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Lysosome-related organelles (LROs) are specialized compartments with
cell type-specific roles. In mast cells (MCs), which are tissue-localized
hematopoietic effector cells, LROs refer to secretory lysosomes also known
as secretory granules (SGs) containing numerous pre-formed inflammatory
mediators including proteases, proteoglycans, lysosomal enzymes, histamine
and serotonin. Their release during MC activation is responsible for allergic,
inflammatory manifestations, the fight against parasitic agents or the
neutralization of toxins. Here, we provide an overview of knowledge describing
the mechanisms underlying the biogenesis, secretion and biological functions
of LROs in MCs. Decoding molecular mechanisms involved in LRO biogenesis
and biology of MCs will benefit i) to other immune or non-immune cell types
containing LROs and ii) can be exploited to design novel therapeutic approaches
for the treatment of allergic and chronic inflammatory diseases caused by MC
activation.
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1 Introduction

Lysosome-related organelles (LROs) are specialized compartments of the endo-
lysosomal system that share several key features with canonical lysosomes, including
an endosomal origin, acidic environment, lysosomal hydrolases and lysosome-specific
membrane proteins (Delevoye et al., 2019). Found in both hematopoietic and non-
hematopoietic cells, these organelles play an essential role in various physiological processes,
such as pigmentation, bone remodeling, glucose regulation, lung plasticity, hemostasis and
immune responses, by storing and controlling the secretion of specific contents (Banushi
and Simpson, 2022). LRO secretion occurs in response to specific signals or stimuli which
vary according to cell type.

This review focuses on LROs in mast cells (MCs). MCs are granulated cells of
the hematopoietic lineage that reside in most tissues, particularly at epithelial and
mucosal surfaces exposed to the external environment, including the skin, the airways,
and the intestine (Beghdadi et al., 2011; Galli et al., 2020a). They are morphologically
characterized by their high content of electron-dense LROs, commonly known as
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secretory granules (SGs). Due to their metachromatic staining
with various cationic dyes, MCs were discovered in the late 19th
century by the Germain scientist Paul Ehrlich, who referred to
them as “Mastzellent” (meaning “well-fed” cells) because of their
granule-filled appearance (Blank et al., 2013). MC LROs contain a
variety of pre-formed inflammatory mediators, including proteases,
proteoglycans, lysosomal enzymes such as β-hexosaminidase and
vasoactive amines like histamine and serotonin (Wernersson
and Pejler, 2014). Upon activation, MCs release these pre-
formed mediators into the extracellular environment through a
process known as MC degranulation (Menasche et al., 2021).
Additionally, MCs also secrete newly synthesized lipid-derived
mediators (such as leukotrienes and prostaglandins) produced from
plasma membrane lipids and a variety of cytokines/chemokines,
and growth factor via a distinct secretory pathway originating
from the Golgi (Blank et al., 2014; Blank and Rivera, 2004). MCs
are known as key effector cells in allergies resulting from an
inappropriate immune response towards nonpathogenic products
or allergens that lead to the production of allergen-specific IgE
antibodies (Abs) (Galli et al., 2008; Charles and Blank, 2025).
The aggregation of allergen-specific IgE bound to high-affinity IgE
receptors (FcεRI) on MCs triggers a complex intracellular signaling
cascade resulting in the release of LRO contents, lipid mediators
and cytokines/chemokines (Menasche et al., 2021; Blank et al.,
2021). These mediators rapidly initiate local tissue responses,
including histamine’s well-characterized vasoactive effects and
protease-mediated tissues permeability or leukotriene-mediated
bronchoconstriction. In the long term, the release of chemokines
and cytokines attracts other immune effector cells and contributes
to immunoregulatory processes. Due to their location in tissues
adjacent to nerve endings and blood vessels, and their expression
of a wide variety of receptors (e.g., Toll-like receptors, complement
receptors, neuropeptide and neurotransmitter receptors, lipid
mediator receptors …), MCs can respond to a highly diverse array
of stimuli (e.g., neuropeptides, complement fragments, cationic
compounds, environmental substances etc.) (Redegeld et al., 2018).
This versatility enables them to function as sentinel cells at
the interface between innate and adaptive immunity, providing
defense against parasites, bacteria, fungi and viruses. They also
play a crucial role in venom detoxification and have more
recently been implicated in nociception and behavioral changes,
as evidences by food avoidance behaviors (Plum et al., 2023;
Florsheim et al., 2023).

In this review, we will discuss recent advances in understanding
the mechanisms underlying the biogenesis, secretion and biological
functions of LROs in MCs.

2 Biogenesis and content of secretory
granules

2.1 Biogenesis and maturation LRO

Whilemuch of our understanding ofMC LRO biogenesis comes
from studies on other cell types, such as cytotoxic T lymphocytes,
neuroendocrine cells, and melanocytes, significant research has also
been conducted directly on MCs (Wernersson and Pejler, 2014).
In MCs, LRO biogenesis is initiated at the trans-Golgi network,

where pro-granules form and undergo homotypic fusion to generate
immature LROs (Hammel et al., 2010; Hammel et al., 1985).
During maturation, granule contents progressively condense in a
pH-dependent manner reducing organelle volume and achieving
ultrastructural refinement (Hammel et al., 2010). These immature
LROs continue to mature through sequential fusion events some
occurring at the intersection of endocytic and exocytic pathways,
forming hybrid organelles (Azouz et al., 2014a). This maturation
phase is mediated by the small Rab GTPase Rab5, which promotes
fusion between newly formed LROs and early endosomes, thereby
regulating their size, composition and number (Azouz et al.,
2014b). An intriguing observation in the RBL-2H3 mast cell
line revealed that the depletion of synaptotagmin III - a protein
involved in the regulation of the endocytic recycling compartment
(ERC) - resulted in enlarged LROs (Grimberg et al., 2003).
These findings suggest a potential functional cross-talk between
the ERC and LROs, facilitating the removal and recycling of
materials during LRO maturation. Such regulated maturation
processes contribute to the morphological diversity of LROs, as
evidenced by three distinct SG types observed under the electron
microscope: type I SGs characterized by numerous intraluminal
vesicles accessible to endocytic tracers, type II SGs presenting a
dense core surrounded by intraluminal vesicles still accessible to
endocytic tracers, and type III SGs containing only an electron-
dense core that is no more accessible to endocytic tracers.
Interestingly, type II SGs are proposed to arise from fusion
events between types I and type III granules (Raposo et al.,
1997). Furthermore, secretogranin III, a member of the granin
family, appears to play a crucial role in MC granulogenesis
through its interaction with chromogranin A (Prasad et al., 2008).
Notably, overexpression of secretogranin III alone is sufficient to
induce an expansion of the granular compartment (Prasad et al.,
2008). New evidence also suggests cooperation between autophagy
and endocytic pathways in LRO biogenesis, which depends on
extracellular communication and facilitates the release of exosomes
with preformed mediators (Omari et al., 2024).

Recent studies have also revealed that type I interferons (IFN-
I) limit MC effector functions by suppressing LRO biogenesis
(Kobayashi et al., 2019). Specifically, mouse Ifnar−/− MCs exhibit
enhanced LRO formation, characterized by enlarged organelle
size and elevated content levels. Strikingly, this phenotype
correlates with upregulated expression of TFEB - the master
transcriptional regulator of lysosomal biogenesis - suggesting
that IFN-I signaling may modulate LRO production through
TFEB-dependent pathways. Further supporting the role of TFEB
in MC LRO biogenesis, the same group demonstrated that
the amino acid transporter SLC15A4, which acts downstream
of IFNAR signaling, regulates TFEB function and LRO
biogenesis (Kobayashi et al., 2017).

