials and Methods

4.1. Enzymes and other Reagents

The recombinant human tryptase was purchased from Promega Biotech (Madison, WI, USA).
This enzyme was expressed in a fungal (Pichia pastoris) expression system. Purified human fibrinogen
(natural human) and fibronectin (from human plasma) were purchased from Abcam (Cambridge,
UK) and Gibco-Life Technologies (Frederick MD, USA), respectively. Spermine was purchased from
Sigma Aldrich (S3236) (Saint Louis, MO, USA). mMCP-6, the human and opossum chymases, and the
wt and mutant human tryptase were produced in the mammalian cell line HEK293-EBNA with the
vector pCEP-Pu2 according to previously published procedures [44–46]. The coding regions for
full-length enzymes containing an N-terminal 6-histidine purification tag were order as designer genes
from Genscript (Piscataway, NJ, USA), and the proteins were purified from conditioned media from
transfected HEK293-EBNA cells on Ni-chelating IMAC agarose (Qiagen, Hilden, Germany).

Recombinant Human and Mouse Cytokines and Chemokines

Sixty-six recombinant human (rh) cytokines and chemokines, and 56 mouse cytokines and
chemokines were purchased from Immuno Tools (Friesoythe, Germany). rhIL-25 from R&D systems
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(Abingdon, UK) rhIL-18 from MBL (MBL International, Woburn, MA, USA), rhIL-33 from GIBCO
(Invitrogen Corporation, Camarillo, CA, USA).

4.2. Analysis of the Sensitivity to Cleavage by the Recombinant Human and Mouse Tryptase

The cytokines and chemokines were dissolved in PBS or sterile water, according to the
recommendations of the supplier (Immuno Tools, Friesoythe, Germany), to get an approximate
concentration of 0.13 μg/μL. Subsequently, 9 μL (~1.2 μg) of the cytokine was mixed with 2 μL of the
recombinant human tryptase (~13 ng) or in-house produced mMCP-6 and incubated for 2.5 h at 37 ◦C.
Two μL of PBS was used as control. The cleavage was performed in 1× PBS at pH 7.3. After incubation,
the reactions were stopped with the addition of 3 μL of 4x sample buffer. Half a microliter of
β-mercaptoethanol was then added to each sample followed by heating for 7 min at 85 ◦C. The reaction
mixtures were then analyzed on 4–12% precast SDS-PAGE gels (Novex, Invitrogen, Camarillo, CA,
USA). To visualize the proteins, the gels were stained overnight in colloidal Coomassie staining solution
and destained with 25% (v/v) methanol in ddH2O for 4 h [47]. The analysis was completely repeated
and the result was identical between the two independent experiments.

4.3. Analysis of the Cleavage of Human Fibrinogen and Fibronectin

Human fibronectin: 6 μg per lane was cleaved with three different enzymes for 30 min at 37 ◦C,
with the following amounts of enzyme: human tryptase 136 ng, HC 272 ng and the opossum chymase
500 ng. Human fibrinogen: 4 μg per lane was cleaved with three different enzymes for 30 min at 37 ◦C,
with the following amounts of enzyme, human tryptase 136 ng, HC 136 ng, and opossum chymase
500 ng. After incubation, the reactions were stopped with the addition of 3 μL of 4× sample buffer.
Half a microliter of β-mercaptoethanol was then added to each sample followed by heating for 7 min at
85 ◦C. The reaction mixtures were then analyzed on 4–12% precast SDS-PAGE gels (Novex, Invitrogen,
Camarillo, CA, USA). To visualize the proteins, the gels were stained overnight in colloidal Coomassie
staining solution and destained with 25% (v/v) methanol in ddH2O for 4 h [47].
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Abstract: Mast cell tryptases have crucial roles in allergic and inflammatory diseases. The mouse
tryptase genes represent a cluster of loci on chromosome 16p3.3. While their functional studies have
been extensively performed, transcriptional regulation of tryptase genes is poorly understood. In this
study, we examined the molecular basis of the tryptase gene expression in bone marrow-derived
mast cells (BMMCs) of C57BL/6 mice and in MEDMC-BRC6 mast cells. The expression of the Tpsb2
and Tpsg1 genes, which reside at the 3′-end of the tryptase locus, is significantly decreased by the
reduction of the GATA transcription factors GATA1 or GATA2. Chromatin immunoprecipitation
assays have shown that the GATA factors bind at multiple regions within the locus, including 1.0 and
72.8 kb upstream of the Tpsb2 gene, and that GATA1 and GATA2 facilitate each other’s DNA binding
activity to these regions. Deletion of the −72.8 kb region by genome editing significantly reduced
the Tpsb2 and Tpsg1 mRNA levels in MEDMC-BRC6 cells. Furthermore, binding of CTCF and the
cohesin subunit Rad21 was found upstream of the −72.8 kb region and was significantly reduced in
the absence of GATA1. These results suggest that mouse tryptase gene expression is coordinately
regulated by GATA1 and GATA2 in BMMCs.

Keywords: mast cell; tryptase; gene transcription

1. Introduction

Mast cell tryptases are expressed abundantly and are the major component in secretory granules.
In humans, elevated levels of tryptase in serum are associated with anaphylaxis [1] and systemic
mastocytosis [2]. Mice lacking mast cell tryptase mMCP6 show impaired immunoprotective activity
against bacteria [3] and parasite [4] infection, suggesting its important role in host defense.

The genes encoding mast cell tryptase form a cluster of loci on chromosome 16p3.3 and 17A3.3 in
humans and mice, respectively. Human tryptase loci contain four genes expressed in mast cells: TPSG1,
TPSB2, TPSAB1 and TPSD1. TPSG1 encodes γ-tryptase, the only membrane-anchored member of the
family. In humans, there are three soluble tryptases—α-, β- (βI, βII and βIII) and δ-tryptase—that are
transcribed from three genes, TPSB2, TPSAB1 and TPSD1. The βII and βIII isoforms are transcribed
from the TPSB2 gene, whereas the α and βI isoforms are transcribed from the TPSAB1 gene. In mice,
the transcripts from the Tpsg1, Tpsb2 and Tpsab1 genes are mTMT, mMCP6 and mMCP7, respectively.
The mTMT is membrane-anchored, whereas mMCP6 and mMCP7 are soluble tryptases.

A strong linkage disequilibrium has been demonstrated between the TPSAB1 and TPSB2 genes,
and the expression of these genes is polymorphic [5,6]. In mice, no murine counterpart of the human
TPSD1 gene has been found. Although the overall structure and number of tryptase genes have
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been well conserved in mammals [7], genomic deletions, mutations and copy number abnormalities
are frequently found in both mice and humans [5,8–10]. For instance, the expression of mMCP7 is
dependent on strain background and is disrupted in C57BL/6 mice [8]. Recently, germline duplications
and triplications in the TPSAB1 gene have been identified, and an increased copy number of the TPSAB1
gene leads to an elevated basal serum tryptase concentration, which is associated with multisystem
disorders in humans [10].

However, while genetic and functional studies have been extensively performed, transcriptional
regulation of tryptase genes is less well defined [11]. A basic helix–loop–helix transcription factor,
microphthalmia-associate transcription factor (MITF), was shown to activate the transcription of the
Tpsb2 [12,13], Tpsab1 [14] and Tpsg1 [15] genes. Whereas direct binding of MITF to the proximal
promoter region was shown for Tpsb2 and Tpsg1 [12,15], the Tpsab1 activation by MITF was mediated
by the activation of c-Jun [14]. Regarding the Tpsb2 activation, polyomavirus enhancer binding protein
2 (PEBP2) physically interacts with MITF and synergistically activates the Tpsb2 gene transcription [13].
The MITF mRNA and protein levels were recently shown to be reduced upon copper-mediated
phosphorylation of MEK1/2 [16].

In addition to MITF, we previously reported that the GATA transcription factors GATA1 and
GATA2 are also involved in the tryptase gene regulation [17,18]. We showed that conditional ablation
of GATA2 in bone marrow-derived mast cells (BMMCs) resulted in the reduced expression of a number
of mast cell-specific genes, including the mast cell tryptase genes Tpsb2 and Tpsg1 [18]. In contrast,
GATA1-deficient BMMCs unexpectedly exhibited minor phenotypic changes, although a reduction in
the expression of Tpsb2 and Tpsg1 was also observed [17]. Furthermore, we found a 500-kb region
containing seven GATA sites in the 5′ of the tryptase loci at chromosome 17A3.3. This region, referred
to as “region A”, was bound by both GATA1 and GATA2 in ChIP assays [17]. However, the molecular
mechanisms underlying the GATA factor-mediated tryptase gene activation are largely unknown.

In the present study, we investigated how GATA1 and GATA2 regulate tryptase gene expression
in BMMCs. Because region A resides at the 5′-end of the locus, we hypothesized that the genes on this
locus might be coordinately regulated by the GATA factors.

2. Results

2.1. The Introduction of siRNA Targeting Either GATA1 or GATA2 into BMMCs Leads to a Significant
Reduction in Mast Cell Tryptase Gene Expression

To precisely evaluate the contribution of GATA1 and GATA2 to mast cell protease gene expression,
siRNA targeting either GATA1 or GATA2 was introduced into BMMCs, and the mRNA levels of mast
cell protease genes were assessed by reverse transcription quantitative polymerase chain reaction
(qRT-PCR). The introduction of GATA1 and GATA2 siRNAs led to a significant reduction in the
corresponding GATA factor expression at both the mRNA and protein levels at 24 h after transfection
(Figure 1A,B). In our previous study, the persistent loss of GATA2 led to the dedifferentiation of BMMCs
to immature myeloid-like cells with the induction of the myeloid transcription factor C/EBPα [18].
However, at 24 h after siRNA transduction, the C/EBPα mRNA level was not increased by GATA2
ablation (Figure 1C). The MITF mRNA level was moderately but significantly reduced in both GATA1
and GATA2 knockdown cells (Figure 1C). Because the mRNA levels of mast cell proteases at the
steady state vary widely, we utilized our previously published RNA sequencing (RNA-seq) data
of control BMMCs [18] and checked the reads per kilobase million (RPKM) values of several mast
cell proteases (Figure 1D). This revealed that mRNA transcripts from the Cpa3 gene were the most
abundant, followed by those from the Cma1 and Tpsb2 genes.

We then examined the mRNA levels of mast cell protease genes at 24 h after GATA1 or GATA2
siRNA transduction (Figure 1E). Consistent with our previous observation in the conditional GATA2
knockout BMMCs [18], the downregulation of GATA2 resulted in a significant reduction in all mast
cell protease genes compared to those transfected with the control siRNA (Figure 1E). In contrast,
the downregulation of GATA1 did not affect the expression of Cpa3 or protease genes located on

114



Int. J. Mol. Sci. 2019, 20, 4603

chromosome 14 (Mcpt4, Mcpt8, Cma1 and Ctsg). In contrast, consistent with our previous findings for
GATA1 knockout BMMCs [17], the expression of mast cell tryptases (Tpsb2 and Tpsg1) was significantly
reduced in the GATA1 knockdown cells (Figure 1E). These results support our previous conclusion
that GATA2 plays a more important role than GATA1 in the regulation of the mast cell gene expression.
GATA1 may have a unique role that cannot be compensated for by GATA2 in the regulation of mast
cell tryptase genes.

Figure 1. The expression of the mast cell protease gene in the bone marrow-derived mast cells (BMMCs)
transfected with either GATA1 or GATA2 siRNA. (a) The results of qRT-PCR of GATA1 and GATA2
in the BMMCs transfected with either control, GATA1 or GATA2 siRNA. (b) Western blot analyses
of GATA1, GATA2, MCP6 and Lamin B (loading control) in the BMMCs transfected with either
control, GATA1 or GATA2 siRNA. (c) The results of qRT-PCR of C/EBPα and microphthalmia-associate
transcription factor (MITF) in the BMMCs transfected with either control, GATA1 or GATA2 siRNA.
(d) The reads per kilobase million (RPKM) values of mast cell proteases obtained from RNA-seq data of
control BMMCs [18]. (e) The results of qRT-PCR of mast cell proteases in the BMMCs transfected with
the GATA1 or GATA2 siRNAs. The values from the control siRNA-transduced BMMCs were set at
1.0. The bottom bar indicates the localization of protease genes on mouse chromosome. *, p < 0.05;
**, p < 0.01; n.s., not significant. n = 3.

2.2. Overexpression of MITF Failed to Restore the Reduced Tpsb2 Transcript Level in the GATA1/GATA2
Double-Knockdown BMMCs

Since the MITF mRNA level was reduced in the GATA factor knockdown cells (Figure 1C),
we considered that GATA factors might indirectly regulate the Tpsb2 gene expression through MITF.
The mouse Mitf gene is transcribed into multiple RNA species by alternative splicing (Figure 2A).
These variants differ in their amino termini and are expressed in cell type-specific manners [19].
RT-PCR using a forward primer specific to each alternative first exon and a common reverse primer
set at exon 2 revealed that MITF-A and MITF-MC, transcribed from exons 1a and 1mc, respectively,
are expressed in BMMCs (Figure 2B). The mRNA levels of both MITF-A and MITF-MC were reduced
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in GATA1 or GATA2 knockdown BMMCs, although the reduction of MITF-MC mRNA in the GATA1
knockdown cells was not statistically significant (Figure 2C). Simultaneous knockdown of GATA1 and
GATA2 in BMMCs (GATA1/GATA2 KD BMMCs) further decreased the MITF-A and MITF-MC mRNA
levels, indicating that GATA1 and GATA2 coordinately regulate the Mitf gene expression (Figure 2C).
To examine whether or not GATA factors regulate the Tpsb2 gene expression through MITF, MITF-A or
MITF-MC cDNA was overexpressed into the GATA1/GATA2 KD BMMCs, and the transcript level
of Tpsb2 gene was examined by qRT-PCR. To this end, the expression plasmids were constructed by
using the bicystronic pIRES2 DsRed-Express2 vector, and MITF-A and MITF-MC protein expression
was confirmed by Western blot analysis in 293T cells (Figure 2D). These plasmids were co-transfected
with the GATA1 and GATA2 siRNAs, and the cells expressing DsRed were sorted for the analysis.
This revealed that the overexpression of neither MITF-A nor MITF-MC cDNA affected the Tpsb2
transcript level in the GATA1/GATA2 KD BMMCs (Figure 2E). These results suggest that GATA1 and
GATA2 activate the Tpsb2 gene expression independent of MITF.

Figure 2. The GATA factor-mediated Tpsb2 gene repression is independent of MITF. (a) A schematic
diagram of the mouse MITF gene. Shaded boxes indicate exon 1b and exons 2–8, and open arrows
indicate alternative first exons. (b) The results of RT-PCR of the MITF isoforms in BMMCs. (c) The results
of qRT-PCR of MITF-A and MITF-MC isoforms in the BMMCs transfected with the indicated siRNAs.
(d) Western blot analyses of MITF and Lamin B (loading control) in the 293T cells transfected with either
MITF-A or MITF-MC cDNA. (e) The results of qRT-PCR of MCP6 in the BMMCs co-transfected with
the indicated siRNAs and pIRES2 DsRed-Express2 plasmids. *, p < 0.05; **, p < 0.01; n.s., not significant.
n = 3.

2.3. GATA1 and GATA2 Bind to Three Genomic Regions Upstream of the Tpsb2 Gene

To identify cis-acting elements required for the GATA factor-mediated mast cell tryptase gene
regulation, we used publicly available ChIP-seq data for GATA2 binding and two histone modifications
(H3K27Ac and H3K4me1) that are known to be associated with active enhancers [20,21]. As shown
in Figure 3A, several GATA2 binding peaks were observed at the tryptase gene locus on mouse
Chr.17A3.3. Some of these peaks were found to overlap with the H3K27Ac and H3K4me1 marks,
suggesting that these regions might contribute to the GATA factor-mediated tryptase gene expression.
This locus contains six genes (Prss34, Prss28, Prss29, Tpsab1, Tpsb2 and Tpsg1) within a region of less
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than 80 kb. We evaluated the mRNA levels of these genes by qRT-PCR in BMMCs and quantified the
relative expression level to that of KIT (Figure 3B). The Tpsb2 gene was found to be expressed the most
abundantly, whereas the Tpsg1 transcript was detected at a much lower level. Transcripts from the
Prss34, Prss28, Prss29 and Tpsab1 genes were undetectable in BMMCs. We named the GATA2 binding
peaks of the ChIP-seq data after the distance from the Tpsb2 gene transcription start site (Figure 3A).
Region A, which was bound by GATA1 in our previous report [17], was renamed as the −72.8 kb region
in the present study (Figure 3A).

Figure 3. GATA1 and GATA2 bind to multiple regions at the tryptase locus. (a) Publicly available
ChIP-seq data of the GATA2 binding and the histone modification marks at the tryptase locus in
BMMCs [20,21]. The peaks are visualized with the Integrative Genomics Viewer (IGV). (b) The results
of the qRT-PCR analysis of the genes on mouse chromosome 17A3.3 in BMMCs. The mRNA levels were
normalized relative to the level of Kit mRNA. n = 3. (c) Binding of GATA1 and GATA2 to the tryptase
locus was examined by qChIP assays. Chromatin fragments were prepared from wild-type BMMCs.
The values of PCR amplicons using immunoprecipitated with an antibody (IP) or the corresponding
normal IgG (IgG) relative to those of the input are shown. The regions 3.9 and 27.7 kb upstream of the
Gata2 gene were amplified as positive and negative control regions for GATA2 binding, respectively.
In comparison to IgG: *, p < 0.05; **, p < 0.01; n.s., not significant. n = 6. (d) The results of qRT-PCR of
Ube2i and Cacna1h gene transcript in the BMMCs transfected with the indicated siRNAs. *, p < 0.05;
**, p < 0.01; n.s., not significant. n = 3.
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To examine whether or not these GATA2 binding regions were also bound by GATA1, qChIP-PCR
was performed using either GATA1 or GATA2 antibody (Figure 3C). The−3.9 and−27.7 kb regions of the
Gata2 gene were amplified as positive and negative controls for GATA factor binding, respectively [22].
We found that the −72.8, −63.4 and −1.1 kb regions were bound by GATA2, and their percent input
values were similar to that of the Gata2 −3.9 kb region. GATA1 binding was observed at similar regions,
although the percent input values were smaller than that of the Gata2 −3.9 kb region. The DNA binding
of both GATA1 and GATA2 was weak or undetectable at the−67.9, −34.0 and +2.6 kb regions. Although
additional peaks of GATA2 binding were observed at −84.3, −20.7 and −13.5 kb in the ChIP-seq data
(Figure 3A), the PCR products were not observed despite the use of two different primer sets.

