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Mast cells: sentinel cells and 
first responders
Increasing lines of evidence indicate that 
mast cells (MCs) are key coordinators of 
both homeostasis and inflammation in a 
variety of tissues. Conventionally, MCs 
have largely been considered to be harmful 
effector cells that indiscriminately release 
a variety of powerful mediators from 
stored granules upon activation. Yet recent 
reports have demonstrated that MCs pos-
sess sophisticated information-processing 
functions and are able to translate various 
incoming alarm signals into very specif-
ic and highly diverse response programs. 
These responses are dependent on the tis-
sue and the signal encountered.

MC activation occurs in response to 
IgE-mediated aggregation of Fcε receptor 
I (FcεRI); however, MCs are also equipped 
with a wide range of surface receptors, giv-
ing them an intrinsic capacity to identify 
and respond to a number of stimuli. Par-
ticularly, as MCs are present in a variety of 
tissues at the host-environment interface, 
they are poised to serve as first responders 
to a variety of extrinsic challenges, includ-
ing allergens and pathogens (reviewed in 
ref. 1). MC activation triggered through 

different receptors, however, can initiate 
very different responses. For example, 
MCs exhibit a distinct cytokine profile 
following exposure to TLR2 and TLR4 
ligands. While TLR2 stimulation triggers 
degranulation, activation of TLR4 does 
not (2). Similarly, MCs evoke a powerful 
antiviral type 1 IFN response following 
viral infection but not in response to bacte-
rial challenge (3).

MC degranulation itself is not a uni-
form event either, as the composition of 
the granules themselves is heterogeneous 
and differs between MCs. Granule forma-
tion is the result of targeted membrane 
fusion processes that are mediated by 
members of the soluble N-ethylmaleim-
ide–sensitive factor attachment protein 
receptor (SNARE) family. The distribution 
of SNAREs appears to be highly variable 
between individual MCs and depend on 
MC phenotype and granule composition. 
For example, serotonin-containing, but 
not histamine-containing, MC granules 
highly express the vesicle SNARE protein 
VAMP-8. While VAMP-8–deficient MCs 
exhibit defects in exocytosis of serotonin- 
and cathepsin D–containing granules after 
FcεRI stimulation, histamine and TNF-α 

granules appear to be processed normally 
in the absence of VAMP-8 (4).

Tissue-dependent effects may also 
contribute to the versatile responses and 
functions of MCs. Unlike that of most 
other immune cells, maturation of MCs is 
determined by the milieu of their respec-
tive target tissue. As a consequence, MCs 
from different body sites display marked 
differences in sensitivity to various stimu-
li, granule composition, and tissue-specific 
receptor and cytokine expression patterns 
(5, 6). Additionally, protease expression 
patterns in MCs can be altered by exposure 
to certain conditioning factors or infection 
(7–9). MC diversity is further compounded 
by the fact that MCs are long-lived cells 
capable of regranulating and replenish-
ing stored pools of inflammatory media-
tors following activation. MCs’ properties 
are highly influenced by the microenvi-
ronment that they are in; therefore, the 
granule composition after activation and 
regranulation may be completely different 
from that in the original MC if granules are 
replenished in an inflamed microenviron-
ment as opposed to the original steady-
state environment.

Receptor-specific differences 
in MC degranulation responses
Although it is increasingly appreciated 
that complex regulatory pathways drive 
MC heterogeneity, there has not been a 
concerted effort to delineate how MCs 
differentially process stimulatory signals 
into distinct effector release programs. 
In this issue, Gaudenzio and colleagues 
(10) present an intriguing study that 
details mechanisms underlying specific 
MC responses. Specifically, the authors 
carefully compared degranulation and 
mediator responses in MCs that had been 
activated via the classical FcεRI receptor 
or the recently described G protein–cou-
pled receptor (GPCR) MRGPRX2 (or its 
murine ortholog MRGPRB2), which binds 
various cationic ligands, such as substance 
P (SP), and is almost exclusively found on 
MCs (11). While activation of either path-
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Mast cells (MCs) are present in various tissues and are responsible for 
initiating many of the early inflammatory responses to extrinsic challenges. 
Recent studies have demonstrated that MCs can tailor their responses, 
depending on the stimulus encountered and the tissue in which they are 
stimulated. In this issue of the JCI, Gaudenzio and colleagues examine the 
mechanistic differences between MC responses observed after engagement 
of Fcε receptor I and those seen after MC stimulation via the recently 
identified G protein–coupled receptor MRGPRX2. By showing that discrete 
cellular activation patterns affect the phenotype of the MC response in vivo 
and in vitro, the authors provide important information about how MCs 
differentially process various stimuli into distinct degranulation programs.