The acidic lumen of MC LROs is maintained by the vacuolar
ATPase (V-ATPase) activity, a critical proton pump that facilitates
the tight packing of granules constituents into the electro-
dense core. Its pharmacological inhibition with bafilomycin A1
disrupts this pH gradient, resulting in significant alkalization of
LROs (Pejler et al., 2017). This perturbation profoundly alters
LRO morphology - causing granule swelling and vacuolization
- and affects the storage of key mediators, including histamine,
carboxypeptidase A3 (CPA3), and tryptase (Pejler et al., 2017).
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The dense core of MC LROs plays a crucial role in their
biogenesis and structural organization (Wernersson and Pejler,
2014; Moon et al., 2014). This core consists of proteoglycans
covalently linked via glycosidic bonds to glycosaminoglycans
(GAGs). In MCs, the most abundant proteoglycan is serglycin
linked to heparin and chondroitin sulfate (GAGs) (Ronnberg and
Pejler, 2012).These GAGs are highly sulfated and negatively charged
facilitating electrostatic interactions with cationic mediators, such
as histamine, tryptase, and chymase (Figure 1) (Ronnberg et al.,
2012). Serglycin-deficient mice exhibit severely affected MCs, with
granules losing their electron dense appearance (Abrink et al.,
2004). The storage of several granules components is disrupted,
including MC protease 4 (Mcpt4), Mcpt6, and carboxypeptidase
A3 (CPA3). Mcpt2 chymase storage showed partial dependence
on LRO, while Mcpt1 chymase and Mcpt7 tryptase (also known
as TPSAB1) remain unaffected (Braga et al., 2007). Similarly,
genetic deletion of NDST-2, an enzyme essential for heparan sulfate
biosynthesis, drastically reduces the population of connective-
tissue-type MCs. In contrast, mucosal MCs, which lack heparin,
remain unaffected. NDST-2 deficiency diminishes protease storage
in LROs, which exhibit sparse granules and empty vacuoles
(Forsberg et al., 1999; Humphries et al., 1999). Likewise, the
combined deficiency of severalmurineMCs proteases (i.e., mMcpt4,
mMcpt5, mMcpt6, CPA3), as well as histamine in LROs results
in abnormal granule morphology and less dense proteoglycan
packing (Wernersson and Pejler, 2014; Nakazawa et al., 2014).
These results highlight the bidirectional interdependence between
proteoglycans and proteases and histamine in maintaining granule
homeostasis (Grujic et al., 2013).

A distinctive feature of MCs is the prolonged period - often
lasting several days or even months - between the formation
of mature LROs and their eventual secretion (Hammel et al.,
2010). This prolonged interval allows continuous maturation of the
granules, during which they are also enriched with components
from the extracellular environment. MCs actively endocytose
these external elements, such as tumor necrosis factor (TNF),
incorporating them into their granules (Figure 1) (Olszewski et al.,
2007). This process of refining and acquiring additional bioactive
molecules enhances the functional capacity of MC granules prior to
their release.

2.2 LRO content and heterogeneity

MCs display an important heterogeneity including in their
granular compartment depending on the species and the specific
tissues in which they reside. Initially, MCs were classified into two
main types based on histochemical staining and fixation methods,
which are connective tissue MCs (CTMCs) and mucosal MCs
(MMCs) in rodents (Enerback, 1966a; Enerback, 1966b). They
also differ in proteoglycan content and granular proteases as for
example, murine CTMCs express Mcpt6, and Mcpt7 tryptase, and
Mcpt4 and Mcpt5 chymases, and the heparin proteoglycan while
MMCs essentially contain the two chymases Mcpt1 and Mcpt2
and chondroitin sulfate (Pejler et al., 2007). In humans, MCs were
categorized according to their expression of neutral proteases into
MCTC (containing tryptase and chymase), and MT (containing
tryptase only) (Irani et al., 1986). This traditional classification is

evolving quickly with the development of single-cell transcriptomic
analyses across various organs. For instance, in mice, CTMCs have
been found to express the MC-specific G protein-coupled receptor
MrgprB2, although expression levels and other key markers vary
by tissue, while MMCs are MrgprB2-negative (Tauber et al., 2023).
In humans, such analyses have uncovered a broader spectrum of
MC diversity beyond the classical dichotomy, identifying up to six
distinct transcriptionally defined MC clusters in nasal polyps and
the intestine (Tauber et al., 2023; Dwyer et al., 2021).

Although partly heterogenous in nature, MC LROs contain a
diverse array of preformed inflammatory mediators with critical
roles in inflammatory responses, host defense, immunoregulation
and tissue remodeling (Wernersson and Pejler, 2014). Estimates of
their numbers in MCs are highly variable and range between 200
and 1500 depending on the author (Blank et al., 2014; Hamm et al.,
1989; Krystel-Whittemore et al., 2015; Tanaka and Takakuwa, 2016).

The mediators contained in LROs can be categorized into
several classes based on their biochemical nature and functional
roles (Table 1). Proteoglycans such as heparin and chondroitin
sulfate have important functions in mediator storage and anti-
coagulant activity. Heparin can also modulate the activity, stability,
and signaling of various growth factors through its electrostatic
interactions (Koledova et al., 2019). Heparin expression begins
early in fetal MCs and gradually increases over time. In mice,
heparin is detectable as early as embryonic day 12.5 (E12.5)
(Msallam et al., 2020). By embryonic day 17.5 (E17.5), fetal MCs
express the neonatal Fc receptor, enabling sensitization by maternal
IgE. At this developmental stage, these MCs are fully functional and
capable of degranulation, underscoring their role in early immune
responses (Msallam et al., 2020).

An important MC mediator with many functions is histamine, a
biogenic amine, which is synthesized from the amino acid histidine
by histidine decarboxylase. It induces vascular permeability,
vasodilatation, smooth muscle contraction and mucus secretion
by binding to H1 receptors (Wernersson and Pejler, 2014; Simons,
2003). Some subsets of MCs also contain serotonin contributing to
vascular permeability and vasodilation and many other functions
including modulation of neural activities (Wernersson and Pejler,
2014; Breil et al., 1997). MC granules also contain a number of
MC-specific proteases such as tryptases, chymases, and CPA3
(Pejler et al., 2007). Tryptases and chymases are serine protease,
while CPA3 is a zinc-dependent metalloprotease (Pejler et al.,
2007). As mentioned above these proteases vary depending on
the MC type and species. They have numerous functions including
in venom detoxification, tissue repair fibrosis etc that have been
extensively reviewed previously (Wernersson and Pejler, 2014;
Pejler et al., 2007; Caughey, 2016). In addition to these MC-
specific proteases, MCs also secrete proteases shared with other
cells that result at least in part from their endo-lysosomal nature.
They include matrix metalloproteases 9 (MMP9) (Baram et al.,
2001), cathepsin A, B, C, D, and E (Wernersson and Pejler,
2014; Pejler et al., 2007; Caughey, 2016; Dragonetti et al., 2000;
Wolters et al., 2000; Henningsson et al., 2005) and a variety of
others such as angiotensin II generating renin important for blood
pressure regulation (Silver et al., 2004) or proapoptotic granzyme
B (Pardo et al., 2007). LROs also contain lysosomal enzymes
including β-Hexosaminidase and β-Glucuronidase. They are widely
used as a biochemical marker to assess MC degranulation. These
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FIGURE 1
LRO composition and its transport upon activation. The secretory granules (SGs) of MCs, also referred to as lysosome-related organelles (LROs), serve
as reservoirs for preformed inflammatory mediators. At ultrastructural level, LROs are heterogeneous and characterized by a dense core formed
through electrostatic interactions between negatively charged heparin or chondroitin sulfate proteoglycans and positively charged insoluble mediators
(e.g., TNF, MC-specific proteases (MCPT4, MCPT6, CPA3), histamine and serotonin). The granules also contain lysosomal enzymes (including
β-Hexosaminidase and β-Glucuronidase), growth factors (such as TGFβ1, CXCL8, VEGF, SCF, PDGF FGF, NGF, FGF2), as well as cytokines and
chemokines. Additionally, MC LROs can also contain exosomes, which are small extracellular vesicles (EVs) ranging from 30 to 80 nm in diameter.
Upon activation, MCs release the contents of their LRO into the extracellular environment through a process known as MC degranulation. This process
requires the bidirectional movement of LROs along the microtubule network. Anterograde transport (toward microtubule plus-ends) and retrograde
transport (toward minus-ends) are both essential for proper LRO trafficking. Several proteins complexes involving members of Rab GTPases (such as
Rab12, Rab27b, Rab44) regulate LRO movement by recruiting distinct microtubule-dependent motor proteins such as dynein and kinesin-1. In addition
to Rab GTPases, inflammasome components such as NLRP3 and ASC have been implicated in SG trafficking through the recruitment of dynein. “Figure
created with BioRender.com”.