The −72.8 and −1.1 kb regions are localized near the 5′ and 3′ ends of the tryptase gene cluster,
respectively (Figure 3A). Both regions are bound by the GATA factors and overlap with the ChIP-seq
marks for H3K27Ac and H3K4me1. These observations prompted us to examine whether or not
the expression of the genes localized outside of the tryptase gene cluster was also influenced by
GATA factors.

Contrary to our hypothesis, the mRNA level of the 5′-neighboring Ube2i gene encoding the
SUMO-conjugating enzyme UBC9 was not changed in BMMCs treated with either GATA1 or GATA2
siRNA (Figure 3D). In contrast, that of Cacna1h, the 3′ neighboring gene of Tpsg1 encoding a
voltage-dependent T-type calcium channel, was significantly decreased in the GATA1 or GATA2
knockdown BMMCs (Figure 3D). These data suggest that the expression of Cacna1h, but not Ube2i, is
regulated by the GATA factors. It is also possible that −72.8 kb region may function as a unidirectional
regulatory domain, and the GATA factor binding to this region might affect the expression of
downstream (Tpsb2, Tpsg1 and Cacna1h), but not upstream (Ube2i), genes. Alternatively, although this
region is bound by the GATA factors, this region may not have a significant role in gene regulation.

2.4. The GATA2 Binding Activity to the −72.8 kb Region is Reduced by GATA1 Ablation

To further examine the DNA binding specificity of GATA1 and GATA2 to the −72.8 and −1.1 kb
regions, we utilized BMMCs prepared from conditional knockout mice of GATA1 (G1KO) and GATA2
(G2KO) and examined whether or not GATA1 and GATA2 affect each other’s DNA binding activity to
these regions. These mice express Rosa26CreERT2 gene and their gene recombination is induced by
the 4-OHT treatment in BMMCs [17,18]. We previously observed that the Cre-loxP-mediated gene
recombination of the GATA1 flox allele takes time, and this is possibly due to the long distance between
the two loxP sites (approximately 6.8 kb) [17]. In contrast, the recombination of the GATA2 flox allele,
which only excises exon 5 encoding the DNA binding domain, occurs rapidly [18]. The Kit −114 kb
region was examined as a positive locus for GATA factor binding [17]. The GATA factor binding to the
−72.8 and −1.1 kb upstream regions was significantly reduced in the corresponding gene knockout
BMMCs, while the residual GATA1 protein might affect the DNA binding activity (Figure 4A,B).
Interestingly, the GATA2 binding to the −72.8 and −1.1 kb regions were significantly reduced in the
G1KO BMMCs (Figure 4B). In particular, the reduction of GATA2 binding to the −72.8 kb region in
the G1KO BMMCs was comparable to that of the G2KO BMMCs. These results indicate that GATA1
is required for the maximal binding activity of GATA2 to the −72.8 and −1.1 kb regions. In contrast
to GATA1, GATA2 ablation did not affect the GATA1 binding to the −72.8 kb region (Figure 4A).
In contrast, the GATA1 binding activity to the −1.1 kb region was reduced in the G2KO BMMCs,
and the percent input value was even less than that in the G1KO BMMCs (Figure 4A). Such cross
regulation of the DNA binding activity was not observed at the Kit −114 kb region. (Figure 4A,B).

Taken together, these results indicate that GATA1 and GATA2 affect each other’s binding activity
to the −72.8 and −1.1 kb regions. In addition, GATA1 might have a critical role in GATA2 binding
to the distal −72.8 kb region, whereas GATA2 might be required for GATA1 binding to the proximal
−1.1 kb region.
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Figure 4. GATA1 and GATA2 affect each other’s binding activity to the −72.8 and −1.1 kb regions.
(a,b) Binding of GATA1 (a) and GATA2 (b) to the−72.8 and−1.1 kb regions was examined by ChIP-qPCR
assays. Chromatin fragments were prepared from either wild-type (WT), G1KO, or G2KO BMMCs.
The values of PCR amplicons using immunoprecipitated with an antibody (IP) or the corresponding
normal IgG (IgG) relative to those of the input are shown. The results were obtained from four
independent assays. The region 114 kb upstream of the Kit gene was amplified as a positive control
region for GATA1 and GATA2 binding. *, p < 0.05; **, p < 0.01; n.s., not significant. n = 4.

2.5. The −72.8 kb Upstream Region of the Tpsb2 Gene is Indispensable for the Expression of the Tpsb2 and
Tpsg1 Genes in MEDMC-BRC6 Murine Mast Cells

To determine whether or not the−72.8 kb region contributes to the Tpsb2 and Tpsg1 gene expression,
this region was deleted using CRISPR/Cas9-mediated genome editing in MEDMC-BRC6 (BRC6) murine
mast cells [23]. qRT-PCR analyses showed that transcripts from Tpsb2 and Tpsg1 were significantly
decreased in the GATA1 or GATA2 knockdown cells (Figure 5A) and increased in the cells transfected
with an expression plasmid encoding either GATA1 or GATA2 cDNA (Figure 5B). These results suggest
that the expression of these genes was dependent on the GATA factors in BRC6 cells, as observed
in BMMCs.

Using CRISPR/Cas9-mediated genome editing, the −72.8 kb region was deleted and replaced
with a homologously recombined PGK-gb2-neo gene cassette. As a result, we obtained 6 homozygous
clones (Δ−72.8 kb) that were used for the qRT-PCR analysis (Figure 5C). The G418 resistant clones in
the absence of the −72.8 kb deletion were examined as wild-type controls. The GATA1 and GATA2
mRNA levels were unaffected by the −72.8 kb deletion. Notably, both the Tpsb2 and Tpsg1 transcript
levels were significantly reduced in the Δ−72.8 kb clones. In contrast, the −72.8 kb deletion did not
markedly affect either the Cpa3 or Mcpt4 transcript levels, denying any non-specific effects on the mast
cell phenotype in the Δ−72.8 kb clones. Interestingly, the transcript level of Cacna1h, but not Ube2i,
was significantly lower in the Δ−72.8 kb clones than in the wild-type clones, as was observed in the
GATA factor knockdown BMMCs (Figure 5C). Taken together, these data suggest that the −72.8 kb
region is required for the expression of far downstream Tpsb2, Tpsg1 and Cacna1h genes, whereas it is
dispensable for the upstream Ube2i gene expression.
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Figure 5. The deletion of the −72.8 kb region reduced the Tpsb2 and Tpsg1 gene expression in BRC6
mast cells. (a,b) Results of qRT-PCR of the Tpsb2 and Tpsg1 gene transcript in BRC6 cells transfected
with either control, GATA1 or GATA2 siRNA (a) or pEF plasmid DNAs (b). In the plasmid transfection,
pmaxGFP was co-transfected with pEF plasmid DNAs, and green fluorescent protein (GFP)-positive
cells were sorted at 24 h after transfection. (c) The results of qRT-PCR of mRNAs transcribed from the
indicated genes in genome-edited BRC6 cells. The samples were prepared from undeleted (WT) and
homozygous (Δ−72.8 kb) clones. n = 6 for each group. *, p < 0.05; **, p < 0.01; n.s., not significant. n = 5.

2.6. GATA1 Regulates the CTCF and Rad21 Binding Activity to the Tryptase Gene Locus

Our data showed that the −72.8 kb region functions as a unidirectional regulatory region for the
Tpsb2 and Tpsg1 genes, and the GATA2 binding activity to this region is regulated, at least in part,
by GATA1. Based on these findings, we surmised that there might be boundary regions that separate
the −72.8 kb region and the upstream Ube2i gene. Because CTCF is often found in the chromatin
domain boundaries [24], we utilized a published ChIP-seq dataset for CTCF binding in BMMCs [20] to
visualize the CTCF binding peaks at the tryptase gene locus (Figure 6A). We found three CTCF binding
peaks between the −72.8 kb region and the Ube2i gene. Additional CTCF binding peaks were observed
at −32.4, −2.4 and +7.6 kb upstream of the Tpsb2 gene.

CTCF often shares DNA binding sites with cohesion, and the CTCF/cohesin complex plays central
roles for creating the chromatin boundaries and the loop formation [25]. Our ChIP analysis revealed
that the −81.3, −75.9 and −2.4 kb regions (Figure 6A) are bound by both CTCF and the cohesion
subunit Rad21 in BMMCs (Figure 6B,C). Surprisingly, the CTCF binding activities at the −81.3, −75.9
and −2.4 kb regions were significantly decreased in the GATA1, but not GATA2, knockout BMMCs
(Figure 6B). The Rad21 binding activity to the −81.3 and −75.9 regions was also reduced by GATA1,
but not GATA2, ablation, although the reduction at the −2.4 kb region was unaffected in both mice.
In summary, these results suggest that GATA1, but not GATA2, can facilitate the CTCF/Rad21 binding
to the 5′-boundary regions of the tryptase locus.
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Figure 6. Conditional ablation of GATA1 in BMMCs resulted in a significant reduction in the CTCF
binding to the −81.3 and −75.9 kb regions. (a) Publicly available ChIP-seq data of the CTCF and GATA2
binding at the tryptase locus in BMMCs. The peaks are visualized with the IGV. (b,c) Genomic binding
of CTCF (b) and Rad21 (c) to 81.3, 75.9 and 2.4 kb upstream of the Tpsb2 gene was examined by the
ChIP-qPCR assays. Chromatin fragments were prepared from G1KO and G2KO BMMCs cultured
either in the presence or absence of 4-OHT. The values of PCR amplicons using immunoprecipitated
with an antibody (IP) or the corresponding normal IgG (IgG) relative to those of the input are shown.
The results were obtained from four independent assays. *, p < 0.05; **, p < 0.01; n.s., not significant.
n = 4.
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3. Discussion

In the present study, we investigated the regulation of mouse tryptase gene expression by GATA
factors. Our data suggest that the genes encoding mast cell tryptase on mouse chromosome 17A3.3 are
coordinately regulated by GATA factors. Within the mouse tryptase gene locus spanning approximately
75 kb, only two genes (Tpsb2 and Tpsg1) were found to be expressed in the BMMCs of C57BL/6 mice.
These genes reside next to each other in the 3′-end of the locus. To our surprise, deletion of the −72.8 kb
region that resides in the 5′-end of the locus severely affected the expression of Tpsb2 and Tpsg1 genes.
The −72.8 kb region contains seven classical GATA recognition sequences, (A/T)GATAA, and two
of them match the chromatin occupancy sequence for GATA1, (C/G)(A/T)GATAA(G/A/C)(G/A/C),
that was reported in previous ChIP-seq studies [26–28]. Of note, deletion of this region affected the
expression of the 3′-neighboring Cacna1h gene but not the 5′-neighboring Ube2i gene. Similar results
were also obtained in BMMCs treated with either GATA1 or GATA2 siRNA. The expression of the
Ube2i gene encoding the SUMO-conjugating enzyme Ubc9 is not mast cell-specific, and its transcript is
detected in a variety of tissues [29]. Taken together, these results suggest a possibility that the gene
regulatory function of the −72.8 kb region is dependent on the GATA factors and is unidirectional.
Further studies that evaluate the expression of other neighboring genes are needed for understanding
the function of the −72.8 kb region.

Recently, a chromosome conformation capture (3C) assay and related Hi-C technique reveal that
the three-dimensional structure of chromosomes is dynamically regulated, depending on the cell
type, stage of development and extracellular condition [30,31]. Eukaryotic chromatin is organized
into compartments composed of topologically associating domains (TADs) that are further divided
into smaller units termed subTADs [32–35]. TADs and subTADs are critical chromosome structural
domains in the regulation of the long-range gene expression. CTCF and cohesion have been shown to
play crucial roles in the formation of TADs and subTADs, and their binding sites are often found at the
boundary region of TADs [24]. In the mouse tryptase locus, three binding peaks of CTCF residing
between the Ube2i gene and the −72.8 kb region were found by the ChIP-seq data, and two of them
were bound by CTCF and Rad21 in our ChIP analyses. Considering the unidirectional effect of the
−72.8 kb region, we speculate that these regions might function as a barrier to prevent the GATA
factor-dependent, mast cell-specific gene activation of the Ube2i gene. The 3C and Hi-C analyses
in combination with deletion of the CTCF or GATA factor binding regions may help clarify the 3D
chromosome architecture of the tryptase locus. In addition, whether or not the −72.8 kb region resides
in close proximity to the Tpsb2 and Tpsg1 promoters due to chromatin looping should be clarified.

Our data indicate that GATA1 plays specific roles that cannot be compensated for by GATA2 in
the regulation of mast cell tryptase genes. The ChIP analyses showed that GATA1 ablation significantly
reduced the GATA2 binding to the distal −72.8 kb region. Given that deletion of the −72.8 kb region
affects the expression of Tpsb2 and Tpsg1, GATA1 might be required for the GATA2-mediated activation
of the −72.8 kb region. Notably, ablation of GATA1, but not GATA2, affected the CTCF and Rad21
binding to the −81.3 and −75.9 kb regions. Thus, it is possible that GATA1 facilitates the recruitment of
CTCF and cohesin to the 5′-region of the tryptase locus and thereby promotes the formation of active
chromatin structure. Interestingly, GATA2 ablation attenuated the GATA1 binding to the proximal
−1.1 kb region, whereas the binding to the −72.8 kb was not affected. Thus, GATA2 might have a
dominant role in activating the Tpsb2 and Tpsg1 promoters.

In erythroid and megakaryocytic cells, the genome-wide DNA binding of GATA1 and GATA2
has been comprehensively studied by ChIP-seq analyses [26–28,36,37]. These studies showed that
numerous cell type-specific genes were commonly regulated by both factors. Although these studies
defined several unique target genes of either GATA1 or GATA2, the difference between the overlapping
and specific target gene regulation has not been clearly defined. GATA1 and its cofactor FOG-1 were
shown to be required for looping the β-globin locus control region to the active β-globin promoter [38].
Subsequently, several factors that interact with GATA1, such as Ldb1 [39], BRG1 [40] and SCL/TAL1 [41],
have shown to play crucial roles for the chromatin looping formation. These findings suggest that
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GATA1 might interact with a specific partner to promote the formation of active chromatin structure in
mast cells. Further investigations will be needed in order to define the functional differences between
GATA1 and GATA2 in mast cell-specific gene regulation.

An earlier study showed that the expression of tryptase genes in vivo is restricted to a particular
cell type or tissue, and each individual gene has a different expression profile [9]. These data seem to be
inconsistent with the present data. In this study, we used BMMCs and the mast cell line BRC6, which are
not fully differentiated compared to highly differentiated peripheral tissue mast cells. The coordinated
gene expression regulation of the entire tryptase locus, that has been shown in this study, might be
restricted to immature mast cells. Alternatively, only when the structure of the entire locus is activated
can a local gene regulatory system of an individual gene be formed during differentiation. BMMCs
can be differentiated to connective tissue-type mast cells by culturing with Swiss 3T3 fibroblasts [42].
This system can be used to determine whether or not the coordinated gene regulation of the tryptase
locus is differentiation stage-dependent.

4. Materials and Methods

4.1. Mice

Conditional knockout mice of Gata1 (Gata1flox/y) and Gata2 (Gata2flox/flox) were kindly provided
by S. Philipsen (Erasmus MC, Rotterdam, the Netherlands) and S. A. Camper (University of Michigan,
Ann Arbor, MI, USA), respectively [43,44]. The knockin mice expressing a 4-hydroxy tamoxifen
(4-OHT)-inducible Cre recombinase gene under the control of the Rosa26 promoter (Rosa26CreERT2)
were kindly provided by Anton Berns, The Netherlands Cancer Institute. The Gata1 and Gata2 knockout
phenotype was examined in BMMCs prepared from hemizygous (Gata1−/y) and homozygous (Gata2−/−)
male mice expressing CreERT2. The study was approved by the Animal Experiment Committee
of the Takasaki University of Health and Welfare (Kendai1526, 31 Mar 2015, Kendai1601, 1 Apr
2016, Kendai1730, 15 Mar 2017, Kendai1816, 1 Apr 2018 and Kendai1919, 1 Apr 2019). The animal
experiments were carried out in accordance with The Guidelines on Animal Experiments in Takasaki
University of Health and Welfare, Japanese Government Animal Protection and Management Law
(No.105) and Japanese Government Notification on Feeding and Safekeeping of Animals (No.88).
The mice were maintained in an animal facility of Takasaki University of Health and Welfare in
accordance with institutional guidelines.

