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Rodent mast cells can be divided into two major subtypes: the mucosal mast cell (MMC)
and the connective tissue mast cell (CTMC). A decade-old observation revealed a longer
lifespan for CTMC compared with MMC. The precise mechanisms underlying such differ-
ential tissue persistence of mast cell subsets have not been described. In this study, we
have discovered that mast cells expressing only one receptor, either FcγRIIB or FcγRIIIA,
underwent caspase-independent apoptosis in response to IgG immune complex treat-
ment. Lower frequencies of CTMC in mice that lacked either FcγRIIB or FcγRIIIA compared
with WT mice were recorded, especially in aged mice. We proposed that this paradigm of
FcγR-mediatedmast cell apoptosis could account for themore robust persistence of CTMC,
which express both FcγRIIB and FcγRIIIA, than MMC, which express only FcγRIIB. Impor-
tantly, we reproduced these results using a mast cell engraftment model, which ruled out
possible confounding effects of mast cell recruitment or FcγR expression by other cells on
mast cell number regulation. In conclusion, our work has uncovered an FcγR-dependent
mast cell number regulation paradigm that might provide a mechanistic explanation for
the long-observed differential mast cell subset persistence in tissues.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Mast cells have been traditionally regarded as important effec-
tor cells in allergic pathology since the identification of IgE and
mast cell-associated histamine more than half a century ago [1].
In allergy, plurivalent antigens bind and crosslink IgE molecules
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bound to the high-affinity IgE receptor (FcεRI) expressed on mast
cells, resulting in cell degranulation and release of proinflam-
matory mediator molecules. Three major categories of mast cell
mediators have been described: (1) preformed granule-associated
mediators such as histamine and serotonin; (2) newly gener-
ated lipid mediators, such as leukotrienes and prostaglandins;
and (3) de novo synthesized cytokines including chemokines.
IgE-mediated activation of mast cells initiates the early phase of
allergic responses, resulting in pathologies including greater lev-
els of epithelial permeability, mucous production, smooth muscle
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contraction, vasodilatation, and neurogenic inflammation. The
immediate response is followed by the recruitment of a variety
of other immune cells that participate in the late phase of the
reaction, further exacerbating allergic pathology [2]. In recent
decades, the roles of mast cells have been extended beyond
allergy and have encompassed a much broader spectrum in both
health and disease. Accumulating evidence has also implicated
mast cells in host defense against infection and envenomation, tis-
sue repair, inflammatory disorders other than allergy, and tumor
development [3].

Mast cells are derived from BM progenitors that migrate via
the blood to almost all tissues, where they further differentiate
and mature into different phenotypes depending on the local
microenvironment. Mast cells are enriched in the skin, around
blood vessels, and in mucosal membranes such as the respiratory
and gastrointestinal tracts. Tissue-specific distribution of mast
cells is dependent on various mediators. The number of mast cells
is increased at sites of allergic inflammation, and there is a cor-
relation between mast cell density in the tissue and the sever-
ity of allergic symptoms [2, 4]. Mast cells are highly heteroge-
neous and can be divided into two major subtypes: mucosal mast
cells (MMC) and connective tissue mast cells (CTMC) in rodents,
corresponding to tryptase-containing mast cells (MCT) and both
tryptase- and chymase-containing mast cells (MCTC) in humans,
respectively [5, 6]. Overall, mast cells are believed to be long-
term tissue-resident cells with a slow turnover. Yet, an interesting
observation was made back in the 1980s, which revealed a longer
lifespan for rodent CTMC than MMC in tissues [7]. However, the
mechanisms that account for mast cell tissue persistence have not
been documented.

In addition to IgE-mediated activation, mast cells also express
Fc receptors that bind IgG, which are referred to as Fcγ recep-
tors (FcγR). FcγR exists in multiple isoforms that are categorized,
either in terms of affinity as high-affinity and low-affinity recep-
tors, or in terms of signaling pathways they induce, as activat-
ing and inhibitory receptors. For mice, there are two high-affinity
IgG receptors, FcγRI (CD64) and FcγRIV, and two families of low-
affinity IgG receptors, FcγRII (CD32) and FcγRIII (CD16). FcγRII
has three subtypes, that is, FcγRIIA, FcγRIIB, and FcγRIIC. FcγRIII
has two subtypes, that is, FcγRIIIA and FcγRIIIB. While all the
other FcγR have been classically defined as activating receptors,
FcγRIIB is an inhibitory receptor [8]. However, our previous work
has demonstrated that FcγRIIIA can suppress immune responses
by acting as an inhibitory receptor [9].