enzymes degrade glycosaminoglycans, such as heparan sulfate and
chondroitin sulfate or hyaluronan, facilitating tissue remodeling
during inflammation and immune responses (Gushulak et al.,
2012; Griffin and Gloster, 2017). β-Hexosaminidase also degrades
bacterial peptidoglycan, a critical component of bacterial cell walls
(Fukuishi et al., 2014). In vivo, mice lacking β-hexosaminidase
show increased lethality of bacterial infections, confirming its
role in host defense (Fukuishi et al., 2014). Although MCs are
known to secrete a large variety of newly synthesized cytokines,
chemokines and growth factors (Mukai et al., 2018), a distinctive
feature of MCs is that they are able to secrete some of them
from a preformed pool stored in their LROs making them
available immediately without the requirement of new synthesis.
Thus, in addition to TNF described early on (Gordon and Galli,
1990), several of them have been reported to get released from
prestored sources including TGFβ1, CXCL8, VEGF, SCF, PDGF
FGF, NGF, FGF2 (Mukai et al., 2018). Concerning TNF it was

shown that after transient exposure in its membrane-expressed
form at the cell surface, it can get reinternalized before being
stored as a preformed mediator (Olszewski et al., 2007). Whether
reinternalization of basically released cytokines/chemokines/growth
factors represents a general mechanism valuable for their storage in
preformed form remains an open question.

Mast cell LROs also contain exosomes, which are small
extracellular vesicles (EVs), typically 30–80 nm in diameter
(Figure 1). They originate from the endosomal system through
maturation of early endosomes into late endosomes, in which
intraluminal vesicles (multivesicular bodies, MVBs) are generated
through the inward budding of the endosomal membrane. Upon
release, exosomes play a crucial role in cell-cell communication
by transferring bioactive molecules such as proteins, lipids, and
nucleic acids (mRNAs, miRNAs, and lncRNAs) to a recipient
cell thereby regulating immune responses and other biological
processes (Elieh-Ali-Komi et al., 2025).
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TABLE 1 Mediators contained in LROs and some of their associated biological functions.

Mediator Type Mouse MCs Human Mcs Biological functionsa,b

Biogenic Amines Histamine, Serotonin Histamine, Serotonin (low amounts) Histamine: Vasodilation, increased
vascular permeability (edema), itching,
smooth muscle contraction, gastric acid
secretion
Serotonin: Smooth muscle contraction,
neurotransmission modulation

Proteases Chymases (Mcpt1, 2, 4, 5, 9)
Tryptases (Mcpt6, 7)
Carboxypeptidase A3 (CPA3)

Tryptase
Chymase
Carboxypeptidase A3 (CPA3)

Tryptase/Chymase: Tissue remodeling,
pathogen defense (bacterial/toxin
neutralization/degradation),
neuropeptide processing, cytokine
activation
CPA3: Cleavage of C-terminal amino
acids from peptides (e.g., endothelin-1),
matrix degradation, toxin degradation

Lysosomal Enzymes - β-Hexosaminidase
- β-Glucuronidase
- Arylsulfatase
- Cathepsin D

- β-Hexosaminidase
- β-Glucuronidase
- Arylsulfatase

β-Hexosaminidase/β-Glucuronidase:
Glycosaminoglycan degradation,
bacterial cell wall breakdown
Arylsulfatase: Sulfatide metabolism,
anti-inflammatory regulation
Cathepsin D (mouse): Protein
degradation, antigen processing

Proteoglycans Heparin (CTMC) chondroitin sulfate
(MMC)

Heparin (MCTC) chondroitin sulfate
(MCT)

Serglycin: Granule matrix stabilization,
electrostatic packaging of
proteases/biogenic amines,
anticoagulant activity (heparin)
Chondroitin sulfate: Matrix interaction,
immune cell recruitment

Cytokinesc TNF, IL4, TGFβ1 TNF: key proinflammatory cytokine
IL4: Th2-type immune responses
TGFβ1: tissue remodeling, fibrosis

Chemokinesc CXCL8 (IL8) CXCL8: neutrophil recruitment

Growth factorsc VEGF, PDGF, FGF2, NGF VEGF: angiogenesis; PDGF:
proliferation, migration, angiogenesis,
wound healing
NGF: neuronal survival, differentiation,
FGF2: tissue repair, angiogenesis,
proliferation and differentiation

aadditional information can be found in reference (Wernersson and Pejler, 2014).
badditional information can be found in reference (Pejler et al., 2007).
cas indicated in reference (Mukai et al., 2018) note that presence in mouse or human mast cells was not specified.

3 LRO transport and secretion

3.1 LRO transport

LROs in MCs exhibit bidirectional movement along the
microtubule network, involving both anterograde transport (toward
microtubule plus-ends) and retrograde transport (toward minus-
ends) (Figure 1) (Brochetta et al., 2014; Nishida et al., 2005;
Smith et al., 2003). The anterograde transport of LROs to the plasma
membrane is mediated by kinesin-1, an archetypal member of
the kinesin superfamily (Munoz et al., 2016). Kinesin-1 comprises
two heavy chains (KIF5A, KIF5B, or KIF5C) and two light
chains (KLC1, KLC2, KLC3, or KLC4), with KIF5B and KLC1
predominantly expressed in MCs. A conditional murine model

lacking Kif5b specifically in hematopoietic cells, including MCs,
demonstrated that kinesin-1 regulates LRO transport to exocytosis
sites during FcεRI activation (Figure 1) (Munoz et al., 2016). Upon
stimulation, kinesin-1 interacts with the Slp3/Rab27b complex
on LROs through the Slp homology domain (SHD) of Slp3.
The assembly of this kinesin-1/Slp3/Rab27b trimeric complex
depends on the phosphatidylinositol 3-kinase (PI3K) activity,
which regulates kinesin-1 accessibility to Slp3 as a cargo receptor
(Munoz et al., 2016). Retrograde transport, on the other hand,
is mediated by dynein, which directs the movement of LROs
towards the ends of microtubules in the perinuclear region, thus
counterbalancing anterograde trafficking (Efergan et al., 2016).
More recently, it was shown that the inflammasome components
NLRP3 and ASC play a critical role on MC degranulation by
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orchestrating LROs trafficking (Figure 1) (Mencarelli et al., 2024).
Following IgE-Ag activation, NLRP3 and ASC interact with the
LRO membrane glycoprotein CD63, forming an inflammasome
complex termed the “granulosome”.This complex recruits themotor
protein dynein through an interaction with NLRP3, facilitating
bidirectional microtubule-dependent transport of LROs to the
plasma membrane. Interestingly, under lipopolysaccharide (LPS)
stimulation, MCs secrete pro-IL1β via LROs, which is then
converted extracellularly into active IL-1β by MC-derived proteases
(e.g., chymase). This mechanism amplifies anaphylactic responses
by coupling inflammasome signaling with protease-dependent
cytokine maturation (Mencarelli et al., 2024).