4.2. Cell Culture

Bone marrow mononuclear cells isolated from the femurs and tibiae were cultured for two
weeks in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS and
penicillin-streptomycin in the presence of 10 ng/mL recombinant murine IL-3 (PeproTech, Rocky Hill,
NJ, USA) and subsequently cultured for two weeks with IL-3 and 10 ng/mL recombinant murine stem
cell factor (Peprotech). The 293T cells (Thermo Fisher Scientific) were cultured in Dulbecco modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin.
MEDMC-BRC6 cells [23] were purchased from RIKEN BRC (Tsukuba, Japan) and cultured in Iscove’s
modified Dulbecco’s medium (IMDM; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
containing the following: 15% FBS, ITS liquid media supplement (Sigma-Aldrich, St. Louis, MO, USA),
50 mg/mL ascorbic acid (Sigma-Aldrich), 0.45 mM α-monothioglycerol (Sigma-Aldrich), 3 ng/mL IL-3,
30 ng/mL stem cell factor (SCF), 1% penicillin-streptomycin solution and 2 mM l-glutamine (Nacalai
Tesque, Kyoto, Japan).

4.3. Transfection of Small Interfering RNA (siRNA) or Plasmid DNA

The siRNA duplexes for mouse GATA1 and GATA2 were purchased from Invitrogen. The control
siRNA was purchased from Sigma. In the knockdown experiments, BMMCs (2.0 × 106 cells) were
transfected with 200 pmol of siRNA by electroporation using an Amaxa Nucleofector (Lonza, Basel,
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Switzerland). Cells were harvested 24 h after transfection and used for the analyses. In the co-expression
experiments shown in Figure 2, we generated MITF-A and MITF-MC cDNAs by PCR and cloned
them into a bicistronic expression plasmid pIRES2 DsRed-Express2 Vector (Takara Bio USA, Mountain
View, CA, USA). BMMCs (2.0 × 106 cells) were transfected with 200 pmol of siRNA and 2.5 μg of
plasmid DNA by electroporation, and the cells expressing DsRed were sorted using a FACSJazz
cell sorter (BD Biosciences, Franklin Lakes, NJ, USA) at 24 h after transfection. In the plasmid
transfection experiments shown in Figure 5B, we used the pEF-BOS [45] expression plasmids GATA1
and GATA2 [46], and pmaxGFP vector (Lonza). pEF plasmids (4 μg; GATA1, GATA2, or empty vector)
and 1 μg of pmaxGFP were co-transfected into BRC6 cells by electroporation. At 24 h after transfection,
GFP-positive cells were sorted using the cell sorter and used for the analyses.

4.4. Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from cells using a NucleoSpin RNA II (Macherey-Nagel, Düren, Germany).
The reverse transcription reactions were performed using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions. Quantitative RT-PCR (qRT-PCR) was performed
using the Go Taq qPCR Master Mix (Promega, Madison, WI, USA) and an Mx3000P real-time PCR
system (Agilent, Santa Clara, CA, USA), as described previously [47]. The results were normalized to
the transcript from the polymerase (RNA) II (DNA directed) polypeptide A (Polr2a) gene. The primer
sequences used for PCR are shown in Table A1.

4.5. Western Blotting

The whole lysates were prepared as previously described (ref). The samples were resolved
by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and the Western blot analyses
were performed as described previously [47] using anti-GATA1 (N6; Santa Cruz, Dallas, TX, USA),
anti-GATA2 (H-116; Santa Cruz), anti-MCP6 (sc-32474; Santa Cruz), anti-MITF (H-50; Santa Cruz),
and anti-lamin B (M-20; Santa Cruz) antibodies.

4.6. Chromatin Immunoprecipitation (ChIP)

A ChIP assay was performed as in a prior report [47] using anti-GATA-1 (N6; Santa Cruz),
anti-GATA2 (B9922A; Perseus Proteomics, Tokyo, Japan), anti-CTCF (A300-543A; Bethyl, Montgomery,
TX, USA) and anti-Rad21 (Ab992; Abcam, Cambridge, UK) antibodies and normal Rabbit IgG
(2729S; Cell Signaling Technology, Danvers, MA, USA) and anti-Rat IgG (sc-2026; Santa Cruz).
As described previously, the GATA1 ChIP assay was done using an anti-rat IgG rabbit antibody
(Jackson ImmunoResearch, West Grove, PA, USA) as a secondary antibody to precipitate the immune
complex [47]. The DNA purified from ChIP samples were amplified was analyzed using an Mx3000P
real-time PCR system (Agilent) with the GoTaq qPCR Master Mix (Promega). The primer sequences
used are shown in Table A2.

4.7. CRISPR/Cas9 Genome Editing

To delete the −72.8 kb region using the CRISPR/Cas9 system, we used two Cas9 expression
plasmids: pSpCas9(BB)-2A-GFP (PX458) and pSpCas9(BB)-2A-Puro (PX459) V2.0. These plasmids
were a gift from Feng Zhang (Addgene plasmid #48139 and #48138) [48]. Single-guide RNAs
(sgRNAs) targeting the 5′ and 3′ end of the −72.8 kb region were designed using CRISPRdirect
(https://crispr.dbcls.jp). The sgRNA target sequences were synthesized as DNA oligonucleotides, and a
pair of annealed oligonucleotides was inserted into either PX458 or PX459 using the golden gate
method. To prepare a targeting vector for homologous recombination, the 5′ and 3′ homology arms
were amplified by PCR. The resulting 5′ (1.1 kb) and 3′ (1 kb) arms and the PGK-gb2-neo template
(Gene Bridges, Heidelberg, Germany) were cloned into a pBluescript KS vector (Agilent Technologies).
BRC6 cells were co-transfected with 2 μg each of PX458 and PX459 vectors harboring the 5′ and 3′
gRNAs, respectively, and 1 μg of the targeting plasmid by electroporation using NEPA21 (Nepa Gene,
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Chiba, Japan). At 24 h after electroporation, the cells were cultured with 1.0 μg/mL of puromycin for
another 24 h, and subsequently, the GFP-positive cells were sorted using a FACSJazz cell sorter into
96-well plates. At 24 h after sorting, G418 was added at a concentration of 1.5 mg/mL, and the cells
were cultured for 10 days. The genomic deletion was examined by PCR using genomic DNA isolated
with PBND buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 2.5 mM MgCl2, 0.1 mg/mL Gelatin, 0.45%
NP-40, 0.45% Tween20 and 20 mg/mL Proteinase K). For homozygous deletion mutants, deletion of the
−72.8 kb region was further confirmed by DNA sequencing. The sgRNA target sequences and PCR
primers used for the arms are shown in Table A3.

4.8. ChIP-seq Data Processing

The previously described ChIP-seq data sets (GSE48086 and GSE97253) [20,21] were aligned to the
mouse genome (mm9 assembly). The data (GATA2, GSM1167578; H3K27Ac, GSM2564722; H3K4me1,
GSM2564728; CTCF, GSM1167574) were visualized using the Integrative Genomics Viewer (IGV).

4.9. Statistical Analyses

Comparisons between two groups were made using Student’s t-test. Data are presented as
the means ± standard deviation. For all of the analyses, statistical significance was defined as a
p-value < 0.05.
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Appendix A

Table A1. Primer sequences for qRT-PCR analyses.

Primers for qRT-PCR
Sequences (5′ to 3′)

Forward Reverse

Gata1 CAGAACCGGCCTCTCATCC TAGTGCATTGGGTGCCTGC

Gata2 GCACCTGTTGTGCAAATTGT GCCCCTTTCTTGCTCTTCTT

Cebpa AAAGCCAAGAAGTCGGTGGAC CTTTATCTCGGCTCTTGCGC

Mitf GCTGGAGATGCAGGCTAGAG TGATGATCCGATTCACCAGA

Cpa3 GCTACACATTCAAACTGCCTCCT GAGAGAGCATCCGTGGCAA

Mcpt4 CATGCTTTGTTGAACCCAAGG GAAGTGAAAAGCCTGACCTGC

Mcpt8 GTGGGAAATCCCAGTG GACAACCATACCCCAG

Cma1 CCTGGGTTCCAGCACCAA GGCGGGAGTGTGGTATGC

Ctsg GAGTCCAGAAGGGGCTG GATGGCTCTGAGACAT

Tpsb2 CGACATTGATAATGACGAGCCTC ACAGGCTGTTTTCCACAATGG

Tpsg1 GGTCACACTGTCTCCCCACT GCATCCCAGGGTAGAAGTCA

Mitf ex1a AAGTCGGGGAGGAGTTTCAC

CATCAATTACATCATCCATCTGCATGC

Mitf ex1mc CGACAAGCTTATGAACCGGCTTTTCCTG

Mitf ex1e TCACAGAGGTTAGTAGGTGGATGGG

Mitf ex1h GGCGCTTAGATTTGAGATGC

Mitf ex1m GAGGACTAAGTGGTCTGCGG

Mitf ex1b CCTGAGCTCACCATGTCCAAAC

Prss34 GCTGATGAAAGTGGTCAAGATCATCCG AGGAGTGAATGCATCAATATGAGTGGCTG

Prss28 GTACCGTGTTCATGGCCTCT TGACTTTGGATGCAGTGAGC

Prss29 GTCAAGCTGCCCTCTGAGTC TGGTTGCCTGCACATAACAT

Tpsab1 ATGACCACCTGATGACTGTGAGCCAG AGGAACGGAGGTCATCCTGGATGTG

Ube2i GAGGCTTGTTCAAGCTACGG GTGATAGCTGGCCTCCAGTC

Cacna1h CCTTTCTCAGCGTCTCCAAC GCCACAATGATGTCAACCAG

Polr2a CTGGACCCTCAAGCCCATACAT CGTGGCTCATAGGCTGGTGAT

Table A2. Primer sequences for ChIP-qPCR analyses.

Primers
Sequences (5′ to 3′)

Forward Reverse

Tpsb2

−72.8 kb AACCTTCGACGTGACCTTTG GGCACAGGATTTGTGAGACC

−67.9 kb TCAGTTGGCAGGTTTCTGTG ACCAGTCAGGGCAAGTTCAC

−63.4 kb CTTACTGCTTTGGCCTGGAG TATGAATTTGGAGGCGATCC

−34.0 kb AGCCTCCTAAGGGTCAGAGC CCGCGATATTATCTGCACCT

−1.1 kb GGAGGTCACACTGCAGGATT AATGGGTAACAGCGTCGTTC

+2.6 kb CTTGCCTTCCTTGTCCTCTG AGAAGAGAGGGAGCCACACA

−81.3 kb GTGAGGCCCATTCAAAAGAA CTAGGGAACCAGATGCCAAA

−75.9 kb GAGGACCCAAGTGAGGTTCA AGAAGCCCCTAGGAGTGAGC

−2.4 kb CAGTCCAACTGCACCAACC CACCCTCAGTTGCCTCCTCA

Gata2
−3.9 kb GAGATGAGCTAATCCCGCTGTA AAGGCTGTATTTTTCCAGGCC

−27.7 kb TGCCATGCCGGATATATTTTG ACTAGCACGTGTGGCACAGTG

Kit −114 kb CGTGCACACAGGTTTGTTTC TGCTGAGATGTGGCAATAGG
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Table A3. Sequences of oligonucleotide used for CRISPR Cas9 genome editing.

Applied Oligonucleotide Sequences of Oligonucleotide (5′ to 3′)

sgRNAs

5′-fwd CACCGTCTTACTGTAGATTTAAGC

5′-rev AAACGCTTAAATCTACAGTAAGAC

3′-fwd CACCGACATTAGAACACTATTAGTA

3′-rev AAACTACTAATAGTGTTCTAATGTC

5′ arm
Fwd TAATGGGCCCACAGGGCCTCATTTTGTAGG

Rev ACCGATCGATGCTTAAATCTACAGTAAGAC

3′ arm
Fwd TATGGGATCCACTACTTTTACACTGCCTCA

Rev ACTTGCGGCCGCTACATGTTGGCACAAGCCTG
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Abstract: Jabara (Citrus jabara Hort. ex Y. Tanaka) is a type of citrus fruit known for its beneficial
effect against seasonal allergies. Jabara is rich in the antioxidant narirutin whose anti-allergy effect
has been demonstrated. One of the disadvantages in consuming Jabara is its bitter flavor. Therefore,
we fermented the fruit to reduce the bitterness and make Jabara easy to consume. Here, we examined
whether fermentation alters the anti-allergic property of Jabara. Suppression of degranulation and
cytokine production was observed in mast cells treated with fermented Jabara and the effect was
dependent on the length of fermentation. We also showed that 5-hydroxymethylfurfural (5-HMF)
increases as fermentation progresses and was identified as an active component of fermented Jabara,
which inhibited mast cell degranulation. Mast cells treated with 5-HMF also exhibited reduced
degranulation and cytokine production. In addition, we showed that the expression levels of
phospho-PLCγ1 and phospho-ERK1/2 were markedly reduced upon FcεRI stimulation. These results
indicate that 5-HMF is one of the active components of fermented Jabara that is involved in the
inhibition of mast cell activation.

Keywords: mast cells; allergy; degranulation; cytokine; Citrus jabara; fermentation; 5-HMF

1. Introduction

Millions of people who react to airborne allergens such as pollens suffer from symptoms including
rhinitis, atopic dermatitis, and asthma, which could reduce the patients’ quality of life. These allergic
symptoms are induced by the activation of inflammatory cells such as mast cells [1–3].

Mast cells express Fc epsilon receptor (FcεRI), which can bind to immunoglobulin E (IgE).
Stimulation of IgE-sensitized mast cells with a specific antigen results in a cascade of events leading to
the secretion and production of proinflammatory molecules such as histamine, lipid mediators and
cytokines [4,5]. These secreted molecules play critical roles in the inflammatory reactions in patients
with allergic diseases. Allergic symptoms can impair the patients’ quality of life by causing chronic
fatigue, cognitive impairment, and many other symptoms associated with the condition. While there
are many anti-allergy medications on the market, more effective and safer drugs are still being sought.
Use of natural products for the prevention and treatment of allergic diseases is an attractive and
advantageous option in that they have fewer side effects.
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Citrus jabara is a cultivar of citrus native to Kitayama village in Wakayama prefecture, Japan.
Jabara has gained much attention in recent years for its effect on alleviating seasonal allergy
symptoms [6]. Jabara has been found to be particularly rich in the dietary flavonoid narirutin
(naringenin-7-O-β-D-rutinoside) commonly found in citrus that is reported to possess anti-allergic
property. The anti-allergic property of narirutin has been shown in both in vitro and in vivo studies
using a mouse model of atopic dermatitis and airway inflammation [7–9]. However, it is still unknown
whether Jabara contains other active compounds that have anti-allergic activity.

While the consumption of Jabara has been shown to be effective in alleviating allergic symptoms
in patients suffering from seasonal allergy, its use as a health food has some restrictions due to its
flavor, especially the bitterness of the peel where narirutin is primarily present. To overcome this
disadvantage, we reduced the bitterness of the fruit by processing it with our proprietary procedure
that incorporates self-fermentation and maturation. However, it is unknown whether Jabara’s chemical
composition changes and its anti-allergic effects are affected by fermentation.

In this study, we investigated the effect of fermented Jabara extract on allergic responses by
examining in vitro anti-allergic activity using mouse mast cells. We identified 5-hydroxymethylfurfural
(5-HMF) as an active compound that inhibits FcεRI-mediated degranulation and cytokine production
in mouse mast cells.

2. Results

2.1. Fermented Jabara Suppressed Mast Cell Activation

We first examined the effect of fermented Jabara on the activation of mast cells by measuring the
release of the mast cell degranulation marker β-hexosaminidase. Antigen-dependent degranulation of
mast cells was significantly suppressed by pretreating the cells with four-week fermented Jabara as
well as flesh and peel of raw Jabara (Figure 1A). Next, we measured the concentration of cytokines in
the culture supernatant of mast cells by ELISA (Figure 1B,C). Cytokine production was suppressed by
pretreating mast cells with fermented Jabara. In addition, no significant change in the cell viability was
observed after 6-h exposure to Jabara extracts (Figure S1). These data suggest that inhibition of mast
cell degranulation and cytokine production induced by antigen stimulation is not due to cytotoxic
effect of Jabara extracts.

We then examined whether the length of fermentation influences the effectiveness of inhibition
of degranulation. As shown in Figure 2, the inhibitory effect of Jabara increased as the length of
fermentation increased. Degranulation was significantly inhibited when cells were treated with Jabara
fermented for 12 weeks.

2.2. 5-HMF is the Active Component in Fermented Jabara that Inhibits Mast Cell Activation

To identify the active component of fermented Jabara that exerts inhibitory effect against mast cell
degranulation, we fractionated the extract of fermented Jabara by HPLC and examined the inhibitory
effect of each fraction on degranulation. The chromatogram of the fermented sample showed two
major peaks at 3.7 min (peak a) and 9.85 min (peak b) (Figure 3A). The retention time of peak b in the
fermented sample as well as the single peak in the unfermented sample corresponded to the retention
time of the narirutin standard (data not shown). The 3.7 min peak appeared in the fermented sample
(Figure 3A) but not in the unfermented sample (Figure 3B), suggesting that this compound is produced
by fermentation. In addition, the amount of this compound increased as the fermentation progressed.

We then analyzed the fraction containing the compound in peak a for its effect on mast cell
degranulation. As shown in Figure 3C, the compound in peak a exerted similar inhibitory effect on
degranulation as the compound in peak b (Narirutin).
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Figure 1. (A) Inhibitory effect of DMSO extract of flesh and peel of raw Jabara, as well as the extract of
fermented Jabara (four weeks) on β-hexosaminidase (β-hex) release from mast cells. IgE-sensitized
mast cells (1.0 × 105 cells/well) were preincubated with each extract at 37 ◦C for 15 min prior to 30 min
stimulation with DNP-HSA. Data represent one of at least three trials that showed similar results. Data
are presented as mean (SD). **p < 0.01, two-tailed Student’s t-test. (B,C) Inhibitory effect of DMSO
extract of fermented Jabara on cytokine production in mast cells. Mast cells were stimulated with 10
ng/mL DNP-HSA for 6 h with or without the addition of fermented Jabara. IL-6 (B) and IL-13 (C)
production were measured by ELISA. Data represent one of at least three trials that showed similar
results. Data are presented as mean (SD). *p < 0.05, two-tailed Student’s t-test.