Altogether, three FcγR subtypes, that is, FcγRIIA (human),
FcγRIIB (both human and mouse), and FcγRIIIA (mouse), are
constitutively expressed by mast cells. These low-affinity FcγR
respond to stimulation with IgG immune complexes, but not
monomeric IgG molecules. FcγRIIB is a single-chain molecule
with an intracytoplasmic domain that contains the immunorecep-
tor tyrosine-based inhibition motif [10]. FcγRIIIA requires one
IgG-binding α-chain and a signal-transducing adaptor molecule
composed of two Fc receptor common γ-chains, which contain the
ITAM. The two γ-chains are required for the expression and sig-
naling of the entire receptor complex. Similar to FcγRIIB, FcγRIIA

is a single-chain receptor; but contrary to FcγRIIB, FcγRIIA is an
activating receptor which signals through ITAM located in the
intracellular domain of its α-chain. Mouse FcγRIIIA is predicted
to be the counterpart of human FcγRIIA in terms of functional-
ity and sequence similarity in the extracellular portion [10]. It is
well documented that FcγRIIB plays an important role in damp-
ening the allergic responses by bridging this inhibitory receptor to
the high-affinity IgE receptor, FcεRI, through the IgG-allergen-IgE
complex [11].

The major impact of the antibody on immune regulation
depends on the interaction of the antigen–antibody immune com-
plexes, through the Fc domain of the antibodies, with Fc recep-
tors expressed on various types of immune cells including mast
cells. Studies addressing the roles of FcγR have focused on their
pleiotropic functions which include the release of inflammatory
mediators, phagocytosis, antibody-dependent cellular cytotoxic-
ity, and chemotaxis [10, 12]. Engagement of FcγR either promotes
or inhibits these processes. It was first discovered on naïve B cells
that homotypic crosslinking of FcγRIIB, which is the only FcγR
expressed on B cells, without aggregating the BCR results in B-
cell apoptosis [13, 14]. We previously confirmed that antibody-
forming plasma cells, or effector B cells, also undergo apoptosis
upon FcγRIIB crosslinking, which is a critical mechanism for reg-
ulating humoral immune responses [15]. We also showed that
this killing mechanism through homotypic aggregation of FcγRIIB
by IgG immune complexes induces mast cell apoptosis [16]. It
has been classically documented that CTMC express both FcγRIIB
and FcγRIIIA, while MMC only express FcγRIIB [17-19]. Using
in vitro cultured cell models, we previously reported that MMC
undergo apoptosis in response to the aggregation of FcγRIIB,
the only IgG receptor expressed on these cells, by antigen-IgG
immune complexes. In contrast, CTMC resist this type of apoptosis
induction, probably because of their expression of both FcγRIIB
and FcγRIIIA [16]. Given that there exist natural IgG immune
complexes under normal physiological conditions [20], it is likely
that the distinct lifespan profiles of mouse CTMC and MMC can
be regulated by differential cell apoptosis through the aggrega-
tion of FcγR by IgG immune complexes. In this study, we provide
further evidence demonstrating the in vivo relevance of the FcγR-
mediated cell death induction in the regulation of mast cell sur-
vival in tissues.

Results

Mast cells initiate apoptosis after treatment with IgG
immune complexes in an FcγR-dependent manner

We have previously reported that mouse BM-derived cultured
mast cells (BMMC) can be induced to undergo apoptosis by IgG
immune complexes aggregating either FcγRIIB or FcγRIIIA [16].
This was demonstrated using mast cells lacking either FcγRIIB or
FcγRIIIA following receptor aggregation. However, in the pres-
ence of both FcγRIIB and FcγRIIIA as for cells derived from the
WT mice, mast cells resist such apoptosis induction [16]. In the
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Figure 1. BM-derived cultured mast cells (BMMC) respond to induc-
tion of apoptosis after treatment with IgG immune complexes in an
FcγR expression-dependent manner. BMMC were cultured from WT,
FcγRIIB−/− or FcγRIIIA−/− strains of mice. (A) Cell surface expression of
FcγRIIB and FcγRIIIA by BMMC was analyzed by flow cytometry using
a specific anti-FcγRIIB antibody (clone AT130-2) (left panel) or a spe-
cific anti-FcγRIIIA antibody (clone 275003) (right panel). (B to C) BMMC
were treated with OVA only or immune complexes composed of OVA
and anti-OVA IgG (OVA/IgG) for 16 h. Mast cell apoptosis was analyzed
using flow cytometry bymeasuring the levels of Annexin V and PI bind-
ing (B) or measuring the reduction in mitochondrial membrane poten-
tial (C). JC-1, a membrane-permeable lipophilic cationic fluorochrome
that exerts enhanced green fluorescence and reduced red fluorescence
when the cells fail to maintain mitochondrial membrane potential, a
feature of apoptotic cells. Unpaired two-tailed Student’s t-test was used
for the statistical analysis (B). Data are representative of three separate
experiments (A) or expressed as mean ± SEM of three independent pri-
mary BMMC cultures.