Rab GTPase, small proteins of 20–25 kD, are crucial regulators
of vesicular trafficking in both endocytic and exocytic pathways
across all cell types. These proteins function as molecular switches,
alternating between an active (GTP-bound) and an inactive (GDP-
bound) forms (Stenmark, 2009). Over 60 Rab family members have
been identified in the human genome, each localizing to specific
membrane compartments to confer organelle identity and recruit
trafficking machinery (Stenmark, 2009). Rab GTPases undergo
post-translational prenylation at their C-terminal cysteine residues,
enabling reversible membrane binding. A functional screening
assay of 44 Rab proteins identified 30 potential regulators of MC
LRO trafficking and exocytosis (Azouz et al., 2012). Among these,
Rab27a and Rab27b are both expressed in bone marrow-derived
MCs (BMMCs) and localize to LROs. Studies using single and
double knockout mice for Rab27a and Rab27b demonstrated that
the Rab27 family, particularly Rab27b, plays a crucial role in MC
degranulation (Mizuno et al., 2007). Interestingly, Rab27a and
Rab27b have distinct and sometimes opposing roles. Rab27a acts as
a negative regulator through its action on actin, while both Rab27a
and Rab27b act as positive regulators through their interaction with
Munc13-4 (Singh et al., 2013). Another negative regulator of MC
degranulation is Rab12, which mediates microtubule-dependent
retrograde transport of LROs. Upon MC activation, Rab12 interacts
with the Rab-interacting lysosomal protein (RILP) within the RILP-
dynein complex to transport LROs towards the microtubule minus-
end in the perinuclear region (Figure 1) (Efergan et al., 2016). The
Rab GTPase family has been recently expanded to include several
large Rab GTPase members, such as CRACR2A, (Rab46), Rab45
and Rab44 (Srikanth et al., 2017). These proteins share a conserved
C-terminal Rab domain, which is linked to additional functional
domains, including an EF-hand domain, a coiled-coil domain, and
a proline-rich domain (Srikanth et al., 2017; Tsukuba et al., 2021).
Interestingly, in MCs only Rab44 is expressed. Rab44, has been
implicated in MC degranulation and IgE-mediated anaphylaxis,
(Kadowaki et al., 2020; Longe et al., 2022). It interacts with kinesin-1
to regulate LRO translocation to the plasma membrane upon FcεRI
activation (Figure 1) (Longe et al., 2022). This process relies on the
recruitment of Rab44 to LROs through its Rab GTPase domain and
operates independently of Ca2+ signaling (Longe et al., 2022).

Munc18-2, an isoform of the mammalian uncoordinated18
(Munc18) protein family, plays multifaceted roles in MC
LRO dynamics. In addition to its established function as a
fusion accessory protein, Munc18-2 contributes significantly to
LRO translocation (Brochetta et al., 2014). The association of
Munc18-2 with LROs is dependent on microtubule integrity.
Indeed, microtubule destabilization with nocodazole redistributed

Munc18-2 from granular structures to a diffuse cytosolic
pattern, demonstrating that its recruitment to LROs depends
on an intact microtubule network. Upon cellular stimulation,
Munc18-2 translocates along microtubules to the cell periphery,
where it associates with fused LROs in forming lamellipodia.
During this process, the interaction between Munc18-2 and β-
tubulin diminishes, suggesting a dynamic regulation with the
microtubule cytoskeleton (Brochetta et al., 2014). In Munc18-
2-depleted cells, LROs appear stationary, remaining docked
along intracellular microtubules (Brochetta et al., 2014). This
observation suggests that Munc18-2 may dynamically dock
LROs during microtubule-based transport, potentially in concert
with the kinesin-1/Slp3/Rab27b/Rab44 transport mechanism.
Supporting this hypothesis, neuronal Munc18-1 binds the kinesin-
1 adaptor FEZ1 to mediate axonal vesicle transport, highlighting
an evolutionarily conserved link between Munc18 proteins and
microtubule-dependent trafficking (Chua et al., 2012).

3.2 LRO fusion machinery regulating MC
secretion

The discharge of LRO content by MC degranulation can
occur following stimulation via various cell surface receptors.
A potent stimulus is the aggregation of FcεRI-bound IgE by a
multivalent antigen or allergen (Blank et al., 2021). This process
can trigger the massive release of up to 100% of MC granule
contents through a multigranular (compound) mode of exocytosis,
which involves granule-granule and granule-plasma membrane
fusion events (Menasche et al., 2021). Stimulation of other surface
receptors, such as MRGPRX2, C3aR, C5aR, or ET1R, leads to a
more selective release of individual secretory granules (SGs) located
just beneath the plasma membrane (Gaudenzio et al., 2016). Under
certain conditions, MCs can also undergo piecemeal exocytosis—a
regulated secretory process in which SGs release their contents
gradually and partially rather than undergoing full fusion with
the plasma membrane. This allows for dynamic modulation of
secretion by selectively releasing specific mediators while retaining
others (Dvorak et al., 1994; Dvorak, 2005). Once released, positively
charged mediators such as histamine and proteases diffuse away
due to associated pH changes (Wernersson and Pejler, 2014;
Galli et al., 2005). It is important to note that, contrary to some
misconceptions in the literature,MC degranulation does not involve
the release of entire granules but rather the expulsion of their densely
packed proteoglycan matrix contents, which then disperse into the
surrounding tissue (Figure 2).

The fusion of LROs between themselves and the plasma
membrane is not a spontaneous event but a process controlled
by a sophisticated membrane fusion machinery involving SNARE
(Soluble NSF Attachment Protein Receptor proteins) and SNARE
accessory proteins (Figure 2) (Menasche et al., 2021; Hong,
2005). SNARE proteins contain a 60–70 amino acid motif
with heptad repeats that form coiled-coil structures. This motif
allows them to assemble into tight, four-helix bundles called
trans-SNARE complexes the formation of which is energetically
favored (Sutton et al., 1998). This drives fusion bringing opposing
membranes into close proximity, allowing lipid bilayer merging
(Hong, 2005; Jahn and Scheller, 2006). SNARE proteins can be
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FIGURE 2
Model for LRO docking/fusion machinery during MC degranulation. The fusion of LROs between themselves (not shown) and the plasma membrane
(PM) is not a spontaneous event but is triggered by activation signals and controlled by a sophisticated membrane fusion machinery involving SNARE
proteins (Soluble NSF Attachment Protein Receptor proteins) and their regulatory proteins. In MC, key SNARE components include the t-SNARE
SNAP-23, STX3 and STX4, as well as the v-SNAREs VAMP8. Fusion is initiated by the assembly of a tetrameric trans-SNARE complex, which bridges the
LROs and PM. This assembly is tightly regulated by accessory proteins such as MUNC13-4, MUNC18-2, STXBP5, which facilitate LRO docking at the PM
and subsequent fusion. Following degranulation, MCs release the dense proteoglycan matrix of LROs, which contains electrostatically bound
mediators (e.g., histamine, serotonin, TNF, MC-specific proteases), capable of long-distance transport to lymph nodes via the bloodstream.
Simultaneously, soluble mediators (e.g., cytokines, chemokines), exosomes (30–80 nm extracellular vesicles), and growth factors diffuse into the
extracellular space, also driving inflammatory and immune responses. “Figure created with BioRender.com”.

divided functionally into vesicular SNAREs and target SNAREs,
the former being composed of the family of vesicular associated
membrane proteins (VAMPs), the latter containing the family of
Syntaxin (STX) proteins and the Synaptosomal associated protein
(SNAP23/25) family. As intracellularly fusion events occur also
between vesicles only they have also been classified according to
structural principles into R-SNAREs containing a central R residue
and Q-SNAREs containing a central Q residue. The Q-SNAREs
can be further divided into Qa, Qb and Qc SNAREs (Jahn and
Scheller, 2006; Kloepper et al., 2007). STXs represent Qa SNAREs
while SNAP23/25 contain two helices of Qb and Qc SNAREs.
Note, however that individual SNAREs containing either Qb and
Qc SNAREs also exist (Kloepper et al., 2007). The final fusion-
competent SNARE complex will then contain 1 R and the three Qa,
Qb and Qc SNAREs.

The first SNARE proteins identified in MC degranulation was
the Qb/Qc SNARE SNAP23 (Guo et al., 1998). It was localized
at the plasma membrane in resting MCs, but upon stimulation
relocates to the interior in agreement with its participation in
compound exocytosis which involves granule-granule fusion events
(Guo et al., 1998). Its functional implication was confirmed using
Ab blocking experiments or studies with mutant SNAP-23 unable
to associate with membranes (Guo et al., 1998; Agarwal et al.,
2019). In SNAP-23 conditional KO mice MCs its direct implication
could not be evaluated as these mice had a severe defect in MC
development likely through its importance also in constitutive
secretion events (Cardenas et al., 2021). For the Qa SNAREs both

STX3 (localized on LROs and the plasma membrane) and STX4
(localized at the plasma membrane) isoforms have been implicated
using knockdown experiments (Brochetta et al., 2014; Woska and
Gillespie, 2011). However, further investigation in knockout cells
and animals revealed a more complex picture as STX4 KO cells
had no defect while STX3 KO cells showed a partial defect.
No defect in whole animal anaphylaxis experiments were seen
in STX3 KO mice supporting a role of additional STXs and/or
compensatory effects (Sanchez et al., 2019).