Figure 2. Inhibitory effect of DMSO extract from fermented Jabara on β-hex release from mast cells.
IgE-sensitized mast cells (1.0 × 105 cells/well) were preincubated with each extract (200 μg/mL) at
37 ◦C for 15 min prior to 30 min stimulation with DNP-HSA. Results represent one trial. At least three
additional trials show similar results. Data are presented as mean + SD. *p < 0.05, **p < 0.01, two-tailed
Student’s t-test. n.s., not significant.
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Figure 3. HPLC chromatograms of extracts (DMSO: MeOH = 1:1) of fermented Jabara (A) and flesh of
Jabara (B). Column: ODS-HG-5 (ϕ4.6 × 250 mm, 5 μm) NOMURA CHEMICAL; flow rate, 1.0 mL/min;
detected with UV at 285 nm. (C) Inhibitory effect of the compounds in peak a and b extracted from
fermented Jabara on β-hex release from mast cells. IgE-sensitized mast cells (1.0 × 105 cells/well) were
preincubated with each extract at 37 ◦C for 15 min prior to 30 min stimulation with DNP-HSA. Data
represent one of at least three trials that showed similar results. Data are presented as mean (SD).
**p < 0.01, ***p < 0.001, one-way ANOVA with Tukey–Kramer multiple comparison test. (D) LC-MS
analysis of peak a revealed its molecular weight.

Peak a was identified as 5-hydroxymethylfurfural (5-HMF) on the basis of 1H NMR, 13C NMR
LC-MS, and HPLC. The 13C NMR spectrum of the compound recovered from peak a revealed six
signals, indicating the presence of six (or a multiple of six) carbon atoms. When these signals were
compared to the reference signals from the Aldrich Spectral Library, they corresponded with the NMR
profile of 5-HMF This compound was further analyzed by LC-MS, and the MS spectrum showed the
ion peak at m/z 126, which matched that of 5-HMF (Figure 3D, right). The compound from peak a also
eluted at the same retention time as the 5-HMF standard. Based on these analyses, we identified this
compound as 5-HMF.

2.3. 5-HMF Increased as Fermentation Progressed

HPLC analysis showed that unfermented Jabara is rich in narirutin while 5-HMF was barely
detectable. As fermentation progressed, the amount of 5-HMF increased with a concomitant decrease
of narirutin. After 4–6 weeks of fermentation, the amount of 5-HMF equaled or exceeded the amount
of narirutin (Figure 4A).

The effect of 5-HMF on degranulation was examined using various concentrations of 5-HMF
standard and Jabara fermented for four weeks. As shown in Figure 4B, β-hexosaminidase release
was suppressed by 5-HMF in a concentration-dependent manner. Fermented Jabara suppressed
β-hexosaminidase release to the basal level, suggesting that the anti-degranulation effect of Jabara
becomes more potent as fermentation time increases. In addition, no significant change in the cell
viability was observed after 6-h exposure to various doses of 5-HMF (Figure S1). These data suggested
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that inhibition of mast cell degranulation induced by antigen stimulation is not due to cytotoxic effect
of 5-HMF.

Figure 4. (A) Inhibitory effect of the DMSO extract of fermented Jabara (FB) on β-hex release from mast
cells. IgE-sensitized mast cells (1.0 × 105 cells / well) were preincubated with each extract (200 ug/mL)
at 37 ◦C for 15 min prior to 30 min stimulation with DNP-HSA. Data are presented as mean (SD). Solid
and dashed lines: Amount of 5-HMF (mM) and Narirutin (mM) in Jabara, respectively, determined
on different days of fermentation by HPLC analysis. (B) Inhibitory effect of 5-HMF on β-hex release
from mast cells. IgE-sensitized mast cells (1.0 × 105 cells/well) were preincubated with each extract at
37 ◦C for 15 min prior to 30 min stimulation with DNP-HSA. Results represent one trial. At least three
additional trials show similar results. Data are presented as mean (SD). *p < 0.05, **p < 0.01, two-tailed
Student’s t-test. n.s., not significant.

2.4. Effect of 5-HMF on the Expression of Proinflammatory Cytokine

Next, we examined whether 5-HMF inhibits cytokine production. The effect of 5-HMF on the
expression of the proinflammatory cytokine IL-6 in FcεRI-induced mast cells was assessed by ELISA.
When cells were pretreated with 5-HMF, the expression level of IL-6 was significantly decreased in a
concentration-dependent manner as compared with the untreated group (Figure 5). Next, we analyzed
the mRNA levels of cytokines by quantitative PCR. Antigen stimulation of mast cells led to an increase
in the Il6 mRNA level (Figure 5B), and treating these cells with 5-HMF decreased the Il6 mRNA level
in a dose-dependent manner (Figure 5B). These results indicate that 5-HMF is capable of suppressing
the induction and production of proinflammatory cytokines.

2.5. The effect of 5-HMF on the PLCγ and MAPK Signaling Pathways

To gain some insight into the molecular mechanisms involved in the suppression on
FcεRI-stimulated mast cell activation by 5-HMF, we examined the MAPK signaling pathway, which
is known to regulate the expression of proinflammatory genes in response to FcεRI stimulation [10].
We hypothesized that 5-HMF downregulates cytokine expression by suppressing the activation of
MAPK signaling, and analyzed the phosphorylation status of PLCγ and ERK1/2 by Western blot
analysis. The expression levels of unphosphorylated PLCγ1 and ERK1/2 were comparable among all
treatment groups. In addition, phosphorylated proteins were marginally expressed in the negative
control group (no 5-HMF pretreatment, no stimulation) but were highly expressed in cells stimulated
with DNP-HSA. Phosphorylation of both PLCγ1 and ERK1/2 was completely suppressed by treating
mast cells with 800 μg/mL 5-HMF (Figure 6). Thus, our results support the idea that 5-HMF inhibits
the expression of cytokine expression by suppressing the MAPK signaling pathways.
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Figure 5. Inhibitory effect of 5-HMF on cytokine production and gene induction in mast cells. (A) Mast
cells were stimulated with 10 ng/mL DNP-HSA for 6 h and 5-HMF was added at the time of stimulation.
IL-6 production was then measured by ELISA. Data are from a representative of at least three trials that
showed similar results. Data are presented as mean (SD). *p < 0.05, ***p < 0.001, two-tailed Student’s
t-test. (B) Expression of IL-6 mRNA relative to G3PDH mRNA. Mast cells were stimulated with
10 ng/mL DNP-HSA for 1 h in the presence of 200 or 800 μg/mL 5-HMF. A representative of three
experiments is shown. Error bars represent standard deviation among duplicate samples. *p < 0.05,
**p < 0.01, two-tailed Student’s t-test.

Figure 6. (A) Inhibition of PLCγ1 phosphorylation in mast cells treated with 5-HMF. After
stimulation with DNP-HSA, mast cells were lysed and the cytosol fraction was immunoblotted
with anti-phospho-PLCγ1 (Top). Data were normalized to the expression levels of non-phosphorylated
PLCγ1 (Bottom). (B) Inhibition ERK1/2 phosphorylation in mast cells treated with 5-HMF. After
stimulation with DNP-HSA, mast cells were lysed and the cytosol fraction was immunoblotted with
anti-phospho-ERK1/2 (Top). Data were normalized to the expression levels of non-phosphorylated
ERK1/2 (Bottom). Data are presented as mean (SD). *p < 0.05, **p < 0.01, two-tailed Student’s t-test.
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3. Discussion

This study examined the anti-allergic effect of citrus Jabara that was fermented in order to reduce
bitterness. We showed that β-hexosaminidase release was significantly decreased in mast cells treated
with fermented Jabara, and the effect was enhanced as the fermentation period increased.

Currently, the flavonoid narirutin is believed to be the major contributor of anti-allergic effect in
Jabara. It has been shown that narirutin inhibits histamine release from rat peritoneal mast cells in vitro
and exerts an inhibitory effect on allergic skin reactions in a murine model of atopic dermatitis [8].
Interestingly, the amount of narirutin abundant in raw Jabara fruit decreased as fermentation progressed,
while the amount of 5-HMF, which is barely present in raw fruit, increased. We also observed that
the extract of freeze-dried unfermented Jabara, which is expected to be rich in narirutin (Figure 2),
did not inhibit mast cell degranulation. Since the HPLC-purified compound b (narirutin) suppressed
degranulation (Figure 3C), we considered the possibility that there is an unidentified factor in the
freeze-dried peel that interferes with the effect of narirutin.

Our data indicate that the fermentation process, during which narirutin is decreased, does not affect
the anti-allergic effect of Jabara. We also observed that the amount of 5-HMF and the anti-degranulation
effect increased proportionately to the length of fermentation, which led us to further investigate
5-HMF as the major anti-allergic/anti-inflammatory agent in fermented Jabara.

5-HMF is an organic compound generated by sugar reduction through the Maillard reaction [11–13];
therefore, it is normally present in heat-processed foods such as honey, dried fruits, and fruit
juices [14–16]. The anti-inflammatory and anti-allergic effects of 5-HMF have been reported in
several recent studies [17–21]. For example, it has been reported that Lycium chinense, commonly
called wolfberry, contains large amount of 5-HMF and that the fruit extract inhibits degranulation
of rat basophilic leukemia (RBL) cells [17]. In addition, Kong et al. showed that lipopolysaccharide
(LPS)-stimulated production of pro-inflammatory cytokines was suppressed in RAW 264.7 cells
pretreated with 5-HMF [21].

With regards to the mechanism underlying the anti-inflammatory activities of 5-HMF, little has
been understood. Yamada et al. described that 5-HMF inhibits the release of chemical mediators by
suppressing Ca2+ signaling in basophils though its detailed mechanism is unclear [17].

Calcium signaling is critical for the activation of mast cells. In mast cells, tyrosine kinase Syk is
recruited by aggregated FcεRI and phosphorylates phospholipase Cγ (PLCγ), leading to the generation
of inositol 1, 4, 5-triphosphate (IP3). IP3 causes Ca2+ release from intracellular Ca2+ stores and
activates Ca2+ influx via Ca2+ release-activated Ca2+ channels (CRAC) to replenish Ca2+ stores [22–25].
Therefore, it can be said that an increase in the intracellular Ca2+ is a necessary and sufficient stimulus
to trigger degranulation in mast cells. We investigated whether the mechanism by which 5-HMF
inhibits degranulation in mast cells involves the suppression of calcium signaling. We found that
5-HMF pretreatment inhibited FcεRI-mediated phosphorylation of PLCγ1 in DNP-HSA-stimulated
BMMC. This observation suggests that 5-HMF suppresses calcium influx by modulating PLCγ

phosphorylation and it agrees with previous reports that 5-HMF suppresses the elevation of intracellular
Ca2+ concentration [17,26]. Thus, our study suggests that 5-HMF may prevent mast cell degranulation
by regulating intracellular Ca2+ flux, but how 5-HMF might inhibit PLCγ1 phosphorylation is unclear
and is a subject of further investigation.

We also showed that FcεRI-mediated cytokine production is inhibited by 5-HMF. When mast
cells are activated via FcεRI, production of pro-inflammatory cytokines such as IL-6 occurs via the
MAPK signaling pathway [27]. The main components of the MAPK signaling cascades include ERK1/2,
SAPK/JNK, and p38 protein kinases, which are involved in number of physiological processes such
as cell proliferation, differentiation, and inflammatory responses [28,29]. We observed that 5-HMF
clearly inhibited FcεRI-mediated phosphorylation of ERK1/2, suggesting that 5-HMFcould disturb
FcεRI-activated MAPK signaling pathway (Figure 6B). Collectively, our data provide further insights
into the mechanism(s) controlling mast cell activation by 5-HMF that was previously unknown.
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In conclusion, our findings suggest that the anti-allergic effect of Jabara is enhanced by fermentation,
during which 5-HMF is produced. Further studies including in vivo experiments are required,
but 5-HMF has potential to be useful for controlling allergy symptoms. We consider fermentation as a
useful and effective way to produce 5-HMF as well as to improve the taste for consumption.

4. Materials and Methods

4.1. Fermentation of Jabara

Raw Jabara peel was aged in a fermenter for 4–12 weeks at a temperature of 70 ◦C and a humidity
of 75% or higher with no additives or water added.

4.2. Reagents and Antibodies

Narirutin (141-09301) and 5-HMF (AC121460010) were purchased from FUJIFILM (Tokyo, Japan)
and Thermo Fisher Scientific (Waltham, MA, USA), respectively. The following antibodies were
commercially obtained: anti-phospho PLCγ1 (Tyr783), anti- PLCγ1 (Cell Signaling, Farmingdale, NY,
USA), anti-phospho ERK1/2 (V803A), and anti-ERK1/2 (V114A) (Promega, Madison, WI, USA).

4.3. Mice

C57BL/6J and BALB/c mice were obtained from Japan SLC (Hamamatsu, Japan). The mice were
maintained under specific pathogen-free conditions and were analyzed between 8 and 12 weeks of
age for all studies performed. We obtained approval from the animal research committee at Suzuka
University of Medical Science for all animal experiments performed (approved #75).

4.4. Cell Culture

Bone marrow-derived mast cells (BMMC) were prepared as described previously [30]. Briefly,
8-week-old C57BL6J mice were sacrificed and their bone marrow cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated FBS, 10 mU/mL penicillin, 0.1 mg/mL streptomycin, and IL-3
in a 5% CO2 and 95% humidified atmosphere at 37 ◦C. After 4–5 weeks of culture, cell-surface expression
of FcεRI and c-Kit was confirmed by FACSCalibur (BD Biosciences, San Diego, CA, USA).

4.5. BMMC Degranulation Assay

BMMC degranulation assay was performed as previously described [31]. Cells were sensitized
with 0.5 μg/mL IgE for 12 h at 37 ◦C. After sensitization, the cells were washed twice with Tyrode’s
buffer (10 mM HEPES pH 7.4, 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1 mM MgCl2, and 5.6 mM
glucose), and then suspended in the same buffer and stimulated with polyvalent dinitrophenyl-human
serum albumin (DNP-HSA, Biosearch Technologies, Hoddesdon, UK) for 30 min at 37 ◦C. To measure
β-hexosaminidase activity, 50 μL of supernatant or cell lysate was transferred in duplicates into a
96-well plate and 100 μL of 1.3 mg/mL p-nitrophenyl-N-acetyl-D-glucosaminide (in 0.1 M citrate,
pH 4.5) was added to each well. The plate was then incubated for color development for 50 min at
37 ◦C. The enzyme reaction was stopped by adding 150 μL of 0.2 M glycine-NaOH (pH 10.2) followed
by the measurement of absorbance at 405 nm. Tyrode’s buffer containing 1% Triton X-100 was used to
lyse cells. The percentage of released β-hexosaminidase was calculated using the following formula:

Degranulation (%) = (OD supernatant) / (OD supernatant + OD lysate) × 100 (1)

4.6. Measurement of Cytokines

Mast cells (0.5 × 105 cells) were treated with Jabara extracts or 5-HMF for 6 h. IL-6 and IL-13 in
the cell culture supernatants were measured with an ELISA kit (BD Biosciences, San Diego, CA, USA
for IL-6; Thermo Fisher Scientific for IL-13).
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4.7. Extraction from Fermented Jabara

Fermented of Jabara was pulverized and lyophilized for powder preparations. Before adding to
the cultured mast cells, the entire fraction was dissolved in DMSO.

4.8. Identification of the Active Component from Fermented Jabara

The active fraction of fermented Jabara was subjected to Cosmosil 5C18-MS-II (ϕ4.6 mm × 150 mm,
MeOH:H2O = 3:7) to yield two fractions (Fr. A and B). All fractions were tested for β- hexosaminidase
release assay from mast cells. The chemical structure of the main active compound was identified
based on HPLC-MS analysis and NMR analysis.

4.9. Cell lysates and Immunoblotting

Cell lysates and immunoblotting were performed as previously described [32]. BMMCs were
harvested, lysed in lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, and proteinase
inhibitor cocktail (Roche, Basel, Swizerland) for 30 min at 4 ◦C, and spun at 12,000× g at 4 ◦C for 30 min.
The eluted and reduced samples were resolved by SDS-PAGE using a 5-20% gradient polyacrylamide
gel (Wako Pure Chemical, Osaka Japan) and transferred to a PVDF membrane (Immobilon-P, Millipore,
Billeria, MA, USA). For immunoblotting, the membranes were incubated with primary antibodies
for 1 h at room temperature, and then incubated with HRP-conjugated anti-mouse (Thermo Fisher
Scientific) or anti-rabbit (Thermo Fisher Scientific) antibody for 1 h at room temperature. After extensive
washing of the membranes, immunoreactive proteins were visualized using the Western Lightning-ECL
system (GE Healthcare Life Sciences, Buckinghamshire, England) according to the manufacturer’s
recommendation. The PVDF membranes were exposed to Fuji RX film (Fujifilm). Densitometric
analysis was performed using a LAS-4000 fluorescence image analyzer (Fujifilm, Tokyo, Japan).

4.10. Real-time PCR Analysis

Cells were homogenized with Sepasol RNAI (Nacalai Tesque, Kyoto, Japan), and total RNA was
isolated following the manufacturer’s instructions. For standard RT-PCR, cDNA was synthesized
from 1 μg of total RNA with reverse transcriptase (ReverTra Ace; TOYOBO, Osaka, Japan) and
500 ng of oligo (dT) primer (Life Technologies, Grand Island, NY, USA) for 30 min at 42 ◦C. A
portion of the cDNA was used for real-time PCR. The relative expression of Il-6 gene was determined
compared to a reference gene g3pdh using the SYBR® Green reagent (TaKaRa Bio inc., Kusatsu,
Japan). Primers used in these experiments were purchased from TaKaRa, and the sequences were
as follows: IL-6: forward primer, 5′- GAGGATACCACTCCCAACAGACC-3′ and reverse primer,
5′- AAGTGCATCATCGTTGTTCATACA-3′; G3PDH: forward primer, 5′- TTCACCACCATGGAG
AAGGCCG-3′ and reverse primer, 5′- GGCATGGACTGTGGTCATGA-3′.