current study, we tried to validate this finding and extend the
study by revealing the in vivo relevance of FcγR-mediated mast
cell apoptosis. In the previous work [16], we cultured BMMC in
the presence of X63/0 myeloma cell-derived IL-3. In the current
study, we cultured BMMC, in the presence of recombinant IL-
3, from WT mice or mice that were deficient in either FcγRIIB
or FcγRIIIA. BMMC obtained from these three strains of mice
demonstrated similar basic features of mast cell biology in terms
of morphology (Supporting Information Fig. S1A-C), degranula-
tion (Supporting Information Fig. S1D and E), and cytokine pro-
duction (Supporting Information Fig. S1F and G). BMMC derived
from WT mice expressed both FcγRIIB and FcγRIIIA (Fig. 1A).
In contrast to the WT BMMC, cells deficient in either FcγRIIB

or FcγRIIIA demonstrated signs of cell death following treat-
ment with IgG immune complexes, as confirmed by both Annexin
V binding (Supporting Information Fig. S2A and Fig. 1B) and
the reduction in mitochondrial membrane potential (Supporting
Information Fig. S2B and Fig. 1C).

Next, we explored whether caspase activity was involved in
FcγR-mediated mast cell apoptosis. While WT cells resisted cell
death after IgG immune complex treatment as before, efficient cell
death was still induced in the presence of a pan-caspase inhibitor
in cells lacking FcγRIIB or FcγRIIIA (Fig. 2A). Consistently, no
activities of polycaspase (Fig. 2B) or caspase-3/7 (Fig. 2C) could
be detected following receptor aggregation by treatment with IgG
immune complexes. The caspase detection system was sound, as
we could demonstrate that BMMC deprived of IL-3 in culture
medium underwent apoptosis with detectable caspase activity
(Supporting Information Fig. S3). Thus, our data supported that
no caspase activity was involved in FcγRIIB- or FcγRIIIA-mediated
mast cell apoptosis.

Mast cell tissue persistence is regulated by the
presence of FcγR

We next explored the implication of FcγR-mediated mast cell
apoptosis with respect to tissue mast cell persistence in the steady
state, as natural IgG immune complexes are present under normal
physiological conditions [20]. Because tissue mast cells do not
proliferate substantially under steady-state conditions [21, 22],
their tissue persistence may be correlated to cell death.

We first focused on the mouse nasal tissue, where both CTMC,
which express both FcγRIIB and FcγRIIIA, and MMC, which
express only FcγRIIB, are located [23]. We have developed a
robust technique to discriminate between MMC and CTMC by
flow cytometry (Fig. 3A, upper panels) [23]. This allows quan-
titative analysis of the proportion of nasal tissue mast cell subsets.
In all the three strains of mice, nasal tissues were dominated with
MMC when mice were 8 weeks old (Fig. 3A, lower left panel),
a time point corresponding to young adulthood. While the mice
were aging, progressive accumulation of CTMC at the expense
of MMC was observed at 37 weeks of age (Fig. 3A, lower mid-
dle panel) and 58 weeks of age (Fig. 3A, lower right panel). This
trend was more pronounced in the WT mice compared with either
FcγRIIB- or FcγRIIIA-deficient, age-matched mice (Fig. 3A, lower
panels). Taken together, these data could possibly suggest the vul-
nerability of the single receptor-expressing CTMC to apoptosis
induction.