Regarding the implication of R-SNAREs, VAMP8 appeared to
represent a key R-SNARE in MC degranulation. Initially called
endobrevin, because of its localization on endocytic vesicles,
it colocalizes in MCs with LROs again revealing their endo-
lysosomal nature (Tiwari et al., 2008). VAMP8-deficient BMMC
released less histamine and β-hexosaminidase, while neosynthesized
cytokine secretion remained intact. VAMP8-deficient mice also
exhibit reduced passive anaphylactic responses (Tiwari et al.,
2008). In addition, an enhanced and transient association of
VAMP8 with SNARE partners STX4 and SNAP23 could be
demonstrated in coimmunoprecipitation experiments during IgE-
mediated stimulation (Tiwari et al., 2008).

Several other v-SNAREs, including VAMP7, VAMP2, and
VAMP3, have also been investigated for their roles in MC
degranulation.KnockdownofVAMP7or its inhibition by antibodies
reduces secretion in the RBL-2H3 MC line and human primary
MCs (Woska and Gillespie, 2011; Sander et al., 2008). Upon
stimulation, VAMP7 translocates to the plasma membrane, where
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it forms complexes with SNAP-23 and STX4 (Sander et al.,
2008). However, its co-localization with LROs remains unclear, and
VAMP7 knockout (KO) cells have not yet been studied. In RBL-
2H3 MCs, fluorescently tagged VAMP2 translocated to the plasma
membrane upon stimulation (Miesenbock et al., 1998). However,
VAMP2-KO BMMCs exhibit no degranulation defect, indicating
that VAMP2 is not essential for this process (Puri and Roche,
2008). Interestingly, in VAMP8-deficient MCs, VAMP2 showed an
increased tendency to associate with SNAP-23 upon stimulation,
suggesting a potential compensatory role (Tiwari et al., 2008).
Similarly, VAMP3-deficient MCs do not display degranulation
defects (Puri and Roche, 2008). However, in a VAMP8-deficient
background, VAMP3 was found to interact with SNAP-23, though
its role appeared to be limited to constitutive fusion rather than
stimulated degranulation (Tiwari et al., 2009).

Although SNARE complexes can form spontaneously it is
clear that in living cells this process is regulated by a variety
of other proteins regulating their assembly, modulating energy
barriers, and ensuring precise timing (Menasche et al., 2021;
Blank et al., 2014; Jahn and Scheller, 2006). Sec1/Munc18-like
(SM) proteins are a conserved family that interact specifically
with certain STXs that play important roles in SNARE assembly
(Sudhof and Rothman, 2009). Munc13 family proteins function in
membrane vesicle docking interacting with Rab27-docked vesicles
(Brunger et al., 2019; Rizo, 2022). It also primes fusion by
converting STXs from a fusion-incompetent Munc18-bound closed
conformation to an open conformation, making them available
for SNARE complex formation thereby cooperating with Munc18
to finally enable SNARE assembly (Brunger et al., 2019; Rizo,
2022; Rothman et al., 2023). Studies with Munc18-2 and Munc13-
4 isoforms knockout MCs and anaphylaxis experiments have found
a profound degranulation defect in the absence of these proteins
confirming their importance in the fusion process (Gutierrez et al.,
2018; Rodarte et al., 2018). It is possible that Munc18-2, contrary
to neuronal form Munc18-1, but like Munc18-3 (Hu et al., 2007),
may bind to its STX partners (STX2 and STX3) already in an open
form and thus may not need priming. Thus, both Munc18-2 and
Munc13-4 may directly cooperate for proper assembly of SNARE
fusion complexes. In this process Munc13-4 likely gets targeted
to the granule fusion site via its interaction with Rab 27 prior
to its activation by calcium signaling upon calcium binding to its
C2A and C2B domains. As mentioned above granule-associated
Munc18-2 (via STX3 binding) may additionally play a role in
LRO docking and microtubule-dependent transport as after specific
knock down LROs appear less docked at the plasma membrane
and less mobile (Brochetta et al., 2014). Another calcium sensor in
MCs is Synaptotagmin-2 (Syt2). Absence of Syt2 markedly inhibited
degranulation in IgE-stimulatedMCs and knockout animals showed
a reduced passive cutaneous anaphylaxis response. The mechanism
of action is not entirely clear. In neuronal cells Syt I is proposed
to interact and clamp the preassembled SNARE prefusion complex
diffusing away upon arrival of calcium, binding to its C2A and
B domains thereby unlocking the prefusion complex to allow
SNARE zippering. Another reported fusion regulator is tomosyn
or STXBP5 initially described in neuronal cells, where its absence
enhances neurotransmission (Fujita et al., 1998). Tomosyn possesses
a R-SNARE domain but no membrane anchor and can bind to
both STX 3 and 4 in MCs (Figure 2) (Madera-Salcedo et al.,

2018). Here also, tomosyn acts as a fusion clamp as after siRNA-
mediated knock down MCs exhibited an enhanced degranulation
response (Madera-Salcedo et al., 2018) confirming the data in
neuronal cells (Fujita et al., 1998), pancreatic β cells (Zhang et al.,
2006) and endothelial cells (Li et al., 2018). In agreement with
the fusion clamp function in MCs tomosyn rapidly dissociated
from STX4 in a manner regulated by phosphorylation through
PKCδ (Figure 2). By contrast the interaction with STX3 increased
after stimulation for reasons that are not entirely clear (Figure 2).
But it could represent a feedback regulatory mechanism to avoid
uncontrolled fusion (Madera-Salcedo et al., 2018).

Together, these data demonstrate that, in addition to bona
fide SNARE proteins, numerous additional regulators contribute
to the fusion, docking, and trafficking processes, exerting both
positive and negative regulatory roles. Among these, several Rab
isoforms also play crucial roles, including Rab3d (Pomb et al.,
2001), Rab5 (Klein et al., 2017), Rab12 (Efergan et al., 2016),
Rab27a/b (Mizuno et al., 2007; Elstak et al., 2011), Rab37
(Higashio et al., 2016), and Rab44 (Longe et al., 2022). Other
key regulators include the Rab27-interacting synaptotagmin-like
protein 3 (Slp3) (Munoz et al., 2016), complexin II (Tadokoro et al.,
2005), and Doc2α (Higashio et al., 2008), each playing distinct
roles in fusion, granule docking, and trafficking, as summarized
in previous reviews (Menasche et al., 2021; Blank et al., 2014;
Moon et al., 2014). Furthermore, these processes require exquisite
coordination with cytoskeletal reorganization, ensuring efficient
transport mechanisms and enabling LROs and fusion effectors to
access their respective membrane sites (Menasche et al., 2021).

4 The function of the LRO contents
beyond its secretion

4.1 Role of LRO exocytosis on allergic
manifestations

MCs and their mediators have been studied over many
years primarily for their role in allergic manifestations. They are
key effectors of IgE-mediated type I immediate hypersensitivity
reactions, a Th2-mediated immune response involved in allergic
responses. Allergic diseases affect nearly one-third of the population
in developed countries, with a notable rise since the latter half
of the 20th century. This increase is believed to result from an
inappropriate immune response against nonpathogenic substances
called allergens, such as pollen, dust mites, pet dander, mold spores
etc. This response is favored - according to the hygiene hypothesis
- in environments with higher hygiene standards, which reduce
microbial exposure, disrupt themicrobiota, and compromise barrier
surfaces like those of the skin, lungs, and gut.