4.11. Cell Viability

BMMC was diluted to 1 × 106 cells/mL in RPMI-1640 medium and 200 μL cell suspension was
added to duplicate wells in a 96-well plate. 5-HMF was added to the final concentration of 200, 400 or
800 μg/mL in each well. Jabara extract was added to the final concentration of 400 μg/mL. The plate
was incubated at 37 ◦C, and a 1:1 dilution of cell suspension and trypan blue (0.5%) was prepared at
each timepoint. Cell viability was measured using an automated cell counter (TC20, Bio-Rad, Hercules,
CA, USA).

4.12. Statistical Analysis

All data were statistically analyzed using Dunnett’s test or Student’s two-tailed t test with IBM
SPSS Statistics software (version 24). Data were considered statistically significant when the p value
was less than 0.05.
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Abstract: Killer immunoglobulin-like receptor (KIR) 2DL4 (CD158d) was previously thought to be a
human NK cell-specific protein. Mast cells are involved in allergic reactions via their KIT-mediated
and FcεRI-mediated responses. We recently detected the expression of KIR2DL4 in human cultured
mast cells established from peripheral blood of healthy volunteers (PB-mast), in the human mast
cell line LAD2, and in human tissue mast cells. Agonistic antibodies against KIR2DL4 negatively
regulate the KIT-mediated and FcεRI-mediated responses of PB-mast and LAD2 cells. In addition,
agonistic antibodies and human leukocyte antigen (HLA)-G, a natural ligand for KIR2DL4, induce
the secretion of leukemia inhibitory factor and serine proteases from human mast cells, which have
been implicated in pregnancy establishment and cancer metastasis. Therefore, KIR2DL4 stimulation
with agonistic antibodies and recombinant HLA-G protein may enhance both processes, in addition
to suppressing mast-cell-mediated allergic reactions.

Keywords: allergic reaction; CD158d; FcεRI; KIR2DL4; KIT; mast cell; pregnancy

1. Introduction

Mast cells were first described by Paul Ehrlich in 1878 [1]. Mast cells originate from hematopoietic
precursors, and mature in almost all tissues [2,3]. The cells are characterized by their intracellular
granules, containing heparin, histamine, serotonin, β-hexosaminidase, prostaglandins (for example
in human mast cells, prostaglandin D2), growth factors (for example in human mast cells, basic
fibroblast growth factor (FGF)/FGF-2, granulocyte macrophage colony-stimulating factor (GM-CSF),
nerve growth factor (NGF), vascular endothelial growth factor (VEGF), and stem cell factor (SCF)/KIT
ligand/mast cell growth factor), cytokines (for example in human mast cells, tumor necrosis factor
(TNF)-α, transforming growth factor (TGF)-β, interleukin (IL)-1β, IL-3, IL-4, IL-5, IL-6, IL-10, IL-11,
IL-12, IL-13, IL-16, and interferon (IFN)-γ), chemokines (for example in human mast cells, CC
chemokine legend (CCL) 1, CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CCL11,CCL17, CCL20, CCL22,
CXC chemokine legend (CXCL) 2, CXCL8, and CXCL10), and serine proteases (for example in human
mast cells, tryptases, chymases, carboxypeptidase A3, granzyme B (GrB), and matrix metalloproteases
(MMPs)) [4–6]. Mast cells play important roles in both innate and adaptive immune responses by
secreting these mediators [4–6]. Studies using mast cell-deficient mice, such as KitW/Wv mice and
KitWsh/Wsh mice, revealed that mast cells protect against parasitic infections including Strongyloides ratti
and Strongyloides brasiliensis [7,8], as well as the venoms of honeybees or vipers [9]. Mast cells are
categorized by the contents of granules. More specifically, human mast cells can be classified into MCT
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(tryptase-positive and chymase-negative), MCTC (tryptase-positive and chymase-positive), and MCC
(tryptase-negative and chymase-positive), while mouse mast cells can be classified into MMC (mucosal
type mast cells, which are tryptase-positive and chymase-negative) and CTMC (connective tissue type
mast cells, which are tryptase-positive and chymase-positive) [4–6]. Mast cells distribute almost all
tissues [4–6]. MCT or MMC are mainly located in the mucosa of gastrointestinal systems and airways,
while MCTC or CTMC are primarily found in the connective tissue like dermis and soft tissues [4–6].
Activated gastrointestinal mast cells increase fluid secretion, smooth muscle contraction, peristalsis,
and diarrhea. Moreover, activated mast cell in the airways induce airway constriction, increased
mucous production, edema, and cough. Activated skin mast cells induce urticaria and angioedema.
Thus, mast cells are considered to be as a major effector cell type in allergic diseases including food
allergy, asthma, atopic rhinitis, atopic dermatitis, and anaphylaxis [10]. In addition, the roles and
functions of mast cells have been focused in autoimmune diseases (Crohn diseases, celiac disease,
irritable bowel syndrome, etc.) [11] and cardiovascular diseases (atherosclerosis, etc.) [12]. Mast cell
activation and their functions are regulated by cell surface receptors, among which the high-affinity
receptor for IgE (FcεRI) and KIT (CD117/SCF receptor) have been studied extensively [13,14].

FcεRI expressed on mast cells consists of four subunits: an IgE-binding α chain, a β chain, and two
disulfide-bonded γ chains (FcεRIγ) that are the main signal transducers. Among these chains, the β

chain plays key roles by amplifying the expression and signaling of FcεRI, and the followed allergic
reactions via its immunoreceptor tyrosine-based activation motifs (ITAMs) [15]. When a multivalent
antigen-IgE complex binds to FcεRI on the cell surface, FcεRI become aggregated or crosslinked,
resulting in degranulation and cytokine secretion from the mast cells. KIT is a Type III receptor tyrosine
kinase, consisting of an extracellular domain, a juxtamembrane domain, and two tyrosine-kinase
domains (TKDs). The TKDs contain a phosphotransferase domain and an ATP binding site. The ligand
for KIT, SCF, induces the development, proliferation, maturation, and survival of mast cells. In addition,
KIT signaling stimulates cytokine and chemokine release, and augments FcεRI-mediated responses.
The regulation of FcεRI and KIT should be a promising strategy to control mast cell-mediated allergic
reactions [13,14].

Gain-of-function mutations in KIT genes, among which D816V is most common, cause the
dysregulated cell growth and subsequent clonal accumulation of mast cells in various tissues, a condition
referred as mastocytosis [16]. Mastocytosis had been categorized into cutaneous mastocytosis
(urticaria pigmentosa) and systemic mastocytosis according to the distribution of neoplastic mast cells,
and has been recently recategorized into indolent systemic mastocytosis (ISM), systemic mastocytosis
with an associated clonal hematologic non-MC-lineage disease (SM-AHNMD), aggressive systemic
mastocytosis (ASM), and mast cell leukemia (MCL) according to the clinical parameters [16]. Patients
with mastocytosis often experience mast cell mediator-related symptoms including anaphylaxis, in
addition to tissue damage caused by neoplastic mast cell infiltration [17]. To alleviate these symptoms,
the numbers of neoplastic mast cells should be reduced in the patients. The regulation on mutated
KIT signal pathways should also be a promising approach to control the numbers of neoplastic mast
cells. Gain-of-function type KIT mutations are observed in other malignancies, such as gastrointestinal
stromal tumor (GIST), seminoma, and acute myelogenous leukemia (AML), though the mutated sites
are varied among these malignancies [18].

2. Inhibitory Receptors

KIT-mediated and FcεRI-mediated responses can be modulated by other receptors expressed
on the surface of mast cells, including FcγRIIb, Siglecs, mast cell function-associated antigen, signal
regulatory protein α, and leukocyte Ig-like receptor B4 (formerly gp49B1), paired Ig-like receptor-B,
myeloid-associated immunoglobulin-like receptor I, CD200 receptor, CD300a, CD300f, Allergin-1, 2B4,
CD72, programmed death-1 (PD-1), NKp46, carcinoembryonic antigen-related cell adhesion molecule 1,
signaling lymphocytic activation molecule family member 8, and killer immunoglobulin-like receptor
(KIR) 2DL4 [19–31]. These include inhibitory receptors characterized by immunoreceptor tyrosine-based
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inhibitory motifs (ITIMs) within their cytosolic domains (Figure 1) [32]. ITIMs comprise the homology
sequence (I/V/L/S)xYxx(L/V) (x; any residue). When the receptors are stimulated, their tyrosine residues
become phosphorylated following the activation of receptor or Src family tyrosine kinases. This is
followed by the recruitment and activation of non-receptor protein phosphatases, such as Src homology
2 domain-containing tyrosine phosphatase (SHP)-1, SHP-2, and Src homology 2 domain-containing
inositol 5-phosphatase (SHIP) 1. SHP-1 and SHP-2 dephosphorylate tyrosine-containing signaling
molecules, thus reversing the action of tyrosine kinases. SHIP1 dephosphorylates phosphatidylinositol
3,4,5 trisphosphate at the 3′ position, thereby terminating phosphatidylinositol 3-kinase (PI3K)-driven
signaling pathways [32].

Figure 1. Inhibitory receptor. ITIM: immunoreceptor tyrosine-based inhibitory motif; PI3K:
phosphatidylinositol 3-kinase; SHIP: Src homology 2 domain-containing inositol 5-phosphatase;
SHP: Src homology 2 domain-containing tyrosine phosphatase.

Several inhibitory receptors on T and natural killer (NK) cells are classified as immune checkpoint
proteins. The discovery of inhibitors against such immune checkpoint proteins, including anti-PD-1
antibodies (nivolumab, pembrolizumab, and cemiplimab), anti-cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4) antibody (ipilimumab), anti-lymphocyte activation gene-3 (LAG-3) antibody, anti-T
cell immunoglobulin and mucin-domain containing-3 (TIM-3) antibody, anti-T cell immunoglobulin
ITIM domain (TIGIT) antibody, anti-V-domain Ig suppressor of T cell activation (VISTA) antibody,
and anti-killer immunoglobulin-like receptor (KIR2D) antibody (lirilumab), represents a breakthrough
in the field of tumor immunotherapy [33,34]. Anti-PD-L1 (ligand for PD-1) antibody (atezolizumab,
avelumab, and durvalumab) and anti-CD200 (ligand for CD200 receptor) antibody (samalitumab)
target the ligands for inhibitory receptors on these cells [33,35]. The above-mentioned antibodies
interfere with the inhibition of cytotoxic activities of T and NK cells against tumor cells, therefore,
they are regarded as “inhibitors” for inhibitory receptors. Gemtuzumab is an antibody against CD33,
a member of inhibitory receptors, utilized for the treatment on hematopoietic malignancies [36]. This
antibody binds to tumor cells without inducing activation of CD33. To our knowledge, the agonistic
antibodies against inhibitory receptors have not been therapeutically utilized.

3. KIR2DL4, a Member of the KIR Family

KIRs are human-specific transmembrane proteins which modulate the functions of human NK cells,
and some of them are members of inhibitory receptors [37]. NK cells can kill major histocompatibility
(MHC) class I-negative tumor cells but cannot kill MHC class I-positive tumor cells. To explain this
observation, the missing self-hypothesis had been proposed. This hypothesis predicted that NK cells
express MHC class I-receptors, transducing inhibitory signals. KIRs had been identified as such
receptors (at the time, KIRs termed killer “inhibitory” receptors). Then, it revealed that the at least
14 KIR genes have been identified in the human genome and are clustered on chromosome 19q13.4
(then, KIRs are called killer “immunoglobulin-like” receptors) [37]. The number and combination of
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KIR genes in the genome varies within the human population. Additionally, the expression of each
KIR is regulated at the transcriptional level by DNA methylation. Therefore, KIR protein expression
repertoires are varied within the human population. The KIR nomenclature reflects the structure of
the proteins: the first two characters correspond to the number of the extracellular domains (2D and
3D), and the third digit corresponds to the length of the cytoplasmic tail (L or S). KIRs with a long
cytoplasmic domain (L) contain ITIMs (KIR-L), while those with a short cytoplasmic domain (S) lack
ITIMs (KIR-S) [37]. Therefore, KIR-Ls are categorized into the inhibitory receptors, and expected to
transduce inhibitory signals to NK cells.

Unlike other KIR members, KIR2DL4 is constitutively expressed in all NK cells on the
transcriptional level [38]. Human leukocyte antigen (HLA)-G has been identified as the ligand
for KIR2DL4 [38,39]. HLA-G is a non-classical HLA class I molecule, and composed of four
membrane-bound (HLA-G1, -G2, -G3, and -G4) and three soluble (HLA-G5, -G6, and -G7) isoforms [39].
These isoforms are generated by alternative splicing of HLA-G mRNA. In addition to KIR2DL4,
CD85j/immunoglobulin-like transcript 2 (ILT2), CD85d/ILT4, CD8, and CD160 have also been reported
to bind HLA-G [39]. CD85j is expressed by monocytes, B cells, dendritic cells (DCs), myeloid derived
suppressive cells (MDSCs), NK cells, and T cells. CD85d is expressed by DCs, monocytes, neutrophils,
and MDSCs. KIR2DL4 contains two extracellular domains and a long cytoplasmic domain, therefore
has been classified as a KIR-L [37]. The ITIM of KIR2DL4 protein has been shown to interact with
SHP-1 and SHP-2, like other inhibitory receptors, and the followed inhibition of CD16/FcγRIIIa
signaling in human NK cells [40]. CD16 mediates antibody-dependent cell-mediated cytotoxicity,
therefore KIR2DL4-mediated CD16 inhibition is in line with the missing self-hypothesis. In contrast
to such inhibitory activity, KIR2DL4 stimulation induces weak cytotoxicity and the secretions of
IFN-γ, TNF-α, IL-1α, IL-1β, IL-6, and IL-8 from human NK cells, mediated by activating signals
via FcεRIγ independent of the presence of ITIM [41–44]. These responses could potentially enhance
tumor and virus elimination, although their physiological roles have not been established. Soluble
HLA-G has been shown to induce similar cytokine secretions [44]. It is thought that soluble HLA-G
binds to KIR2DL4 in endosomes and activates DNA-PKcs (DNA-dependent protein kinase, catalytic
subunit)–AKT–NF-κB signals [44,45]. The expression and function of KIR2DL4 in other immune cells
remains poorly understood.

4. KIR2DL4 Expression in Human Mast Cells

Similar to NK cells, mast cells secrete the Th1 cytokine IFN-γ [46,47] and show cytotoxic activity
by producing GrB [48,49]. Therefore, we hypothesized and explored the expression of KIR2DL4 in
human mast cells.

We detected the expression of KIR2DL4 in human cultured mast cells established from the
peripheral blood of healthy volunteers (PB-mast) [50], in a human mast cell line LAD2 expressing
normal KIT and normal FcεRI [51], and in human tissue mast cells [30]. We could not detect the
expression of other HLA-G receptors, such as CD85j, CD85d, CD8, and CD160, in these cultured
mast cells. In contrast, we observed that the KIR2DL4 protein expression was lacking in the human
neoplastic mast cell line HMC1.2 expressing mutated KIT and deficient in FcεRI expression [52],
and that nine of 15 cutaneous mastocytosis samples were KIR2DL4-negative [30]. These observations
suggest that a lack of KIR2DL4 protein expression could serve as a diagnostic marker of neoplastic
changes in mast cells, as is the case that lack of or decreased expression of KIR2DL4 is detected in
neoplastic NK cells, NK cell lymphoma [53,54].

5. Possible Regulation by KIR2DL4 Stimulation on Mast Cell-Associated Allergic Reactions and
Mastocytosis

Both PB-mast and LAD2 cells have been used to examine the role of KIR2DL4 in FcεRI-mediated
and/or KIT-mediated reactions of human mast cells. Treatment of PB-mast and LAD2 cells with two
agonistic antibodies against KIR2DL4 suppressed FcεRI-mediated degranulation and KIT-mediated
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growth of these cells [30]. These results suggested that KIR2DL4 stimulation is expected to suppress
mast cell-mediated allergic reactions. In addition, administration of the same antibodies induced
the secretion of the serine protease, GrB [30]. The inhibitory effects on FcεRI-mediated and
KIT-mediated responses, as well as the GrB secretion, were abrogated when a SHP-2 inhibitor
was used [30], suggesting that the KIR2DL4-mediated responses were SHP-2-dependent [30]. SHP-2
regulates cell functions both positively and negatively; SHP-2 enhances cell functions by activating
Grb2-associated binder family member (Gab) 2–mitogen-activated protein kinase (MAPK) signal
pathways, and suppresses cell functions by dephosphorylating phopho-proteins that are involved
in various other signal pathways [55]. In human mast cells, KIR2DL4-induced suppression of
FcεRI-mediated and KIT-mediated responses would be mediated by the dephosphorylating activity of
SHP-2, and at the same time KIR2DL4-induced GrB secretion would be mediated by the Gab2–MAPK
signal pathway. We observed that KIR2DL4-induced GrB secretion was c-Jun N-terminal kinase
(JNK)-dependent in human mast cells [30], therefore KIR2DL4–SHP-2–Gab2–JNK signaling would
exist in human mast cells.