Next, we assessed the frequency of peritoneal mast cells in
the three strains of mice during aging. Peritoneal mast cells are
exclusively CTMC; therefore, the WT peritoneal mast cells express
both receptors [24]. At 8-week-old, both FcγRIIB- and FcγRIIIA-
deficient mice showed a tendency towards lower frequencies of
peritoneal mast cells (Fig. 3B, lower left panel). Such reduced
mast cell frequencies in mice that only expressed one of the recep-
tors were significant when they reached 37 and 55 weeks of age
(Fig. 3B, lower middle and right panels).
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Figure 2. FcγR-mediated apoptosis of BM-derived cultured mast cells (BMMC) does not initiate caspase activities. BMMC were cultured from WT,
FcγRIIB−/− or FcγRIIIA−/− mice. Cells were treated with OVA only or immune complexes composed of OVA and anti-OVA IgG (OVA/IgG) for 16 h. (A)
Mast cell apoptosis was determined by flow cytometry measuring the levels of Annexin V and PI staining intensity. In some of the experiments,
a pan-caspase inhibitor was present during the incubation. (B and C) Expression of polycaspase (B) and caspase-3/7 (C) was measured by flow
cytometry based on the use of a carboxyfluorescein (FAM) group as a fluorescent reporter. Unpaired two-tailed Student’s t-test was used for the
statistical analysis (A). Data are shown as means ± SEM (n = 3) (A) or are representative of three separate experiments (B, C).

FcγR regulate the persistence of engrafted peritoneal
mast cells in KitW-sh/W-sh mice

Reduced abundance of CTMC in FcγRIIB- and FcγRIIIA-deficient
mice does not necessarily reflect increased levels of cell death.
Two obvious confounding elements are the recruitment of mast
cells from precursors and cell proliferation. To confirm that
apoptosis, rather than precursor recruitment, is the mechanism
accounting for reduced numbers of single FcγR-expressing CTMC,
we performed adoptive transfer studies using KitW-sh/W-sh mice
which lack mast cells [25] as hosts. As engraftment of mast cells
to the nasal tissue is difficult, we relied on the peritoneal engraft-
ment model to exclude the involvement of differential cell recruit-
ment in our cell number counting. To this end, identical numbers
of mast cells cultured from the BM of FcγRIIB˗/˗ and WT mice
were separately engrafted into the peritoneal cavity of two groups
of KitW-sh/W-sh mice. Twelve weeks after the adoptive transfer, mice
that received FcγRIIB-deficient BMMC indeed were shown to have
lower frequencies of surviving mast cells compared with adop-
tively transferred WT cells (Fig. 4A).

Next, we transferred identical numbers of BMMC cultured
from WT and FcγRIIIA˗/˗ mice into the peritoneal cavity of the
same host mouse, as we could distinguish between the adoptively
transferred WT cells and FcγRIIIA˗/˗ cells using a specific antibody

that recognizes mouse FcγRIIIA (clone 275003). Percentages of
peritoneal mast cells were determined at 4, 10, 15, and 25 weeks
after adoptive transfer. Progressive loss of FcγRIIIA˗/˗ cells during
these investigation time points was observed (Fig. 4B).

In these engraftment assays, cell number regulation could not
be affected by altered recruitment of new precursors as the recip-
ient mice did not generate mast cells or mast cell precursors.
However, BMMC were still capable of proliferation (Supporting
Information Fig. S4). To rule out any confounding issue of cell
proliferation, we compared the proliferative capacity of the adop-
tively transferred WT and FcγRIIIA˗/˗ mast cells, and confirmed
their equal proliferation before engraftment and at 4, 10, and 15
weeks after engraftment (Fig. 4C). Taken together, these data sup-
port that precursor recruitment and cell proliferation were not a
confounding issue in our assessment of cell number regulation as
a result of FcγR-mediated apoptosis.

Aggregated IgG induces peritoneal mast cell apoptosis
in an FcγR-dependent manner

As mast cell apoptosis may be induced to a low extent by homeo-
static levels of IgG immune complexes, it is difficult to detect such
apoptosis in vivo. To confirm the effect of IgG immune complexes
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Figure 3. Mast cell tissue persistence is regulated by the expression of FcγR. (A) Mouse nasal tissues from WT, FcγRIIB−/− or FcγRIIIA−/− mice were
harvested and digested for flow cytometric analysis. Nasal tissue cells were gated for identifying FcγRIIIA+TLR2+ connective tissue mast cells
(CTMC) and FcγRIIIA−TLR2− mucosal mast cells (MMC) among the cKit+FcεRI+ mast cell population in the nasal tissues; shown is nasal tissue from
a representativeWTmouse (upper panels). Proportions of nasal CTMC andMMC among all the nasal tissue mast cells from 8-, 37- and 58-week-old
mice of the three strains were plotted (lower panels). (B) Mouse peritoneal mast cells were harvested from WT, FcγRIIB−/− or FcγRIIIA−/− mice and
analyzed by flow cytometry. Gating strategy is shown for identifying cKit+/IgE+ peritoneal mast cells (upper panels). Frequencies of peritoneal mast
cells among all the peritoneal cells from 8-, 37-, and 55-week-old mice of the three strains were plotted (lower panels). Data are shown as mean +
SEM (n = 5 to 8) (A). Numbers inside or adjacent to outlined areas indicate percent cells in each gate. Each dot represents one individual mouse (B).
One-way ANOVA, followedwith Tukey’smultiple comparison test (A), or unpaired two-tailed Student’s t-test (B) was used for the statistical analysis.
*p = 0.015; ***p = 0.0003 comparing CTMC mean frequencies (A). Data are representative of two separate experiments. 7-AAD, 7-aminoactinomycin
D; SSC, side scatter; FSC, forward scatter; lineage, a group of markers including CD3, Ly-6G/Ly-6C, CD19, NK1.1, CD11b, TER119, and B220.