Allergies can present in various forms including anaphylaxis,
allergic rhinitis, conjunctivitis, asthma, atopic dermatitis and food
allergies. Anaphylaxis is the most severe form of IgE-mediated
type I hypersensitivity, marked by rapid onset and potentially fatal
systemic effects, while the other manifestations usually present as
chronic diseases although in the case of asthma and food allergies
they can present/evolve into severe forms with fatal outcome.
MC-released histamine from LROs is a central mediator in the
pathophysiology of allergies. Histamine is synthesized from the
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amino acid histidine by histidine decarboxylase (HDC) and acts on
histamine receptors (in particularH1) in the body, triggering a range
of responses (Wernersson and Pejler, 2014; Ohtsu, 2012). These
include i) vasodilation and vascular permeability leading to a drop
in blood pressure (hypotension) and tissue swelling (angioedema),
ii) smooth muscle contraction inducing bronchoconstriction,
contributing to respiratory symptoms like wheezing, shortness of
breath, and airway obstruction in asthmatics iii) cardiovascular
effects by increasing heart rate and cardiac contraction while
reducing peripheral vascular resistance, potentially worsening
circulatory collapse in anaphylactic shock iv) mucus secretion in the
airways and gastrointestinal tract, which may result in congestion,
rhinorrhea, conjunctivitis, sneezing vomiting, or diarrhea in
allergic rhinitis and food allergies (Wernersson and Pejler, 2014;
Galli et al., 2008). The importance of histamine in allergies is
underlined by the significant impairment in the development of
allergic reactions in HDC-KO mice (Ohtsu, 2012). Until today,
although some more costly alternatives biologics targeting the
IgE receptor or Th2 immune response development in severe
diseases exist, anti-histamines represent the first line treatment
for most chronic allergic manifestations. In addition to histamine
other SG components can also participate in the early phases
of allergies. Initially thought to be present in rodent MCs the
biogenic amine serotonin has also been found in human MCs
although in lower quantities (Wernersson and Pejler, 2014; Kushnir-
Sukhov et al., 2007). Like histamine it contributes to swelling
and redness by promoting vasodilation and increasing vascular
leakage. It can potentiate histamine’s effects, worsening symptoms
like angioedema and hypotension in anaphylaxis (Gillis et al., 2017).
During an allergic reaction the MC-specific proteases chymase
and tryptase contribute to leukocyte extravasation by modulating
adhesion molecules on endothelial cells (Caughey, 2007). Likewise,
MC proteases by degrading extracellular matrix proteins further
facilitate inflammatory cell infiltration (Pejler et al., 2007). Tryptase
activates protease-activated receptor-2 (PAR-2), which can induce
airway smoothmuscle contraction and increasemucus secretion can
contribute to asthma symptoms (Caughey, 2007). A recent study has
uncovered important insights into the pathophysiology of allergic
asthma during early life. The findings showed that allergen-induced
tissue remodeling disrupts the vascular integrity of the lung through
MC degranulation, and more specifically through the release of
proteases in mice and tryptase in humans. These proteases induce
the retraction of pericytes, which are key cells for maintaining blood
vessel stability, thus establishing a new MC/pericyte axis critical for
lung vascular function (Joulia et al., 2024).

Following release of LRO content by degranulation, MCs
also rapidly (within 15–30 min) release newly synthesized lipid
mediators like prostaglandins (PGD2) and leukotrienes (LTB4,
LTC4), triggering classic allergic symptoms such as vasodilation,
increased vascular permeability, bronchoconstriction, and mucus
production thereby amplifying allergic symptoms. These early
phases are followed by a late-phase response, where MCs synthesize
secrete chemokines, cytokines, and growth factors, attracting
additional inflammatory cells like neutrophils, macrophages,
eosinophils, and T cells to the inflammatory site that finally
contribute to the chronicity of the allergic reaction.

A recent study by Lämmermann’s group reveals that during
anaphylactic conditions, degranulating MCs can trap neutrophils

intracellularly, forming structures referred to as “MC intracellular
trap” (MIT) (Mihlan et al., 2024). This process relies on MC-
dependent secretion of LTB4, MC degranulation, and neutrophil
migration. Once recruited, MCs engulf live neutrophils into giant
vacuoles, where the neutrophils undergo cell death within 48 h. The
MCs then degrade and recycle neutrophil components (e.g., DNA,
proteases), enhancing their metabolic fitness. Subsequently, the
residual neutrophil-derived material is release by degranulation
(known as “nexocytosis”), which amplifies inflammation by
triggering type I interferon responses (Mihlan et al., 2024).

4.2 Role of LRO contents on venom
detoxification

Despite their potentially life-threatening effects, IgE-mediated
allergic responses have been preserved throughout evolution,
likely due to their beneficial roles in Th2-mediated innate and
adaptive immune responses (Palm et al., 2012; Charles and
Blank, 2025). Indeed, M. Profet’s “toxin hypothesis” suggests
that allergies function as a defense against harmful substances
produced by organisms across the kingdom of living organisms
(Profet, 1991). These include venoms and environmental toxins, but
eventually also endogenously produced products that need to be
neutralized. Supporting this,MC-derived products have been shown
to neutralize toxins, venoms (snake, scorpion, gila monster, bee),
plant toxins (poison ivy urushiol), and endogenous compounds like
Endothelin-1 and vasoactive intestinal peptide (Galli et al., 2020b).

Major LRO components released by MCs in this task are
the MC-specific proteases and proteoglycans neutralizing toxins
and venoms through degradation (proteases) or binding (heparin)
(Metz et al., 2006; Tsai et al., 2015; Du et al., 2024). Thus, in mice,
CPA3 and the MC-specific chymase MCPT4 were demonstrated
to degrade various venoms, while in humans, it appears to be
majorly β-tryptase, which breaks down certain snake venoms
(Tsai et al., 2015; Anderson et al., 2018). Heparin, can reduce
venom toxicity by binding and blocking activity or by acting as an
anticoagulant (Du et al., 2024).

Many studies suggest an innate MC-triggering mechanism in
venom detoxification. Indeed, venom components like mastoparan
(bee venom) and sarafotoxin (snake venom) activate theMRGPRX2
receptor on MCs, inducing degranulation. MCs also express
endothelin A (ETA) receptors that get directly activated by
endogenous endothelin-1 (ET-1) or exogenous sarafotoxin 6b
contained in snake venoms (Tsai et al., 2015; Schneider et al.,
2007). However, repeated venom exposure can also elicit an adaptive
immune response, as demonstrated for bee venom phospholipase
A2 (PLA2), which triggers a Th2-response and production of
venom-specific IgE (Starkl et al., 2022). Thus, adaptive immunity,
IgE, and FcεRI, despite its potentially dangerous effect can also
further enhance protection against toxins and venoms.

4.3 Role of LRO exocytosis against
microbial defense

MCs and IgE antibodies have been proposed for many years
to contribute to parasitic defense mechanisms, in particular large
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parasites such as helminths with parasite-specific IgE increasing
in endemic areas and correlating with protection (Hagan et al.,
1991; Rihet et al., 1991). In 1996, MCs were also shown to play
a protective role in bacterial sepsis (Echtenacher et al., 1996;
Malaviya et al., 1996), followed by studies revealing both protective
and aggravating roles of MCs in bacterial infection, depending on
infection severity, entry site, and model (Abraham and St John,
2010; Jimenez et al., 2021). MCs also contribute to antiviral and
antifungal defenses with both positive and negative roles (Rathore
and St, 2020; Jiao et al., 2019).

While IgE-mediated adaptive mechanisms represent an
important component during parasitic infection, MCs express also
numerous innate receptors such as TLR, NOD-like and RIG-I-like
receptor families, C-type lectin receptors andMas-relatedGprotein-
coupled receptors that can recognize and respond to microbes
or microbial products initiating the release of secretory products
involved in defense mechanisms (Redegeld et al., 2018).