As mentioned above, interference with the KIT-mediated and FcεRI-mediated signal pathways
has been proposed as a potential strategy to control mast cell-mediated allergic reactions [13,14],
highlighting the importance of KIR2DL4 as a target for allergic diseases. In other words, the agonistic
antibodies against KIR2DL4 would be useful for allergy therapy, similar to the anti-IgE antibody
omalizumab clinically utilized to neutralize IgE in blood, and eliminate of FcεRI-mediated function and
control mast cell-mediated allergic reactions [56]. Imatinib is known to inhibit KIT signal pathways,
and the efficacy of this drug is shown in patients with severe refractory asthma, one of the mast
cell-mediated allergic diseases [57]. KIR2DL4 can inhibit both KIT-mediated and FcεRI-mediated
signal pathways, therefore the agonistic antibodies against KIR2DL4 could potentially exert synergistic
effects in combination with omalizumab and imatinib.

Some human mastocytosis (six of 15 cutaneous mastocytosis cases) expressed KIR2DL4 protein,
however, whether KIR2DL4 stimulation suppresses the growth of KIT-mutated neoplastic mast cells
in vitro has not been determined. It is believed that KIR2DL4 may inhibit the growth of KIT-mutated
neoplastic mast cells. This hypothesis is supported by the fact that PD-1-mediated SHP-2 activation
could inhibit the growth of KIT-mutated neoplastic mast cells [26]. Moreover, avapritinib is a recently
identified KIT D816V inhibitor and shown to be useful for mastocytosis treatment [58]. Another KIT
inhibitor imatinib is ineffective on KIT D816V observing almost all mastocytosis [59] but is effective on
KIT mutations in GISTs [60]. Resistance to this drug, mainly caused by the second mutation in KIT
gene, is a problem arising during imatinib therapy on GISTs [60]. KIR2DL4-targeted therapy might
be useful, especially when a second mutation in the KIT gene is caused during avapritinib-utilized
mastocytosis therapy.

6. Involvement of KIR2DL4 on Human Mast Cells in the Establishment of Pregnancy

The natural ligand of KIR2DL4 is HLA-G, as mentioned above [38,39]. The HLA-G expression was
physiologically restricted in trophoblasts, cornea, thymic medulla, and islets of pancreas [39]. HLA-G
is involved in tumor progression, viral infection, organ transplantation, autoimmune and inflammatory
diseases [39]. Furthermore, soluble HLA-G levels have been associated with allergen-specific IgE levels
in the serum of patients with allergic rhinitis [61]. Herein, we then focused on the interaction of human
mast cells expressing KIR2DL4 with HLA-G-positive trophoblasts during pregnancy establishment
and with HLA-G-positive cancer cells during cancer progression.

Interactions between KIR2DL4 and HLA-G have been investigated in the context of decidual
NK cell-trophoblast interactions during the establishment of pregnancy [62]. The reduced expression
of KIR2DL4 protein in decidual NK cells was observed in some women with recurrent spontaneous
abortion [63]. KIR2DL4 is expressed on human decidual NK cells, and suppresses the cytotoxic activity
against the HLA-G-expressing fetuses [62,63]. Therefore, the reduced KIR2DL4 expression levels
on decidual NK cells have been thought to increase the susceptibility of NK cell-mediated cytotoxic
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activity and the following recurrent spontaneous abortion [63]. Regulatory T cells (Tregs) have also
been also implicated in the establishment of pregnancy [64]. Reduced numbers of decidual Tregs were
observed in some women with recurrent spontaneous abortion [65–67]. Decidual Tregs is necessary for
the tolerance toward semi-allogenic fetuses [65–67]. Thus, the studies on the roles of decidual immune
cells have been focused on the suppression of semi-allogenic fetus rejections in the establishment of
pregnancy. Additionally, recent studies show that decidual immune cells are necessary for angiogenesis
in the establishment of pregnancy [68]. For example, decidual NK cells secrete angiogenic factors, such
as VEGF, angiopoietin-2, placental growth factor (PlGF), and chymase [69,70]. Decidual NK cells are
thought to secrete these factors, induce angiogenesis and spiral artery remodeling. Recently, a new
subset of decidual NK cells, pregnancy trained decidual NK cells (PTdNKs) has been characterized
as an enhancer of proper placentation, which increases the secretion of VEGF which supporting
angiogenesis [71].

Another immunocompetent cell, mast cell, is also distributed to the uterus [72]. Mast cells are
identified in the endometrium throughout the menstrual cycle, and the activation of mast cells are
observed prior to menstruation [72]. Nevertheless, mast cells had been thought to be indispensable for
pregnancy; mast-cell-deficient KitW/Wv and KitWsh/Wsh mice are infertile, though blastocyst transfer
can archive implantation and live births in both mice [73,74]. Moreover, mast cell transfer to uterus
could improve the success ratio of establishment of pregnancy in KitWsh/Wsh mice [75]. Mast cell
chymase was subsequently shown to be important for angiogenesis in the decidual tissues of mice
and humans, as is the case of NK cell-derived chymase [65]. In addition, mast cells produce other
angiogenic molecules such as VEGF, bFGF, heparin, histamine, SCF, as mentioned above [4–6]. Transfer
of Tregs into abortion-prone mice promoted the expansion of uterine mast cells and the angiogenesis,
resulting in the improvement of the success ratio of establishment of pregnancy [76].

We observed that mast cells in the decidual tissues of parous women expressed KIR2DL4 [31].
In contrast, the numbers of decidual mast cells and KIR2DL4 expression was significantly reduced in
infertile women long-term treated with corticosteroids for autoimmune diseases, liver transplantation,
or kidney transplantation [31]. The numbers of NK cells and Tregs in decidual tissues were not
significantly different among the infertile women long-term treated with corticosteroids, infertile
women of uncertain etiology, and the parous women, as is not the case of mouse experiments.
We suspected that KIR2DL4 on decidual mast cells seemed to be involved in the establishment of
pregnancy. To elucidate the importance of the interaction between KIR2DL4 on mast cells and HLA-G
on trophoblasts, we co-cultured a HLA-G-positive human trophoblast cell line HTR-8/SVneo cells [77]
with a human mast cell LAD2. The co-culture showed enhanced migration and tube formation
of HTR-8/SVneo in the KIR2DL4-HLA-G interaction-dependent manner [31]. When KIR2DL4 was
stimulated, LAD2 cells secreted leukemia growth factor (LIF) and a serine protease MMP-9 [31]. LIF is
a member of the IL-6 family of cytokines [78]. LIF receptor consists of gp130 and LIF receptor β subunit,
and transduces the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) signaling
pathway [78]. LIF-knockout female mice are infertile due to embryo implantation failure [78]. LIF is
highly expressed in the endometrial glands, as well as decidual NK and mast cells [31,78]. LIF enhances
the invasion and differentiation of trophoblasts, resulting in the implantation of fetuses [78]. LIF also
enhances tumor progression by promoting cell cycle progression and invasive activity of tumor cells
via STAT3 activation, as is the case of other IL-6 family of cytokines [79]. Similarly, KIR2DL4-induced
LIF secretion by LAD2 enhanced the migration of HTR-8/SVneo via STAT3 activation. Serine proteases,
including MMP-9, induce the degradation of protease-activated receptors [80], which subsequently
decreases in the secretion of soluble fms-like tyrosine kinase-1 (sFlt-1), an inhibitor of VEGF, from
trophoblasts [81]. KIR2DL4-induced MMP-9 secretion from LAD2 decreased the secretion of sFlt-1 from
HTR-8/SVneo, and the followed increase of tube formation by HTR-8/SVneo. Thus, mast cell deficiency
in decidual tissues leads to pregnancy and parturition disorder, and KIR2DL4 downregulation is
associated with infertility, suggesting that selective KIR2DL4-induced production of LIF and MMP-9
by mast cells that may illustrate the critical context-specific role of mast cells in pregnancy.
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7. Involvement of KIR2DL4 on Human Mast Cells in Tumor Progression

HLA-G is expressed in various tumors, as mentioned above [38,39]. The expression of HLA-G in
neoplasms was first identified in choriocarcinomas, neoplastic trophoblastic cells [82], and secondly
identified in malignant melanoma [83]. HLA-G expression has also been reported in lung cancer, oral
and nasopharyngeal squamous cell carcinoma, esophageal cancer, gastric cancer, colorectal cancer,
hepatocellular carcinoma, pancreatic cancer, uterine cancer (cervical cancer and endometrial cancer),
ovarian cancer, glioblastoma, malignant lymphoma, and so on. Additionally, HLA-G expression levels
have been associated with advanced tumor stage, metastasis status and poor diagnosis in various
tumors [84]. This is partially explained by the fact that HLA-G is thought to suppress the cytotoxic
activity of human NK cells against HLA-G-positive tumor cells via KIR2DL4 or other receptors, such
as CD85j, CD85d, CD8, and CD160 [84]. Therefore, HLA-G could be a target for immune checkpoint
therapy, though the HLA-G-targeted drugs have not been therapeutically utilized to our knowledge.
Breast cancer cells also express HLA-G, and HLA-G expression in breast cancers is associated with
poor prognosis [85–88].

A role for mast cells in tumor progression has been under discussion [89,90]. When mast cells were
first described by Paul Ehrlich, he reported mast cells distributed around skin cancers and pointed out
the association between mast cell and tumorigenesis [1]. Experimental tumorigenesis after subcutaneous
treatment with 3-methylcholanthrene revealed that the tumor incidence in mast cell-deficient KITW/Wv

mice was increased compared to that in control mice, therefore mast cells had been thought to be
involved in tumor suppression [91]. This finding could be attributed to the fact that mast cells produce
anti-tumor mediators, such as granzyme B, reactive oxygen species, and Th1 cytokines, including
TNF-α and IFN-γ [46–49]. Mast-cell-produced IL-9 were shown to inhibit tumor cell engraftment [92].
Mast cells are a major source of histamine, and histamine was shown to inhibit tumor growth by
promoting the development of monocyte-derived DCs [93]. The combined deficiency in mast cell
chymase, tryptase, and carboxypeptidase A3 was associated with reduced invariant NKT cells and
increased melanoma dissemination [94]. Contrary to these reports on suppressive roles of mast cells in
tumor progression, there are reports on enhancing roles of mast cells. The association between mast
cells and tumor angiogenesis has been focused in this area. Mast cells produce angiogenetic mediators,
such as VEGF, bFGF, heparin, histamine, SCF, IL-8, NGF, TNF-α, tryptase, in forming tumor vessels
and the followed invasion or metastasis of cancers [87,88,93]. Mast cells produce Th2 cytokines which
contributes to M2 (pro-tumor) polarization of tumor-associated macrophages, and the cells produce
TNF-α and IL-10 which promote the Treg-mediated immune tolerance and immune tolerance against
tumors [4–6]. Mast cells produce TGF-β, CXCL8, and TNF-α, promoting epithelial-to-mesenchymal
transition in tumor invasion and metastasis [94–96]. Mast-cell-produced histamine was shown to inhibit
hypoxia inducible factor-1 alpha expression and the followed growth suppression in melanoma [97].
Mast cells producing serine proteases such as tryptase and MMPs [4–6] degrade the extracellular matrix
to increase the angiogenesis, resulting in metastasis [98]. The association between infiltrating mast
cells and tumor angiogenesis has clinically been shown in pulmonary carcinoma, gastric carcinoma,
colorectal carcinoma, endometrial carcinoma, cervix carcinoma, prostatic carcinoma, skin tumors
including basal cell carcinoma and melanomas, lymphomas, multiple myeloma, myelodysplastic
syndrome, and leukemia [89,90]. Thus, mast cells play dual roles in tumor progression, and the
classification into anti-tumorigenic MC1 and pro-tumorigenic MC2 mast cell types have been advocated
recently [90]. In breast cancer cells, mast cell infiltration is also related to increased angiogenesis and
poor prognosis [99,100]. We examined the association between HLA-G, its receptor KIR2DL4, mast
cells, and breast cancer progression.

Using clinical samples, we have shown that HLA-G-positive breast cancer cells interact directly
with KIR2DL4-positive tissue mast cells immunohistochemically [30]. The interaction is associated
with lymph node metastasis and lymphovascular invasion [30]. Thus, KIR2DL4 on mast cells seems to
be involved in cancer progression. To elucidate the importance of the interaction between KIR2DL4 on
mast cells and HLA-G on cancer cells, we co-cultured the HLA-G-positive human breast cancer cell line
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MCF-7 cells [101] with the human mast cell LAD2. The co-culture showed enhanced invasion of MCF-7
in a KIR2DL4–HLA-G interaction-dependent manner [30]. MMP-9 secreted from KIR2DL4-stimulated
LAD2 cells were found to be involved in this process [30]. Thus, human mast cells are associated with
an invasive phenotype of HLA-G-positive breast cancers.

8. KIR2DL4 as a Potent Therapeutic Target

KIR2DL4 can be activated by recombinant HLA-G or by agonistic antibodies, such as clone 181,703
and clone 33. The ability of these molecules to enhance the establishment of pregnancy suggests their
therapeutic use in the treatment of infertility, in addition to allergic diseases and mastocytosis. KIR2DL4
is expressed by human NK cells, and KIR2DL4-targeted drugs are expected to enhance NK activity and
to induce IFN-γ secretion [46–49]. Therefore, KIR2DL4-targeted drugs might enhance NK activity and
the following enhancing defensive effects against virus infections. However, KIR2DL4-targeted drugs
might enhance HLA-G-positive cancer progression, and patients treated with KIR2DL4 stimulants
should first be carefully screened for the presence of malignancy. Additionally, KIR2DL4 expression
has been detected in dendritic cells [102]. KIR2DL4-targeting therapies may exert undesirable effects
by modulating the function of these cells.

The IL-33/ST2 signal pathway and Mas-related G protein-coupled receptor X2 also play important
roles in mast cell biology [14], and the effects of KIR2DL4 on the function of these receptors should be
elucidated before KIR2DL4-targeting therapies can enter into clinical practice.

9. Conclusions

KIR2DL4, a member of the KIR family, is expressed by human mast cells. It positively and
negatively regulates the functions of human mast cells such that its stimulation may suppress mast
cell-mediated allergic reactions and enhance the establishment of pregnancy (Figure 2).

Figure 2. The current model. HLA: human leukocyte antigen; KIR: killer immunoglobulin-like receptor;
LIF: Leukemia inhibitory factor; MMP: matrix metalloprotease.
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Abbreviations

AML acute myelogenous leukemia
ASM aggressive systemic mastocytosis
CTLA-4 cytotoxic T lymphocyte-associated antigen-4
DC dendritic cell
DNA-PKcs DNA-dependent protein kinase, catalytic subunit
FcεRIγ Fc receptor γ chain
FGF fibroblast growth factor
Gab Grb2-associated binder family member (Gab)
GIST gastrointestinal stromal tumor
GM-CSF granulocyte macrophage colony-stimulating factor
GrB granzyme B
HLA human leukocyte antigen
IFN interferon
IL interleukin
ILT immunoglobulin-like transcript
ISM indolent systemic mastocytosis
ITAM immunoreceptor tyrosine-based activation motifs
ITIM immunoreceptor tyrosine-based inhibitory motif
JAK Janus kinase
JNK c-Jun N-terminal kinase
KIR killer immunoglobulin-like receptor
LAG-3 lymphocyte activation gene-3
LIF leukemia growth factor
MAPK mitogen-activated protein kinase
MCL mast cell leukemia
MDSC myeloid derived suppressive cell
MHC major histocompatibility
MMP matrix metalloprotease
NK natural killer
NGF nerve growth factor
PB-mast human cultured mast cells established from peripheral blood derived from healthy volunteers
PD programmed death
PI3K phosphatidylinositol 3-kinase
PlGF placental growth factor
PTdNK pregnancy trained decidual NK cell
SCF stem cell factor
sFlt-1 soluble fms-like tyrosine kinase-1
SHIP Src homology 2 domain-containing inositol 5-phosphatase
SHP Src homology 2 domain-containing tyrosine phosphatase
SM-AHNMD systemic mastocytosis with an associated clonal hematologic non-MC-lineage disease
STAT signal transducer and activator of transcription
TGF transforming growth factor
TIGIT T cell immunoglobulin ITIM domain
TIM-3 T cell immunoglobulin and mucin-domain containing-3
TKD tyrosine-kinase domain
TNF tumor necrosis factor
Treg regulatory T cell
VEGF vascular endothelial growth factor
VISTA V-domain Ig suppressor of T cell activation
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Abstract: Mast cells are often regarded through the lens of IgE-dependent reactions as a cell specialized
only for anti-parasitic and type I hypersensitive responses. However, recently many researchers
have begun to appreciate the expansive repertoire of stimuli that mast cells can respond to. After the
characterization of the interleukin (IL)-33/suppression of tumorigenicity 2 (ST2) axis of mast cell
activation—a pathway that is independent of the adaptive immune system—researchers are revisiting
other stimuli to induce mast cell activation and/or subsequent degranulation independent of IgE.
This discovery also underscores that mast cells act as important mediators in maintaining body
wide homeostasis, especially through barrier defense, and can thus be the source of disease as well.
Particularly in the gut, inflammatory bowel diseases (Crohn’s disease, ulcerative colitis, etc.) are
characterized with enhanced mast cell activity in the context of autoimmune disease. Mast cells show
phenotypic differences based on tissue residency, which could manifest as different receptor expression
profiles, allowing for unique mast cell responses (both IgE and non-IgE mediated) across varying
tissues as well. This variety in receptor expression suggests mast cells respond differently, such as in the
gut where immunosuppressive IL-10 stimulates the development of food allergy or in the lungs where
transforming growth factor-β1 (TGF-β1) can enhance mast cell IL-6 production. Such differences
in receptor expression illustrate the truly diverse effector capabilities of mast cells, and careful
consideration must be given toward the phenotype of mast cells observed in vitro. Given mast
cells’ ubiquitous tissue presence and their capability to respond to a broad spectrum of non-IgE
stimuli, it is expected that mast cells may also contribute to the progression of autoimmune disorders
and other disease states such as metastatic cancer through promoting chronic inflammation in the
local tissue microenvironment and ultimately polarizing toward a unique Th17 immune response.
Furthermore, these interconnected, atypical activation pathways may crosstalk with IgE-mediated
signaling differently across disorders such as parasitism, food allergies, and autoimmune disorders of
the gut. In this review, we summarize recent research into familiar and novel pathways of mast cells
activation and draw connections to clinical human disease.