on the induction of mast cell apoptosis in vivo, we delivered heat-
aggregated IgG into the peritoneal cavity of the WT, FcγRIIB˗/˗ and
FcγRIIIA˗/˗ mice. Consistent with the in vitro assay, mouse peri-

toneal mast cells developed substantial cell death if they lacked
either FcγRIIB or FcγRIIIA after the administration of aggregated
IgG (Fig. 5).
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Figure 4. FcγR regulate the persistence of engrafted peritoneal mast cells in KitW-sh/W-sh mice. BM-derived culturedmast cells (BMMC) were cultured
from WT, FcγRIIB−/− or FcγRIIIA−/− mice. Identical numbers of BMMC from WT and FcγRIIB−/− mice were separately transferred into the peritoneal
cavity of recipient KitW-sh/W-sh mice (A). Identical numbers of BMMC from WT and FcγRIIIA−/− mice were mixed before engraftment into the peri-
toneal cavity of the same recipient KitW-sh/W-sh mouse (B and C). After various time periods as indicated, frequencies of the engrafted peritonealmast
cells in the recipient mice were analyzed by flow cytometry. The proliferation of donor BMMC and engrafted peritoneal mast cells (lower panels)
was determined by measuring Ki-67 expression (C). Each dot represents data from one individual recipient mouse. Unpaired two-tailed Student’s
t-test was used for the statistical analysis (A). The data shown are representative of two separate experiments. GMF, geometric mean fluorescence
intensity.

Discussion

Mast cells exert dynamic immune effector and regulatory func-
tions beyond their classically defined role in allergic inflamma-
tion. In this respect, mast cell tissue persistence or number reg-
ulation is important not only for allergic diseases, but also for
a broader spectrum of many different pathophysiological con-
ditions, where mast cells can be either protective or exacerba-
tive. Under homeostatic conditions, the numbers of mast cells
are maintained constant in tissues. However, mast cell numbers
can increase substantially in various pathological settings, which
contributes to mast cell-related symptoms or protective immu-
nity. For example, mast cell numbers in both atopic and nonatopic
asthmatic lung tissues are increased compared with healthy con-
trols [26]. Intestinal MMC population expands in rats after nema-
tode infection [27]. In the current study, we revealed an FcγR-
mediated mast cell apoptosis mechanism that has been shown to
regulate the tissue persistence of MMC and CTMC. We demon-
strate that aggregation of FcγRIIB or FcγRIIIA is capable of induc-
ing mast cell apoptosis. Our work provides a mechanistic account

of the long observed differential life span of MMC and CTMC in
rodent tissues.

Our model of FcγR-mediated mast cell persistence is pro-
posed based on the evidence that there is a clear difference
between mast cells from the WT mice and those from mice
that are deficient in one of the FcγR. However, if one only
focuses on the FcγR-deficient mice, an increased proportion of the
CTMC population in both FcγRIIB-deficient mice and FcγRIIIA-
deficient mice during aging, at least until 37 weeks, could still
be observed (Fig. 3A), suggesting the survival advantage of these
single receptor-expressing CTMC. This is a paradoxical finding,
because CTMC in these mice only had one FcγR (either FcγRIIIA
or FcγRIIB), which would render these CTMC susceptible to FcγR-
mediated apoptosis. Therefore, we cannot rule out the presence of
other mechanisms that may also operate to differentially regulate
the survival or persistence of CTMC versus MMC.