Concerning helminth infection, studies in mice confirmed the
role of MCs and IgE-mediated adaptive responses in protection
although this was largely dependent on the infectious parasite and
the model used (primary or secondary infection, Ab-deficient)
(Mukai et al., 2018). In some circumstances IgE-mediated activation
of basophils also played a role (Karasuyama et al., 2018). Concerning
the mediators implicated, these were rarely studied in these
experiments although inmany instances the production of cytokines
appeared to play an important role (Mukai et al., 2018; Jimenez et al.,
2021). Some studies also provided evidence for the role of proteases.
Thus, Mcpt1 chymase-deficient mice had a markedly delayed
worm expulsion and increased larval burden in Trichinella spiralis
infection with the effect being majored after secondary infection
(Knight et al., 2000). But, at the same time they showed less
intestinal inflammation. Indeed,Mcpt1 can potentially degrade tight
junction proteins such as occludin weakening the intestinal barrier
thereby promoting intestinal inflammation (Knight et al., 2000;
Lawrence et al., 2004). In a more chronic model, where the parasite
had already infested skeletal muscles, it was rather Mcpt-6 tryptase
that provided protection as live cysts increased in Mcpt-6-deficient
mice due to a deficiency in anti-parasitic eosinophil infiltration
(Shin et al., 2008). Proteases were also directly shown to kill
parasites. Thus, SAG-1 surface antigen IgG-opsonized Toxoplasma
gondii tachyzoites opsonized when co-cultured with MCs induced
a polarized degranulation toward the parasite resulting in the
tryptase-dependent parasite death (Joulia et al., 2015). While no
specific role of histamine became apparent in helminth infection it
appeared to play a detrimental role in malaria infection. Inhibition
of histamine-mediated signaling conferred significant protection
against severe malaria in mouse models of disease altering intestinal
permeability (Beghdadi et al., 2008; Potts et al., 2016).

Concerning bacterial infection, the initial studies showing a
protective effect of MC in bacterial sepsis indicated that it was the
TNF cytokine prestored in MC LROs that conferred protection.
Indeed, in this model TNF gets rapidly mobilized (<60 min) from
LROs enabling rapid neutrophil infiltration, and the protective
effect was abolished with an anti-TNF Ab (Echtenacher et al.,
1996; Malaviya et al., 1996). As already mentioned above the
lysosomal enzyme β-hexosaminidase released from LROs can
inhibit bacterial growth and MC-deficient mice reconstituted
with β-hexosaminidase-deficient MCs were more susceptible in

a model of Staphylococcus epidermidis infection. It was shown
that the enzyme degraded peptidoglycans of its bacterial cell wall,
however, this microbicidal effect did not extend to S. aureus
(Fukuishi et al., 2014). Proteases have also been implicated in
anti-bacterial defense mechanism. Tryptase Mcpt6 (−/−) mice were
unable to eliminateKlebsiella pneumoniae from the peritoneal cavity
with early extravasation of neutrophils to the peritoneal cavity
being blunted (Thakurdas et al., 2007). In this context tryptase was
shown to trigger the neutrophil attracting chemokine CXCL2 from
endothelial cells. Mcpt4, the functional human chymase homologue
was found to mediate protection in urinary tract infections caused
by uropathogenic E. coli as it activated caspase-1 thereby triggering
bladder epithelial cell death and shedding (Choi et al., 2016).
In lower genital tract infections by group B Streptococcus (GBS)
it was found to cleave fibronectin, reducing bacterial adherence
(Gendrin et al., 2018). MCs can also produce and release upon
degranulation the antimicrobial peptide cathelicidin (or LL37),
whichwas shown to prevent invasive groupA Streptococcus infection
of the skin (Di et al., 2008).

Few studies have been performed analyzing the role of MC
granularmediators in viral infectionmodels. St. John and colleagues
investigated the anti-dengue response. It is known that during
secondary infection with a different serotype, poorly neutralizing
Abs can enhance virus uptake leading to a cytokine storm, vascular
permeability, and plasma leakage, which are hallmarks of MC
activation. It was found that in such patients, disease severity
was correlated with MC chymase and tryptase levels (Rathore
and St, 2020). In an experimental model of dengue infection
(Rathore and St, 2020; Syenina et al., 2015; Rathore et al., 2019),
IgG-dependent MC activation induced vascular leakage in WT
but not in MC-deficient mice. MC tryptase was identified as a
key mediator by disrupting endothelial tight junctions (Rathore
and St, 2020; Rathore et al., 2019).

So far, only a few studies have addressed the role of MCs
in the immune response to fungi infections and even less is
known concerning the released mediators (Jiao et al., 2019). The
best studied model is A. fumigatus as it participates in allergic
bronchopulmonary aspergillosis (ABPA) a severe allergic response
further worsening existing lung diseases with detection of specific
IgE antibodies (Urb et al., 2009). Although exposure to Aspergillus
fumigatus hyphae leads to degranulation of MCs both in an IgE-
independent and IgE-dependent manner, MCs do not seem to
inhibit their growth or metabolic activity (Urb et al., 2009).

4.4 Role of LRO exocytosis in the
circulatory system on immune responses

Astudy byAbraham’s groupunexpectedly demonstrated that the
dense cores of LROs, formed by electrostatic interactions between
negatively charged heparin proteoglycans and positively charged
insoluble mediators (e.g., TNF, MC-specific proteases), are secreted
intact as submicrometric particles (Kunder et al., 2009). Strikingly,
these secreted particles have demonstrated long-range functional
activity by circulating through the lymphatic system to the
draining lymph nodes, where they reinforcing immune responses
(Kunder et al., 2009). As MC-derived particles are considered as a
novel form of long-distance transport of inflammatory mediators,
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it has been proposed to use synthetic MC granules as adjuvants in
vaccines to modulate immune responses (St John et al., 2012). MC-
derived particles can pass through the spaces between endothelial
cells into lymphatic vessels (Kunder et al., 2009). In blood vessels,
studies demonstrate that perivascular MCs interact directly with
blood vessels by extending cytoplasmic projections into the vascular
lumen (Dudeck et al., 2021; Link et al., 2024; Cheng et al., 2013).
Upon activation (e.g., exposure to DNFB, IgE cross-linking), these
MCs release LRO contents directionally into the bloodstream. This
polarized degranulation ensures the diffusion of mediators such as
TNF into the circulation, enabling the recruitment of neutrophils
at the inflammatory site (Dudeck et al., 2021). The close contacts
between MCs and vascular endothelium is dependent on integrin
β1. Indeed, genetic deletion of Itgb1 gene in MCs disrupted these
interactions and abrogated anaphylactic responses to blood-borne
allergens, highlighting its critical role in MC-mediated vascular
communication (Link et al., 2024).

5 Conclusive remarks

Unwittingly visualized almost two centuries ago, MC LROs play
a pivotal role in the immune surveillance function of MCs. These
organelles exhibit dual functionality, mediating protective effects
such as microbial defense and venom detoxification, while also
contributing to pathological outcomes like allergic inflammation,
depending on the context of MC activation. Research on LROs
has considerably enriched our understanding of the molecular
mechanisms that govern their biogenesis, transport, secretion and
overall function, notably through the use of genetically engineered
mouse models. Future studies will focus on novel protocols
combining functional genomics (based on RNA interference
or CRISPR-Cas9 genome editing) with high-resolution confocal
microscopy enabling the precise identification of new regulators
of MC degranulation (Folkerts et al., 2020). The studies of LRO
composition have identified histamine as a key mediator of
allergic reactions, leading to the development of anti-histamines
as therapeutic agents. Additionally, insights into the inherent
properties of their dense core, capable of long-distance transport to
lymph nodes via the bloodstream, have enabled the development
of synthetic MC granules. These engineered particles have been
explored as tools to modulate immune responses in vaccine
development. Thus, in the future, targeting specific genes expressed
in MCs that regulate LRO maturation and secretory pathways may
enable the development of novel therapeutics treatments for both
allergic and non-allergic diseases driven by MCs.