Keywords: mast cell; innate immunity; NLRP3; MRGPRX2; inflammatory bowel disease; cancer;
food allergy; trained immunity; TGF-β1; IL-10

1. Introduction

Mast cells (MCs) are innate immune cells of the myeloid lineage that are popularly associated
with allergic, asthmatic, and anti-worm responses. In the past, research predominantly focused on the
IgE-mediated activation of MCs; this mode of activation is dependent on the adaptive immune system
to supply antigen-specific IgE to sensitize MCs. Recently, researchers began to focus on characterization
of novel MC activation paradigms that are not only independent of IgE-mediated crosslinking but also
express unique cytokine secretion profiles. Perhaps the most heavily discussed pathway is mediated
through interleukin (IL)-33/suppression of tumorigenicity 2 (ST2) signaling. IL-33-mediated signaling
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is capable of inducing cytokine expression by MCs, which can also produce IL-33 during IgE-mediated
activation but not IL-33-mediated activation [1]. Signaling through this alarmin also synergizes with
IgE-mediated responses by increasing MC abundance and enhancing their activation [2]. Not only can
MCs respond differently depending on the stimulus, there are also notable differences across MCs based
on their tissue residency. Like macrophages, prenatal MCs come from the yolk sac in the developing
embryo and are gradually replaced with definitive MCs as the organism matures [3]. These MCs are
also phenotypically distinct from one another. In an adult, MC heterogeneity comes from their tissue
residence. Although all MCs are capable of producing common Th2 cytokines such as IL-4, 5, and 13,
their toll-like receptor (TLR) expression and ability to produce renin give those tissue-specific MCs the
capability to modulate inflammatory responses and remodel the surrounding ECM [4]. These unique
expression patterns manifest differently, and tissue-specific MCs may promote pathologies in a manner
unique to their tissue residence. Lung MCs were found to promote bleomycin-induced pulmonary
fibrosis through histamine and renin production which promoted wound repair mechanisms and
transforming growth factor-β1 (TGF-β1) secretion [5]. Specifically, in the intestines, these mucosal
MCs (MMCs) express cysteinyl leukotrienes compared to connective tissue MCs (CTMCs). In addition
to this, the expression of P2X7 is present in both intestinal and lung MCs. Both subtypes of MCs
also have high TLR expression, further suggesting the MCs in these tissues are predisposed for
inflammatory responses [4]. Because of the diversity in MC receptor expression across different
tissue types, understanding the microenvironment in which pathology is occurring will lend itself
toward developing specific and targeted therapies. Furthermore, the different receptor expression
patterns observed across tissue-resident MCs suggest that MCs are specialized for their tissue niche.
Across multiple diseases, the phenotypic and morphological changes to the tissue microenvironment
may include tissue-resident MCs and thus MCs could be a source of pathology as a result of disrupted
homeostatic activity. MCs are experts at initiating and driving inflammation, and their dysregulated
activity exacerbates inflammatory conditions in the tissue. Here, we review emerging alternative
paradigms for MC activation and discuss their relevance to major gut-related disease states. The possible
issue of trained immunity and the paradoxical roles of classical immunosuppressive cytokines are
specifically reviewed to stimulate further consideration of these topics specific to MCs.

2. Alternative Activation Paradigms

Across all the following inflammatory disorders, MCs are major promoters of pathology and the
extent of their activation in these disorders is directly dependent on both the MC’s tissue origin as well
as the initiating stimulus. Interestingly, MC activation in the context of these diseases is not solely FcεRI
mediated; MCs play a pathological role in an antigen-independent, adaptive immune-independent
manner. MCs deserve careful consideration in these gut inflammatory disorders as they are major
gut homeostatic mediators. Through IgE signaling, MCs are potent sentinels poised to mitigate
helminth threats and unfortunately also drive some allergies. However, we will discuss how they
are directly involved in coordinating immune responses and inflammation through their ability to
detect and respond to other, non-allergenic stimuli. We open this discussion with a review of such non
IgE-mediated signals.

For example, MCs are not only capable of secreting histamine, but they also possess cell-surface
histamine receptors, allowing for potential paracrine and autocrine MC signaling in response to
histamine release. The expression of the four identified histamine receptors (H1-4R) is specialized for
interacting with other cell types and the expression of these receptors on MCs is dependent on the
tissue localization of the MC. Human skin MCs were found to express H2R and H4R, and furthermore,
these are primarily responsible for mediating the gut immune-microenvironment and signaling with
other immune cells, respectively [6,7]. The H1 receptor, which has also been studied for its role in
allergic responses, was weakly expressed in normal skin human MCs but was more highly expressed
in HMC-1 cells, possibly due to constitutively active c-kit expression in the cell line; this receptor is not
hypothesized to be involved in direct signaling in response to histamine [6]. Taken together, the H2
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and H4 receptors appear to act as a means of negative feedback on MC degranulation. Expression
of these histamine receptors on other cell types suggests MCs can directly signal to other cell types
through histamine release. The H3 receptor is a pre-synaptic receptor on neurons which inhibits
neurotransmitter and histamine release [8]. These interactions connect the nervous system with the
innate immune system; MC-neuronal signaling is largely mediated through substance P (SP) which is
released by neurons in response to MC-produced histamine and tryptase; other neuropeptides such as
vasoactive intestinal polypeptide can also induce MC degranulation [9–11]. In disease states where
nervous function may be altered, improper MC-neuronal signaling may induce chronic inflammation
without a means for drawing back the inflammatory cell signaling.

Purinergic receptors have also been implicated in mediating MC activation. P2X4 stimulation
enhanced prostaglandin E-stimulated degranulation through an alternative mechanism [12]. This enhanced
stimulation could be the result of activation of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome acting synergistically with typical MC activation paradigms [13].

An emerging unique MC receptor is a GPCR named MAS-related G protein coupled receptor
X-2 (MRGPRX2). This membrane and intracellular GPCR is responsible for MC innate immunity
and wound healing as well as neurogenic inflammation, pain, and itch. Activation of this receptor
results in MC degranulation and is important in mobilizing the adaptive immune system in tissues [14].
Signaling through MRGPRX2 is capable of inducing activation and degranulation of MCs in an
IgE-independent manner [15]. MCs are present throughout the body and have also been identified
near nerve endings across the skin, gut, and airways [9,16]. Comparable to IgE-mediated Th2 signaling,
this paradigm can potentiate a MC-dependent positive feedback loop, perpetuating pathologic
inflammation in the tissue through exuberant MC activation and cytokine secretion in conjunction with
SP release from neurons. SP binds to the neurokinin-1 receptor (NK-1R) and therapeutic inhibition
of the receptor reduces symptoms of chemotherapy-induced nausea but strangely does not affect
inflammation [17,18]. SP activation on MCs, however, is not mediated through NK-1R but instead
through MRGPRX2 in humans or Mrgprb2 in mice [19,20]. Although the mechanism behind this
signaling is not yet understood, the ability of MCs to interact with the nervous system suggests their
importance in diseases where excessive neuronal activity is present. Such a receptor is not only capable
of initiating an inflammatory response without the adaptive immune system, but its ability to mediate
MC-neuronal interactions and its relatively exclusive MC expression makes it an attractive target
for MC-directed immunotherapeutics. Specific antagonism of the MRGPRX2 receptor is sufficient in
inhibiting IgE-independent degranulation and could be used to lessen some drug-induced allergic
reactions [21].

The 8-oxoguanine DNA glycosylase 1 (OGG1) is involved in base excision repair (BER) in response
to DNA damage, specifically oxidative stress-induced 8-oxoguanine lesions on DNA. These bases
excised during OGG1-mediated BER are capable of forming a complex with cytoplasmic OGG1
in the cytosol, changing the conformation of OGG1 and inducing gene expression changes in the
MC. These changes promote pro-inflammatory and pro-degranulation gene expression in [22,23].
Interestingly, multiple challenges with 8-oxoguanine resulted in a significant fold-change increase
in MC-degranulation-associated genes—these lesions are related to oxidative stress, suggesting
inflammasome related signaling may be mediating this effect by priming the MC for enhanced
activation through NLRP3 activity; reactive oxygen species (ROS)-induced stress in the gut would
likely promote OGG1 activity and could act as a means for promoting a trained immune response.

In addition to these alternative activation paradigms that result in MC cytokine secretion,
and sometimes degranulation, we and others hypothesize that MCs possess a form of potentiation
unique from adaptive immune system memory. This concept, also known as immune training or
trained immunity, has been well described in macrophages but the significance of this training in
other myeloid cells, specifically in MCs, has yet to be clearly described. Trained immunity allows for
innate immune cells to adapt their response to a broad variety of stimuli, which can protect against
future insults; this potentiation manifests as changes in gene expression and epigenetic changes such
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as histone methylation/acetylation [24]. This response is mediated through detection of pathogen and
damage-associated molecular pattern molecules (PAMPs and DAMPs) via pattern recognition receptors
(PRRs), namely extracellular TLRs and intracellular NOD-like receptors (NLRs) [13]. The binding of
ligands to these PRRs initiates a signaling cascade resulting in inflammasome priming or activation
upon re-exposure. There are several inflammasome sensors, each with unique stimuli and diseases
associated with their dysfunction. However, most researchers select the NLRP3 inflammasome for
study due to its ability to respond to the largest variety of stimuli as well as its two-step activation
process [25]. Full activation of the NLRP3 inflammasome induces caspase-1 activity, which cleaves
pro-IL-1β and pro-IL-18 to yield biologically active forms. Release of these active cytokines (through
secretion or release from damaged cells) results in inflammation and immune cell activity [13]. MCs are
not only capable of producing active IL-1β but stimulation with IL-1β is sufficient in inducing histamine
release and degranulation from MCs, suggesting MCs can initiate and perpetuate this pyroptotic
process in tissues [13,26]. This interaction is also implicated as a potential positive feedback loop for
MCs, as histamine can then promote IL-1 gene expression and synthesis [27]. In the gut, NLRP3 is
key in maintaining intestinal homeostasis; NLRP3-deficient mice were more susceptible to ulcerative
colitis and displayed reduced IL-1β, IL-10, and TGF-β [28]. The NLRP3 inflammasome is a robust
sensor of extracellular threats and is a potent regulator of innate immune responses throughout the
body; its role in stimulating trained immunity in myeloid cells highlights the long-term protective
effects to a broad variety of pathogens.

In sum, MCs are capable responders to broad immunogenic stimuli. Their response is MC specific
and tissue specific; disease states in which these signaling pathways are disrupted demonstrate the
unique pathogenic roles MCs can have in the etiology and progression of several inflammatory diseases
(see Figure 1). Both the mechanisms of disease and the cellular environment of the affected tissue
determine the nature of inflammation. For the remainder of this review, we focus on recent findings in
inflammatory bowel diseases, food allergy, cancer, autoimmunity, and autoinflammation, and then we
close with special attention to novel effects of IL-10 and TGF-β1.

Figure 1. Mast cell activation paradigms. Mast cells and their simplified interactions with clinical
diseases are represented with arrowed connections. Relevant MC-mediated soluble factors and
associated signaling pathways are represented for each disease state. Subscripts correspond to relevant
references from this review.
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3. Ulcerative Colitis/Crohn’s Disease/Inflammatory Bowel Disease

MCs are pivotal in maintaining gut mucosal homeostasis; inflammatory bowel diseases (IBDs)
likely present with defects to MC-related biology. Ulcerative colitis (UC) and Crohn’s disease are the
major types of IBDs that arise from chronic inflammation against harmless microbiota; the etiology stems
from both genetic and environmental factors [29]. Errors in autophagic responses and polymorphisms,
which result in the overproduction of IL-1β and IL-6, have been identified as drivers of chronic
inflammation in these diseases; innate immune markers such as NOD2 and mucin genes are also
mutated [30–32].

TLR signaling is required in maintaining gut homeostasis and is also important in the clearance
of pathogens [33]. Interestingly, MCs in the small intestine weakly express TLR whilst MCs in the
colon express high levels of TLR 2 and 4 [4]. The differential expression of TLR could explain why the
pathology of ulcerative colitis is limited to colonic tissues compared to more widespread inflammatory
bowel disorders such as Crohn’s disease; differential TLR expression could also be explained by the
bacterial burden experienced in the small intestines versus the colon [34]. Although the activation
of TLRs does not directly induce broad degranulation, ligand binding does lead to cytokine and
leukotriene secretion, which promote local inflammation and immune cell recruitment. This change to
the surrounding tissue microenvironment likely alters MC activation and response to stimuli such
as FcεRI, IL-33, or SP [35]. Across both diseases, innate immunity of the gut is disturbed differently.
TLR3 (constitutively expressed in healthy epithelial cells) is down regulated in Crohn’s disease but not
UC. However, TLR4 (normally low expression in healthy tissue; receptor for LPS) is highly upregulated
across both diseases [36]. In addition to aberrant TLR signaling and expression, NLRP3-related proteins
NOD1 and NOD2 were also found to be suppressively mutated in 15–20% of patients with IBDs [37].
The pathogenesis of these diseases arises from a failure of the immune system to quell inflammatory
responses leading to excessive, uncontrolled inflammation.

Patients with IBDs exhibit upregulated NK-1R and SP and severity of disease in patients with UC
was correlated to levels of SP; rectal SP levels were only increased in patients with UC and not Crohn’s
disease and is correlated to a shift in the tissue microenvironment to favor SP production [38,39].
In addition, MCs harboring missense mutations in MRGPRX2 are unable to respond to SP-mediated
degranulation—Ca2+ mobilization is impacted in this context, which could be the mechanism behind
suppression of MCs [40].

Specifically regarding MC activity, patients with UC were found to have greatly enhanced IL-33
expression, and IL-33 producing myofibroblasts were a primary source of IL-33 in these ulcerative
lesions and synergized with TGF-β to induce further myofibroblast differentiation; such cells were
nearly absent in patients with Crohn’s disease [41]. These IL-33 producing cells in an inflamed gut
likely promote MC activation; the protective benefits of this inflammation are likely not present in
this disease state and instead exacerbate the inflammatory environment. Beyond the body’s own cells,
parasites are capable of mediating the inflammatory responses in the gut. Helminth infestation is
inversely correlated with IBDs and clinical treatment using a helminth benefits patients with UC due
to the parasite’s capability of inducing a Th2 response [42,43]. Patients with UC or Crohn’s disease
have higher histamine levels as well as increased H4R expression; MC-produced histamine likely
exacerbates the inflammation whilst promoting neutrophilic recruitment and further inflammation [44].
Indeed, these inflammatory bowel diseases are multifaceted and arise as a result of a combination of
biological errors and mutations regarding inflammation.

MCs appear to play a greater role in the pathogenesis of UC by promoting a pro-inflammatory
microenvironment, mediated by IL-33 and SP-producing cells in the gut. Both diseases present with
autoinflammation. However, MCs play a direct role in UC as both signals directly induce MC activation
and subsequent TNF-α production in a synergistic manner [45]. Therapies targeting MCs will likely
prove more effective in managing the symptoms of UC than Crohn’s disease. However, MCs play
a pro-inflammatory role in both diseases.
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4. Food Allergy

In the context of common food allergies, MCs are essential in the development of allergic responses.
This is a case where a typically suppressive cytokine, IL-10, was shown to be necessary for priming
mast cells against consumed food antigens (murine oral OVA model); IL-10 was sufficient to enhance
IgE-mediated mast cell activation as well [46]. This unexpected response by MCs to IL-10 could be the
result of an evolutionary adaptation in response to immunosuppression by parasites—as parasites
evolved the ability to suppress anti-worm responses in the gut, perhaps MCs adapted by paradoxically
activating in response to select immunosuppressive cytokines. Despite the immunosuppressive nature
of parasites, some parasites instead induce an allergic response which can lead to the development of
food allergies. Tick bites promote strong allergic responses to the antigen secreted by the tick; the lone
star tick induces an allergy to red meat (Alpha-gal syndrome), which behaves like a typical type I
hypersensitivity response. IgE production in response to this insult is reliant on TLR stimulation on
B-cells through MyD88 [47]. CTMCs in the skin may facilitate the development of such a hypersensitive
response through a distinct mechanism rather than typical IgE-mediated food allergy.

IL-33 is also implicated in the development of food allergies. In addition to its direct effects in
enhancing IgE-mediated activity, IL-33 promotes oral OVA-mediated anaphylaxis through enhancing
MC activity in mice. ST2-deficient mice displayed reduced anaphylaxis. However, the full effect
could be reconstituted using WT bone marrow-derived MCs [48]. IL-9 is also implicated in the
development of food allergy as well as parasite protection. IL-33 promotes IL-9 and IL-13 production
from a unique subpopulation of MMCs; intestinal expression of IL-9 and IL-13 was also increased in
atopic patients [49]. These IL-9 producing MMCs were also found to express MC enzymes tryptase
and chymase at increased levels compared to healthy patients.