Regulation of mast cell numbers can be achieved through dif-
ferent mechanisms. Mast cell population can be replenished by
the recruitment of precursors that differentiate into mature mast
cells in tissues [28, 29]. Although mature tissue mast cells are
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Figure 5. Exogenously delivered aggregated IgG induces peritoneal mast cell apoptosis in an FcγR expression-dependent manner. Each mouse
of the WT, FcγRIIB−/− or FcγRIIIA−/− strain received intraperitoneally 1 mg heat-aggregated polyclonal IgG purified from normal mouse serum.
Mouse peritoneal mast cell apoptosis was examined 16 h after IgG delivery by measuring the levels of Annexin V binding using flow cytometry.
Representative histograms of one mouse from each strain (upper panels) and pulled data from a total of three mice in each group (lower panels)
are shown. Numbers indicate percent cells that are Annexin V+ apoptotic cells (upper panels). Each dot represents one individual mouse. Unpaired
two-tailed Student’s t-test was used for the statistical analysis.

described as not proliferating under normal physiological con-
ditions [21, 22], dysregulation of mast cell biology may induce
mast cell proliferation, a typical example of which is an activat-
ing mutation of the gene coding for the receptor c-kit, result-
ing in mastocytosis [30]. Yet, one more cell number regulatory
mechanism is cell apoptosis, and various types of Bcl-2 family
proteins are implicated in the regulation of mast cell apopto-
sis [31]. The MMC population in the stomach mucosa is found
to be expanded in mice deficient in Bax, whereas CTMC num-
bers are more stable and less affected by genetic deletion of Bax
[32]. On the contrary, Bcl-2 exerts an opposite role in regulat-
ing the tissue numbers of MMC, but not CTMC [32]. These find-
ings support a more prominent role for Bcl-2 family members in
regulating tissue persistence of MMC compared to CTMC dur-
ing homeostasis. Forster and colleagues reported mast cell apop-
tosis mediated through tumor necrosis factor-related apoptosis-
inducing ligand receptors [33]. In this study, the authors demon-
strated tumor necrosis factor-related apoptosis-inducing ligand
receptors are expressed to a greater level in mouse CTMC-like
peritoneal mast cells compared with BMMC. Only CTMC-like cells
respond to TRAIL-induced apoptosis in the presence of actino-
mycin D. Furthermore, MMC depend on T-cell-derived cytokines
for survival in addition to SCF, whereas CTMC primarily require
SCF for their persistence [31]. Therefore, it is possible that T cell-
derived cytokines may regulate mast cell apoptosis, and hence,
the tissue persistence of MMC.

Classical programmed cell death is described requiring the
involvement of caspases, which are a group of cysteine-dependent

aspartate-specific proteolytic enzymes [34]. Caspase activation
can be initiated through two main pathways: the extrinsic death
receptor pathway and the intrinsic mitochondrial pathway, with
the former being regulated through extracellular ligand bind-
ing to cell surface death receptors, such as CD95 (Fas) or the
TNF receptor, and the latter being controlled by Bcl-2 family
proteins [35]. However, abundant evidence also indicates the
existence of caspase-independent cell death, which still displays
proteolytic degradation features, suggesting the role of alterna-
tive proteolytic mechanisms, for example, through exploiting ser-
ine proteases, including granzymes, in regulating cell death [36,
37]. Mitochondria-mediated signaling and Bcl-2 family proteins
are also implicated in caspase-independent cell death [38]. In
the current study, we could clearly detect loss of mitochondrial
membrane potential in mast cells following crosslinking of either
FcγRIIB or FcγRIIIA by IgG immune complexes. We further con-
firmed that this cell death induction was not mediated by cas-
pase activation. Caspase-independent cell death has also been
described in other mast cell experimental models [39, 40].

Inconsistent expression of FcγR on rodent and human cells has
been observed. Despite the fact that it has long been confirmed
that rodent mast cells express FcγRIIB, expression of this receptor
by human tissue mast cells has lacked sufficient evidence for quite
some time. Human mast cells derived from umbilical cord blood
express FcγRIIB [41, 42]. Human lung mast cells are reported
not to express FcγRIIB [43] using immunohistochemistry, which
is a less sensitive technique. Interestingly, FcγRIIB is recently con-
firmed to be expressed on human gastrointestinal mast cells [44].