The Journal of Clinical Investigation   C O M M E N T A R Y

3 7 3 6 jci.org   Volume 126   Number 10   October 2016

was phosphorylated in response to FcεRI 
engagement but not MRGPRX2 activation 
(10). Furthermore, FcεRI-mediated degran-
ulation required the formation of a complex 
containing the SNARE proteins synaptoso-
mal-associated protein-23 (SNAP23) and 
syntaxin-4 (STX4). This complex required 
IKK-β, as treatment of MCs with an IKK-β 
antagonist prevented complex formation 
following FcεRI activation. Interestingly, 
IKK-β inhibition altered the FcεRI-me-
diated degranulation phenotype toward 
the rapid, simple degranulation observed 
in MRGPRX2-mediated MC degranula-
tion. Together, these results indicate that 
different signaling pathways regulate MC 

followed by the emergence of complex 
granules that were present as large and 
nonspherical particles in a limited number 
of openings. The misshapen appearance 
of granules in MCs undergoing FcεRI-me-
diated exocytosis is presumed to be the 
result of the initial granule fusion events. 
Conversely, MRGPRX2-triggered degran-
ulation was characterized by direct release 
of individual, spherical granules from all 
over the MC surface.

Gaudenzio and colleagues also exam-
ined the signaling events downstream of 
receptor activation in isolated human MCs 
and found that AKT and PKC signaling 
pathways were activated and that IKK-β 

way elicited a comparable degranulation 
response, FcεRI stimulation triggered 
greater release of prostaglandin E2 (PGE2), 
cytokines, and VEGF. In MRGPRX2-stim-
ulated cells, the PGE2 response was limit-
ed and no VEGF was detected. In addition, 
FcεRI-mediated degranulation was linked 
to a slower but sustained Ca2+ response, 
whereas MRGPRX2-mediated degranula-
tion was very rapid, with a transient Ca2+ 
response (10). Because Ca2+ signaling is 
critical for MC degranulation, it is not 
surprising that each receptor evoked dis-
tinct degranulation dynamics. Moreover, 
FcεRI-mediated degranulation involved 
initial fusion events between granules 

Figure 1. Differential granule processing after FcεRI engagement versus GPCR engagement. Mast cells (MCs) launch very specific response programs 
depending on the nature of the stimulus. In this issue, Gaudenzio and colleagues show that MC degranulation is mediated by at least two distinct 
pathways. (A) Engagement of FcεRI results in substantial release of proinflammatory mediators. Degranulation is relatively delayed and occurs after 
granule fusion into large, irregularly shaped granules. Because of their large size, effectors within these granules are slowly released and thereby can 
mediate immune responses at sites distant from the original site of MC degranulation, such as in regional lymph nodes. The sustained release is 
associated with AKT and PKC activation, phosphorylation of IKK-β, and the formation of SNAP23-STX4 complexes, which mediate granule exocy-
tosis. (B) Engagement of the recently identified GPCR MRGPRX2 by its ligand substance P (SP) does not lead to a notable release of inflammatory 
mediators. Degranulation here occurs as a rapid but transient release of small, spherical granules, which appear to be relatively unstable and do not 
seem to carry their cargo to regional lymph nodes.
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that cargo within smaller granules is likely 
to be released more rapidly into the extra-
cellular milieu than cargo within larger 
granules, and thereby mediate respons-
es at different rates and intensities. The 
findings of Gaudenzio et al. further imply 
that the powerful and sustained patholog-
ical responses associated with FcεRI-me-
diated MC activation can be attributable 
to the larger-sized exteriorized granules, 
which persist for longer periods and slowly 
release their cargo of inflammatory media-
tors. Interestingly, not all exteriorized MC 
granules remain in the vicinity of the cellu-
lar source in vivo. Kunder and colleagues 
previously reported that granules released 
by MCs within the periphery are trafficked 
via the lymphatic system to the draining 
lymph node, where mediators within these 
granules, such as TNF-α, are able to kick-
start the development of adaptive immune 
responses (22). Gaudenzio and colleagues 
now show that such granule trafficking 
only occurs after FcεRI-mediated MC 
degranulation, whereas MC granules were 
not observed in the draining lymph node 
following MRGPRB2 stimulation, most 
likely because these granules dissociate 
before reaching the lymph node.

MCs located in the skin and muco-
sal barriers are routinely challenged by 
a wide array of extrinsic agents, ranging 
from inanimate particles to highly viru-
lent microorganisms. The nature of the 
MC response to each of these challeng-
es is critical, as inappropriate or delayed 
responses can have very harmful conse-
quences. Therefore, MCs precisely regu-
late both the intensity and the timing of 
the responses to each challenge encoun-
tered. The regulation of MC activity 
appears to be mediated, at least in part, 
by the various receptors that decorate the 
MC surface. Gaudenzio and colleagues 
(10) have added to the evidence that 
these receptors are hard-wired to induce 
distinct signaling pathways and exocytic 
trafficking systems in MCs; thus, engage-
ment of a specific receptor coordinates a 
response that results in the discharge of 
a specific collection of de novo–synthe-
sized mediators and granules of a particu-
lar size. As larger granules have the capac-
ity to traffic via the lymphatics to distal 
draining lymph nodes and persist for lon-
ger periods, MC degranulation can have 
a substantial impact on both the local 