Large extracellular parasites are the eternal rivals of the MC—although the modern world’s
developed sanitation and health systems are more capable of extinguishing these infections, gut parasites
are still capable of modulating the surrounding immune environment to evade detection. Secretions
by Acanthocheilonema viteae (ES-62) were capable of suppressing IL-33/ST2-mediated signaling in
peritoneal-derived murine MCs; MCs of different tissue residency (specifically bone marrow-derived
mucosal MCs) were not as suppressed from the worm byproduct alone, highlighting the tissue specificity
of MCs [50]. ES-62 was also shown to be protective against fatal pathology in a chronic OVA/alum
asthma model through inhibition of IL-33/ST2-mediated signaling. Parasitic inhibition of MCs varies
by parasite and the duration of infection also dictates the immunomodulatory effects of the parasite’s
byproducts. Chronic Litomosoides sigmodontis infection suppressed intraperitoneal OVA-driven allergic
responses and anaphylaxis; interestingly, OVA-IgE levels were unchanged during infection and IL-10
was not found to be involved in the protective effect against anaphylaxis [51]. During infection with
L.sigmodontis, peritoneal MC counts were found to be decreased, peritoneal MCs harvested were less
granular and also exhibited lower levels of histamine [51]. Parasite and worm byproducts elicit changes
to the surrounding mucosa by directly altering MC function; such products are parasite specific and
could prove therapeutic in dampening excessive MC activity in other disease states.

Though the pathogenesis of this disease is different from typical food allergies, celiac disease
(CD) has become more prevalent in modern society. The disease initiates through T-cells in an
antigen-specific manner against gliadin within dietary gluten and engages both the innate and adaptive
immune systems to induce a proinflammatory response in gut mucosa [52]. MCs are involved in the
regulation of the adaptive immune response to dietary gluten and are found in higher counts in celiacs
consuming gluten; the higher counts of MCs were found to promote CD severity and progression and
MCs were directly activated by digested gliadin fragments [53,54]. The gliadin-mediated activation of
MCs in celiacs was also different compared to MCs from a non-celiac patient, highlighting the genetic
and environmental basis for CD. Suppressing MC responses and/or replenishment with healthy MCs
may slow the progression and severity of CD by restricting adaptive-innate immune signaling and
shaping the mucosal environment away from a proinflammatory state.
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5. Cancer

Among Paul Ehrlich’s original observations on MCs are their association with cancerous tumors;
MCs are potent mediators of both pro- and anti-tumor responses in a context-specific manner [55].
As a sentinel cell capable of eliciting inflammatory responses independent of the adaptive immune
system, inappropriate MC activation can set the stage for a chronically inflamed environment for cancer
proliferation [56]. The production of pro-inflammatory IL-6 and IL-1β can also drive this inflammation
in the tumor microenvironment (TME). Recent hypotheses suggest MCs have subsets with unique
cytokine profiles similar to macrophage polarization and MCs are capable of switching between the
subsets in a context-specific, localized manner, in other words, “tumor educated” MCs [57]. Aggressive
triple-negative (ER−PR−HER2−) breast cancers were shown to have higher counts of infiltrating MCs
and M2 macrophages mediated by higher expression of annexin A1 [58]. Such immune responses
would benefit the progression of cancer through promoting chronic inflammation and wound repair
pathways over cytotoxic pathways. MC activity also evolves as tumors progress and expand. In small
intestinal cancers, MCs expand in benign polyps in the presence of IL-10, IL-13, and IL-33 as well as
ILC2 cells. The presence of these MCs is maintained in an IL-10 dependent manner—overexpression
of IL-10 greatly expanded MC populations in these polyps [59]. The presence of IL-10 in conjunction
with MC chemokines and alarmins such as IL-33 explains the pro-cancer, pro-inflammatory role MCs
can play in certain cancers; in the context of small bowel cancers, MC protease expression resembled
MMCs but included CTMC-related mast cell proteases too [59]. When the polyps switched to an
invasive phenotype, CTMCs expressing both MMC and CTMC proteases expanded, demonstrating
cancer’s ability to alter MC activity toward a pathogenic, pro-cancer function [59]. A mechanism
behind this phenotypic switch could be a result of MC interactions with epithelial cells during an
inflammatory state, specifically during wound repair. In an azoxymethane-induced colonic tumor
model, MCs recruited to epithelial cells during inflammatory wound repair obtained a pro-tumorigenic
role and their density in the gut was correlated with cancer grade [60]. Interestingly, the capability of
MCs to resolve IL-33-mediated inflammation by damaged epithelial cells was critical in promoting
tissue repair following inflammation through protease release. MCs are important in regulating and
resolving inflammation within their local tissues; tumors can elicit pro-inflammatory functions in
MCs to reprogram them into a pathogenic state. MCs are capable of being activated through IL-33,
which illustrates how MCs respond differently to stimulation depending on the surrounding tissue
state and current immune status. Additionally, MC-derived IL-6 and TGF-β1 could be considered a
pro-tumorigenic threat, as these cytokines can directly contribute to the recruitment of myeloid-derived
suppressor cells (MDSCs) and effector T cell polarization away from an anti-tumor Th1 toward a Th17
phenotype. This likely impacts the efficiency of modern biologic therapies, especially checkpoint
inhibiting immunotherapies, where only about 20% of patients respond favorably. It was reported
that MDSCs can enhance MC activation, which further suggests a pro-tumor positive feedback loop;
however, it remains to be specifically demonstrated whether MCs can enhance MDSC function [61].
Given the presence of MCs across all tissue types, MCs are also implicated as either potential
protectors or drivers of cancer. The pro-fibrotic role of MCs in wound repair and inflammation can
be dysregulated within a TME and their capability to signal to MDSCs and surrounding fibroblasts
can further exacerbate the conditions of the TME. Specifically, in small-bowel cancers, MCs can act as
major drivers of inflammation through IL-33/ST2-mediated signaling, promoting chronic inflammation
and strongly skewing toward a Th17 immune response. Therapies aiming to disrupt MC signaling to
the surrounding stroma and immune cells could enhance adaptive immune cytotoxicity and restrict
MDSC-mediated activity.

The NLRP3 inflammasome not only contributes to gut-related inflammatory disorders but
the resulting chronic inflammation also increases the risk of developing colorectal cancer [62,63].
The NLRP3 inflammasome is largely mediated by downstream apoptosis-associated speck like protein
containing a caspase recruitment domain (ASC) and caspase-1 activity. In the context of colorectal
tumorigenesis, NLRP3 can play a protective role; ASC and caspase-1 were also found to be protective
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against tumorigenesis in mice [64]. This connection between NLRP3, bowel diseases, and cancer is
multifaceted and the resulting inflammation and cytokine secretion (namely IL-18) can be protective
against tumor growth [65]. However, the same cytokines produced following NLRP3 activation are also
associated with exuberant inflammation and autoimmune disorders, illustrating both the protective
and pathogenic effects of NLRP3. Indeed, the common mutations to NLRP3 and its downstream
mediators varies across cancer types and tissue location; the data on these mutations contradicts the
protective findings of NLRP3′s IL-18-mediated downstream activity [66]. In addition to acknowledging
the tissue specific roles of MC, careful consideration must be made when observing dysregulation of
immune mechanisms across different tissue types.

6. Autoimmunity/Autoinflammation

Although MC activity alone does not constitute autoimmunity, such activity is sufficient in
inducing an autoinflammatory response, in which innate immune cells are activated in response to
tissue-specific stimuli [13]. These autoinflammatory diseases can contribute to the pathogenesis of other
inflammatory disorders, namely through chronic inflammation. Despite this dichotomy, autoimmune
disorders and autoinflammation can coalesce as diseases such as psoriasis and Crohn’s disease,
characterized by innate immune activation of T-cells and inflammatory cytokine production [67,68].
Given the biology of MC, their capability to induce an autoinflammatory immune environment through
cytokine secretion is only bolstered by their nearly ubiquitous tissue presence and their ability to migrate
into so-called immune privileged sites, such as central nervous system parenchyma; and as sentinel
cells MCs are one of the first innate immune cells to be activated during an inflammatory response [69].
Consequently, pathogenic activation of MCs is capable of causing harm in privileged tissues.

MCs are hypothesized to mediate autoinflammation through NLRP3 inflammasome sensing of
extracellular threats; mutations to the NLRP3 inflammasome and its mediators leads to monogenic
diseases such as familial Mediterranean fever (FMF) and cryopyrin-associated periodic syndrome
(CAPS) which arise from exuberant caspase-1 activity leading to downstream IL-1β secretion and
subsequent inflammation [70].

Due to the ability of MCs to promote and sustain localized inflammation, therapeutic targeting of
MCs in autoimmune and autoinflammatory disorders (such as rheumatoid arthritis, UC, or CD) could
help to dampen the adaptive autoimmune and innate autoinflammatory responses and promote repair
of the damaged tissues. Identifying the soluble factors released in the context of each disease state is
critical to understanding how MCs will contribute to the promotion or protection against inflammation.

7. IL-10 and TGF-β1

Across these various disease states, MC activity appears to be enhanced, leading to prolonged
inflammation and subsequent tissue damage. While most other immune cells are broadly suppressed by
IL-10 and/or TGF-β1, MCs react differently. MC responses to typically immunosuppressive cytokines
can instead promote MC activation and/or potentiate wound repair pathways and fibrosis (see Figure 2).

TGF-β1 has been characterized as immunosuppressive on MCs through reduced FcεRI expression
at the protein level, suggesting subsequently reduced FcεRI-mediated signaling [71]. In terms of
phenotypic data, the evidence is conflicting—broad suppression of MC proliferation and activation has
been noted [72]. However, some papers present changes in MC inflammatory products based upon the
relative differences +/-FcεRI crosslinking; this can lead to the misconception that there is suppression of
response when indeed TGF-β1 alone can stimulate MC release of certain factors without concomitant
activation through IgE. TGF-β1 may specifically modulate late-phase responses by MCs which could
explain the lack of observed effect regarding histamine release or degranulation.

In mice, inhibition of TGF-β1 through a neutralizing antibody caused oral and esophageal
inflammation, hallmarked by TGF-β1 producing MCs. Although there was no difference observed in
the gut and intestines, the inflammatory response demonstrated by MCs in the mouth and esophagus
highlight the role of the MC as a vanguard of innate immunity [73]. Indeed, TGF-β1 is a potent
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chemoattractant for MCs which implies MCs are equipped to respond; such migration may be critical
for wound repair [74]. The TGF-β1-dependent effects observed here also demonstrate how MCs are
critical to maintaining homeostasis through tissue-specific interactions. Under pathologic conditions,
this signaling axis can skew the local immune response in the tissue. In a murine tumor model,
abolishment of TGF-β1 or IL-10 through neutralizing antibodies restored the Th1/Th2 balance in the
tissue, characterized by reduced Th2 cytokine secretion [75].

Interestingly, these typically suppressive cytokines can promote a form of protective inflammation
mediated by MC activity. In the case of TGF-β1, there is evidence that MCs can activate in response to
TGF-β1 in an IgE-independent manner; regulatory T cells (Treg) were found to directly enhance MC IL-6
production through surface-bound TGF-β1 and MC cytokine release is enhanced when treated with
soluble TGF-β1 [76,77]. Indeed, such atypical activation paradigms potentiate the capability of MCs to
impact their surroundings by polarizing toward a Th17 environment. In the context of pathology, MCs
are capable players in fronting the initial response to cellular injury by shaping the cytokine milieu of
the threatened environment. While it is well-appreciated that MCs release IL-6 and Th2-polarizing
cytokines, the production of (and unique responses to) TGF-β1, IL-17, and IL-22 may reinforce Th17-like
responses. IL-17+ and IL-22+ MCs have been reported [78,79] in psoriatic lesions and while the role
of an MC-to-Th17/22 balance is not clear, the fact that these cytokines are produced by MCs is an
important therapeutic consideration, since, for example, MCs can also serve to modulate dendritic cell
function [80]. This interaction is also interestingly involved in reducing lung inflammation through
suppression of neutrophils and promoting MC IL-6 [81]. The stimulatory response displayed by MCs
in these circumstances could be the result of an evolutionary advantage to resist immunosuppression
by parasites/worms; MCs may also activate to some degree in the context of wound repair. TGF-β1
stimulation of murine bone marrow-derived MCs is also sufficient in inducing mMCP-1 and mMCP-2
expression facilitated through GATA2 and Smad (2,4, potentially 3) signaling [82]. This response may
prime MCs as localized protective effector cells during wound repair or during the resolution of an
immune response in tissues. In addition, MC-produced IL-6 is key for clearing bacteria around a
wound and allowing for repair [83]. This inflammatory response by MCs may be prompted by TGF-β1
release from the surrounding stroma during an injury, promoting an IgE-independent reaction by MCs
without prior adaptive immune priming.

In the gut, IL-10 is a major regulator of homeostasis and is capable of both pro- and
anti-inflammatory effects, and like mast cells, its role is context-dependent. IL-10 is critical in providing
protective immune cell activation and protective inflammation involved in the development of food
allergies and septic defense [46,84]. This protective inflammation is mediated by NLRP3 expression.
NLRP3-deficient mice were more susceptible to the development of experimental colitis, reflected
by reduced IL-1β, TGF-β, and IL-10 expression [28]. For individuals with exuberant inflammatory
diseases such as Crohn’s disease, defects in NLRP3 may lead to pathologic gut inflammation due to
the loss of protective tissue-specific inflammation. Conversely, secreted IL-10 in response to NLRP3
activation has also been implicated as a negative regulator of NLRP3 activation; expression of NLRP3
is essential for protective inflammation but unregulated inflammation caused by NLRP3 may also
be harmful [85]. In an antigen induced (methylated bovine serum albumin) arthritis model, IL-10
knockout mice displayed more severe symptoms and had higher expression levels of IL-1β, IL-33,
and NLRP3 [86]. Non-lethal exposure to endotoxins such as LPS can render immune cells refractory to
subsequent exposure and is characterized by reduced macrophage/monocyte cytokine (specifically
TNF-α) production [87]. Development of this endotoxin tolerance in MCs has also been shown to be
TLR-mediated and associated with a hyporesponsive phenotype [88]. Interestingly, endotoxin tolerance
can be alternatively induced alongside TGF-β and IL-10 synthesis in monocytes in response to low levels
of toxin; IL-10 suppresses NLRP3 activation during chronic exposure to LPS [85,89]. The downstream
effect of NLRP3 activation regarding IL-10 expression is context specific and the timing and duration
of NLRP3 activation might also explain the multifarious roles of IL-10 in inflammasome activation
and regulation. Specifically, in the small intestines of IL-10-deficient mice, IL-10, TGF-β, and type 3
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immune cytokines (IL-17a, IL-22, IL-23) were unaltered. However, IL-33 and IFN-γ concentrations
were increased [59]. Progression of polyposis was mediated by MC and T-cell derived IL-10. MMCs
expand first in response to small bowel helminth infestation and gradually shifts to CTMC-dominance
during resolution of infection [90,91]. In sum, IL-10 is capable of promoting MC activation across
multiple tissue types; however, its suppressive capacity must not be overlooked—IL-10 exhibits both
pro- [46,59] and anti-inflammatory [84] effects in a tissue-specific and cell-specific manner. Mutations
in NLRP3 and IL-10 may help to describe patient susceptibility to inflammatory disease in the gut;
prolonged inflammatory diseases likely present with a defect in IL-10 signaling, as chronic stimulation
of NLRP3 should engage immune-tolerizing mechanisms through paracrine and autocrine IL-10
secretion. In the context of pathologic MC disorders, dysregulation of both stimulatory and inhibitory
paradigms of regulation can indeed promote exuberant MC-mediated inflammation.

Figure 2. Effects of TGF-β1 and IL-10 on mast cell activity. TGF-β1 and IL-10 exhibit both stimulatory
and inhibitory effects on mast cells. Summarized from the present review.

8. Conclusions/Summary

These alternative activation paradigms highlight the context-specific ability of MCs to mediate the
surrounding stroma through cytokine secretion. IL-33 was found to synergize with SP in promoting
TNF-α expression; IL-33 was shown to upregulate surface NK-1 expression [45]. MRGPRX2 has been
detected in skin MCs and synovial MCs but not lung MCs, suggesting CTMCs may be more susceptible
to this signaling and thus be the source of pathogenic inflammation in disease states [92].

Mutations in NLRP3 or dysregulation of signaling may coincide with TGF-β-signaling defects;
overexpression of NLRP3 led to increased Smad3 phosphorylation in the kidney, suggesting a pro-fibrotic
role [93]. In patients with chronic kidney disease, MCs in the kidney were found to express chymase,
tryptase, renin, and TGF-β1 [94]. Expression of chymase is capable of cleaving pro-TGF-β1 into
its active form as well as promoting Angiotensin-II activity [95]. The presence of these pro-fibrotic,
pro-inflammatory cytokines in the kidney illustrates the context-specific functions of MCs across tissue
types. Finally, prolonged activation of NLRP3 and TLR priming can render the MC refractory to future
responses [85]. Altogether these observed interactions beg the question of defining an IgE-independent
trained immune response in MCs, and whether such training is specific to tissues and/or pathologies.

The timing and context concerning these activation pathways also dictates the suppressive or
stimulatory downstream effects. IL-33-mediated signaling on skin MCs transiently potentiates their
activation but chronic exposure to the alarmin resulted in suppressed MRGPRX2 receptor expression
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instead [96]. Pathogenic activation of IL-33/ST2 signaling also occurs in cancer and is associated with
an increase in immunosuppressive cell types and increased M2 macrophages. Tumor growth and
metastasis was also increased, characterized by the presence of TGF-β+ MDSC [97].

Ultimately, MCs are capable promoters of inflammation outside of their typical IgE-mediated role.
Therapeutics targeting MC biology should respect the phenotypic differences among MCs originating
from different tissues. While MCs may not be the etiologic source of disease, their ability to facilitate
inflammation and positively regulate subsequent immune cell interactions/recruitment highlights
their pathological capabilities when dysregulated. The fact that MCs express at least one purportedly
specific receptor (MRGPRX2) and a relatively specific FcεRI emphasizes a continued interest in these
cells as ripe therapeutic targets.
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