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Furthermore, a functional study indirectly suggests the presence
of FcγRIIB on human mast cells [45]. No experimental evidence
of FcγRIIIA expression on human mast cells has been obtained.
Human mast cells express the high-affinity receptor FcγRI after
treatment with IFN-γ [19]. However, human mast cells express
FcγRIIA, which is the human homologue of the mouse FcγRIIIA. It
is possible that FcγRIIA and FcγRIIB can exert counter-regulatory
roles in determining the tissue persistence of human mast cells,
similarly as the FcγRIIIA/FcγRIIB axis in mice. Of course this spec-
ulation regarding FcγR-mediated regulation of human mast cell
tissue persistence awaits further experimental validation.

In conclusion, we have provided experimental evidence sup-
porting a rheostat role for the FcγRIIB and FcγRIIIA in regulating
mouse tissue mast cell persistence. This mechanism is consistent
with the long-held observation that CTMC, which express both
FcγRIIB and FcγRIIIA, have a longer tissue life span than MMC,
which only express FcγRIIB.

Study limitation and future perspectives

In this study, our data support FcγR-mediated mast cell apop-
tosis as a mechanistic account for the long-observed differen-
tial tissue persistence of CTMC and MMC. However, we have
not provided direct evidence demonstrating that constitutive
IgG immune complex-mediated crosslinking of FcγR, which is
assumed to result in cell death, is a critical regulatory machin-
ery underlying mast cell persistence. Transfer of congenically
marked FcγRIIB-deficient and FcγRIIIA-deficient BMMC into B
cell-deficient mice, which do not have IgG immune complexes,
may possibly reveal whether the IgG immune complex-FcγR axis
is fundamentally required for the regulation of mast cell tissue
persistence. This engraftment model can also reveal whether any
FcγR-dependent, but IgG immune complex-independent, mecha-
nisms might also play a role in regulating mast cell tissue persis-
tence.

Materials and Methods

Mice

C57BL/6 mice were purchased from Taconic Farms (Ry, Den-
mark). FcγRIIB˗/˗ mice were obtained from Dr. Ken Smith, Cam-
bridge. FcγRIIIA˗/˗ mice were purchased from the Jackson Labo-
ratory. Both FcγRIIB˗/˗ and FcγRIIIA˗/˗ mice were on the C57BL/6
background. KitW-sh/W-sh mice were provided by Dr. Gunnar Nils-
son (Karolinska Institute, Stockholm, Sweden). All animal proce-
dures were carried out with the approval of the Ethical Committee
for Laboratory Animals in Gothenburg, Sweden, and the Ethics
Committee of the Guizhou Medical University, China.

Mast cell culture and characterization

BM derived-cultured mast cells (BMMC) were obtained as pre-
viously described [46]. Essentially, BM cells were maintained at
37°C in 5% CO2 in RPMI 1640 medium containing 4 mM L-
glutamine supplemented with 10% FBS, and 50 μM 2-ME, 1
mM sodium pyruvate, 0.1 mM MEM nonessential AAs, as well
as penicillin and streptomycin. All the cell culture reagents were
purchased from Sigma–Aldrich. To support mast cell differenti-
ation, the medium was further supplemented with 10 ng/mL
IL-3 (PeproTech). In some experiments, BMMC cultures were
polarized to the connective tissue type by using the culture
medium described above, plus 25 ng/mL recombinant murine
SCF (ImmunoTools) and 1 ng/mL recombinant murine IL-4
(ImmunoTools). Cells were used at 3 weeks of culture. Mast cell
differentiation was confirmed by the surface expression of cKit
(BV421; clone 2B8; BioLegend) and FcεRI (PE-Cy7; clone MAR-1;
BioLegend) using flow cytometry.

BMMC obtained from various strains of mice were stained
with 0.5% toluidine blue (Sigma-Aldrich) to visualize mast cell
granules. In some experiments, cells were stained with 0.1%
safranin (Merck Millipore). Transmission electron microscopic
images were obtained using a LEO 912AB Omega transmission
electron microscope (Carl Zeiss), as we previously reported [23].
Cell surface expression of FcγRIIB and FcγRIIIA was determined
by fluorescent antibodies against FcγRIIB (PE; clone AT130-2;
eBioscience) and FcγRIIIA (APC; clone 275003; R&D Systems)
using flow cytometry.