response to antigenic substances in foods 
or in the atmosphere (15, 16). IgE-mediated 
responses are antigen specific; therefore, 
it is not surprising that FcεRI engagement 
triggers elaborate and robust inflamma-
tory programs. Activation of MRGPRX2 
and other GPCRs, on the other hand, pro-
motes an entirely different response. For 
these receptors, which are activated by 
a diverse set of ligands, a sustained and 
potent MC response could be detrimental. 
Instead, MC activation here may have a 
different and not necessarily inflammato-
ry role. Proteases are a major component 
of the mediators released by MCs and have 
direct functions in tissues, including the 
degradation of potentially harmful endog-
enous proteins, such as VIP (16) and endo-
thelin 1 (17), and exogenous substances, 
such as venoms (18–20), as well as degra-
dation of signaling molecules, like SP (21); 
therefore, a rapid, quickly resolved release 
of proteases may be enough to limit the 
effect of such substances and restore tis-
sue homeostasis without incurring unnec-
essary damage.

However, the study by Gaudenzio 
and colleagues has not only identified 
differences in the magnitude and timing 
of FcεRI- and MRGPRX2-mediated MC 
responses, but, importantly, has demon-
strated a link between these differences, 
including granule size and the number 
released, and pathological responses in 
mice (10). It has long been assumed that 
once exteriorized, MC granules, whose 
components are held together by powerful 
electrostatic interactions, promptly dis-
integrate and release their cargo. Recent 
in vivo and in vitro studies undertaken 
by Kunder et al. have revealed that this 
is not the case (22). Specifically, Kunder 
and colleagues determined that exte-
riorized granules released in response 
to MC activation in vivo not only retain 
their physical structure in the extracel-
lular microenvironment but also contain 
powerful immunoregulatory cytokines, 
such as TNF-α, within the granule matrix. 
Presumably, these extracellular granules 
serve as slow-release vehicles for pharma-
cologically active mediators at sites of MC 
activation. As soluble mediators are rapid-
ly diluted or degraded in the extracellular 
milieu, prolonged retention of these bioa-
gents in the granule matrix should extend 
their biological activity. It is conceivable 

degranulation and that these pathways use 
distinct transport systems for the delivery 
of granules to the plasma membrane.

Importantly, these distinct MC degran-
ulation profiles were also evident in mice 
following stimulation of either FcεRI or 
MRGPRB2. Like in isolated human MCs, 
FcεRI-mediated degranulation developed 
slowly but tended to occur over a longer time 
period, often in excess of 60 minutes, where-
as MRGPRB2-mediated degranulation was 
rapidly induced and concluded relatively 
quickly, in less than 5 minutes. Moreover, 
the ensuing pathological responses evoked 
by each of these MC receptors seemed to 
mirror characteristics of the degranulation 
response. For example, following stimula-
tion of FcεRI, vascular leakage, immune cell 
recruitment, and anaphylactic responses 
(assessed by a drop in body temperature) 
developed slowly and were much greater 
in magnitude and duration compared with 
the same pathological responses evoked by 
MRGPRB2, which developed quickly but 
were transient in nature (10).

It should be noted that activation of 
MCs by IgG immune complexes resulted 
in a spatiotemporal degranulation pattern 
that was very similar to that observed with 
IgE-mediated MC activation, indicating 
that other antibody receptors use simi-
lar signaling and transport machineries. 
Moreover, the spatiotemporal patterns of 
granule release evoked by other known 
MC activators, including C3a, C5a, and 
endothelin 1, were remarkably similar to 
those elicited by SP, even though they bind 
different GPCRs on the MC surface (12). 
Together, these observations indicate that 
there are at least two distinct programs 
that regulate the MC degranulation pro-
cess (Figure 1). Although there does not 
seem to be much overlap between these 
pathways, it does appear that IKK-β is crit-
ical in distinguishing rapid/simple versus 
delayed/complex granule release.

Conclusions
Together, these findings provide further 
insights into the long-standing clinical 
observation that pseudoallergic (MRG-
PRX2-mediated) responses are often rap-
id but transient whereas IgE-triggered 
events are prolonged and have a decidedly 
inflammatory component (13, 14). IgE-me-
diated MC activation is widely thought to 
be important in parasite defense and in 
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innate immune response and the devel-
opment of the adaptive immune response 
at distal sites. Together, the results from 
the study by Gaudenzio et al. provide 
a limited, but very valuable, glimpse of 
how MCs perceive and react to different 
activating agents. As more information 
regarding the dynamics and scope of the 
MC decision-making process in response 
to specific challenges becomes available, 
it may be possible to discern exactly how 
MC activities shape disease states and, 
importantly, how the mediators of these 
activities may be specifically targeted by 
novel therapeutics.
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