Aggregation of mast cell FcγR

For in vitro aggregation of FcγR, BMMC cultured from WT,
FcγRIIB˗/˗ or FcγRIIIA˗/˗ mice were treated in a total volume
of 100 μL for 16 h with OVA-IgG immunecomplexes prepared
by incubating mouse IgG1 anti-OVA (Sigma–Aldrich) and OVA
(Sigma–Aldrich) at a molar ratio of 1:1.5 for 30 min at 37°C,
as we previously reported [16]. For in vivo FcγR aggregation,
each mouse of the WT, FcγRIIB˗/˗ or FcγRIIIA˗/˗ strain received
intraperitoneally 1 mg heat-aggregated polyclonal IgG purified
from normal mouse serum. Mouse peritoneal mast cell apoptosis
was examined 16 hours after IgG delivery.

Apoptosis assays

Mast cell apoptosis was measured by determining the profile
of Annexin V (FITC or APC, BD Biosciences) and PI (Sigma-
Aldrich) staining using flow cytometry. Alternatively, apoptosis
was analyzed by measuring the reduction in mitochondrial mem-
brane potential by flow cytometry using JC-1 (M8650; Solar-
bio), a membrane-permeable lipophilic cationic fluorochrome that
exerts enhanced green fluorescence and reduced red fluorescence
when the cell fails to maintain mitochondrial membrane poten-
tial, a feature of the apoptotic cell. Production of polycaspase or

© 2023 The Authors. European Journal of Immunology published by
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caspase-3/7 was detected by flow cytometry using a Vybrant
FAM poly-caspase detection kit (V35117; Invitrogen) and a
Vybrant FAM caspase-3 and -7 assay kit (V35118; Invitrogen).
In some of the apoptosis assays, a pan-caspase inhibitor (Z-VAD-
FMK; G7231; Promega; 20 μM) was applied during the process
of FcγR aggregation.

Analysis of nasal tissue mast cells and peritoneal
mast cells

Mouse nasal tissue mast cells were analyzed using flow cytome-
try, as we previously reported [23]. Essentially, lineage-negative
(using Pacific Blue-conjugated antibodies against mouse CD3, Ly-
6G/Ly-6C, CD19, NK1.1, CD11b, TER119, and B220) cells were
gated for the identification of nasal mast cells which expressed
FcεRI (PE-Cy7; clone MAR-1; BioLegend) and cKit (PE; clone 2B8;
eBioscience). TLR-2 (FITC; clone QA16A01; BioLegend) was used
for identifying CTMC, as previously reported [23]. Peritoneal mast
cells were identified as positive for cKit (PE; clone 2B8; eBio-
science) and surface-bound IgE (FITC; clone R35-72; BD Bio-
sciences). Dead cells were gated out by 7-aminoactinomycin D
(7-AAD; Sigma-Aldrich) staining.

Adoptive transfer experiment

BMMC were adoptively transferred into the peritoneal cavity
of mast cell-deficient KitW-sh/W-sh mice. The survival of these
engrafted cells was followed after various time lengths as indi-
cated. Mast cell survival in the peritoneal cavity was estimated
by the percentages of live FcεRI+cKit+ cells. For the cell prolifera-
tion assay, both donor cells and engrafted peritoneal mast cells
at various time points after engraftment were examined. Cells
were first stained for relevant surface markers (FcεRI and cKit)
as described above, followed by fixation and permeabilization
using the Intracellular Fixation and Permeabilization Buffer Set
(BD Biosciences). Cell proliferation was determined by intracellu-
lar staining with an antibody against Ki-67 (FITC; clone B56; BD
Biosciences), in some assays in parallel with an isotype-matched
control antibody, using flow cytometry.

Mast cell activation and measurements

Cells were incubated in culture medium at a concentration of 106

cells/mL with various stimuli. In some experiments, cells were
incubated with IgE that recognizes DNP (clone SPE-7, Sigma–
Aldrich) at a concentration of 1 μg/mL for 1 h, followed by wash-
ing and the addition of either 10 μg/mL TNP12-BSA (Santa Cruz)
or vehicle control. Cells were then incubated for 30 min for β-
hexosaminidase release as a measure of degranulation using an
enzymatic colorimetric assay [47] or for 4 h for the measure-
ment of intracellular TNF-α (APC; clone MP6-XT22; BioLegend)
and IL-6 (PE; clone MP5-20F3; BioLegend) production using flow
cytometry. Alternatively, mast cells were activated with mast cell

secretagogues including compound 48/80 and ionomycin (both
from Sigma–Aldrich), as previously reported [48].

Statistical analysis

For mouse nasal cell analysis, data were analyzed by one-way
ANOVA, followed with Tukey’s multiple comparison test. Other
experimental data were analyzed for statistical significance by
using an unpaired two-tailed Student’s t-test. A p-value of 0.05
or less is considered statistically significant.
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