Author contributions

JM-H:Writing – original draft. KZ:Writing – original draft. UB:
Writing – original draft, Writing – review and editing. GM: Writing
– original draft, Writing – review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the french society of allergology (SFA) in 2022 to GM, the
STRATEX funding from Paris Cité University to GM, the ARC
foundation (PJA 2021060003805) to GM, and La Ligue Contre
le Cancer (N/Ref:RS22/75-2; N/Ref:RS23/75-4; N/Ref:RS24/75-3;
N/Ref:RS25/75-2) to GM, the Investissements d’Avenir program
(grant: ANR-10-IAHU-01). KZ received a PPU-PhD international
grant from the Institut Imagine. This work was also supported
by the Investissements d’Avenir program ANR-19-CE15-0016
IDEA, ANR-11-IDEX-0005-02 (Sorbonne Paris Cite, Laboratoire
d’excellence INFLAMEX). J.E.M-H. obtained a fellowship from
Conahcyt (2020-000003-01EXTF-00030, CVU: 442692) and from
the ANR-23-CE17-0022.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

References

Abraham, S. N., and St John, A. L. (2010). Mast cell-orchestrated immunity to
pathogens. Nat. Rev. Immunol. 10 (6), 440–452. doi:10.1038/nri2782

Abrink, M., Grujic, M., and Pejler, G. (2004). Serglycin is essential for
maturation of mast cell secretory granule. J. Biol. Chem. 279 (39), 40897–40905.
doi:10.1074/jbc.M405856200

Agarwal, V., Naskar, P., Agasti, S., Khurana, G. K., Vishwakarma, P., Lynn, A. M.,
et al. (2019). The cysteine-rich domain of synaptosomal-associated protein of 23 kDa
(SNAP-23) regulates its membrane association and regulated exocytosis from mast

cells. Biochim. Biophys. Acta Mol. Cell Res. 1866 (10), 1618–1633. doi:10.1016/j.bbamcr.
2019.06.015

Anderson, E., Stavenhagen, K., Kolarich, D., Sommerhoff, C. P., Maurer, M.,
and Metz, M. (2018). Human mast cell tryptase is a potential treatment for
snakebite envenoming across multiple snake species. Front. Immunol. 9, 1532.
doi:10.3389/fimmu.2018.01532

Azouz, N. P., Hammel, I., and Sagi-Eisenberg, R. (2014a). Characterization of
mast cell secretory granules and their cell biology. DNA Cell Biol. 33 (10), 647–651.
doi:10.1089/dna.2014.2543

Frontiers in Cell and Developmental Biology 11 frontiersin.org

https://doi.org/10.3389/fcell.2025.1613677
https://doi.org/10.1038/nri2782
https://doi.org/10.1074/jbc.M405856200
https://doi.org/10.1016/j.bbamcr.2019.06.015
https://doi.org/10.1016/j.bbamcr.2019.06.015
https://doi.org/10.3389/fimmu.2018.01532
https://doi.org/10.1089/dna.2014.2543
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Montero-Hernández et al. 10.3389/fcell.2025.1613677

Azouz, N. P., Matsui, T., Fukuda, M., and Sagi-Eisenberg, R. (2012). Decoding the
regulation of mast cell exocytosis by networks of Rab GTPases. J. Immunol. 189 (5),
2169–2180. doi:10.4049/jimmunol.1200542

Azouz, N. P., Zur, N., Efergan, A., Ohbayashi, N., Fukuda, M., Amihai, D., et al.
(2014b). Rab5 is a novel regulator of mast cell secretory granules: impact on size, cargo,
and exocytosis. J. Immunol. 192 (9), 4043–4053. doi:10.4049/jimmunol.1302196

Banushi, B., and Simpson, F. (2022). Overlapping machinery in lysosome-related
organelle trafficking: a lesson from rare multisystem disorders. Cells 11 (22), 3702.
doi:10.3390/cells11223702

Baram, D., Vaday, G. G., Salamon, P., Drucker, I., Hershkoviz, R., and Mekori, Y.
A. (2001). Human mast cells release metalloproteinase-9 on contact with activated
T cells: juxtacrine regulation by TNF-alpha. J. Immunol. 167 (7), 4008–4016.
doi:10.4049/jimmunol.167.7.4008

Beghdadi, W., Madjene, L. C., Benhamou, M., Charles, N., Gautier, G., Launay,
P., et al. (2011). Mast cells as cellular sensors in inflammation and immunity. Front.
Immunol. 2, 37. doi:10.3389/fimmu.2011.00037

Beghdadi, W., Porcherie, A., Schneider, B. S., Dubayle, D., Peronet, R., Huerre, M.,
et al. (2008). Inhibition of histamine-mediated signaling confers significant protection
against severe malaria in mouse models of disease. J. Exp. Med. 205 (2), 395–408.
doi:10.1084/jem.20071548

Blank, U., Falcone, F. H., and Nilsson, G. (2013). The history of mast cell and
basophil research - some lessons learnt from the last century.Allergy 68 (9), 1093–1101.
doi:10.1111/all.12197

Blank, U., Huang, H., and Kawakami, T. (2021). The high affinity IgE receptor: a
signaling update. Curr. Opin. Immunol. 72, 51–58. doi:10.1016/j.coi.2021.03.015

Blank, U., Madera-Salcedo, I. K., Danelli, L., Claver, J., Tiwari, N., Sanchez-Miranda,
E., et al. (2014). Vesicular trafficking and signaling for cytokine and chemokine
secretion in mast cells. Front. Immunol. 5, 453. doi:10.3389/fimmu.2014.00453

Blank, U., and Rivera, J. (2004). The ins and outs of IgE-dependent mast-cell
exocytosis. Trends Immunol. 25 (5), 266–273. doi:10.1016/j.it.2004.03.005

Braga, T., Grujic, M., Lukinius, A., Hellman, L., Abrink, M., and Pejler, G. (2007).
Serglycin proteoglycan is required for secretory granule integrity in mucosal mast cells.
Biochem. J. 403 (1), 49–57. doi:10.1042/BJ20061257

Breil, I., Koch, T., Belz, M., Van Ackern, K., and Neuhof, H. (1997).
Effects of bradykinin, histamine and serotonin on pulmonary vascular
resistance and permeability. Acta Physiol. Scand. 159 (3), 189–198.
doi:10.1046/j.1365-201X.1997.549324000.x

Brochetta, C., Suzuki, R., Vita, F., Soranzo, M. R., Claver, J., Madjene, L. C.,
et al. (2014). Munc18-2 and syntaxin 3 control distinct essential steps in mast cell
degranulation. J. Immunol. 192 (1), 41–51. doi:10.4049/jimmunol.1301277

Brunger, A. T., Choi, U. B., Lai, Y., Leitz, J., White, K. I., and Zhou, Q.
(2019). The pre-synaptic fusion machinery. Curr. Opin. Struct. Biol. 54, 179–188.
doi:10.1016/j.sbi.2019.03.007

Cardenas, R. A., Gonzalez, R., Sanchez, E., Ramos, M. A., Cardenas, E. I., Rodarte,
A. I., et al. (2021). SNAP23 is essential for platelet and mast cell development and
required in connective tissue mast cells for anaphylaxis. J. Biol. Chem. 296, 100268.
doi:10.1016/j.jbc.2021.100268

Caughey, G. H. (2007). Mast cell tryptases and chymases in inflammation and host
defense. Immunol. Rev. 217, 141–154. doi:10.1111/j.1600-065X.2007.00509.x

Caughey, G. H. (2016). Mast cell proteases as pharmacological targets. Eur. J.
Pharmacol. 778, 44–55. doi:10.1016/j.ejphar.2015.04.045

Charles, N., and Blank, U. (2025). IgE-mediated activation ofmast cells and basophils
in health and disease. Immunol. Rev. 331 (1), e70024. doi:10.1111/imr.70024

Cheng, L. E., Hartmann, K., Roers, A., Krummel, M. F., and Locksley, R. M.
(2013). Perivascular mast cells dynamically probe cutaneous blood vessels to capture
immunoglobulin E. Immunity 38 (1), 166–175. doi:10.1016/j.immuni.2012.09.022

Choi, H. W., Bowen, S. E., Miao, Y., Chan, C. Y., Miao, E. A., Abrink, M., et al. (2016).
Loss of bladder epithelium induced by cytolytic mast cell granules. Immunity 45 (6),
1258–1269. doi:10.1016/j.immuni.2016.11.003

Chua, J. J., Butkevich, E., Worseck, J. M., Kittelmann, M., Gronborg, M., Behrmann,
E., et al. (2012). Phosphorylation-regulated axonal dependent transport of syntaxin 1
is mediated by a Kinesin-1 adapter. Proc. Natl. Acad. Sci. U. S. A. 109 (15), 5862–5867.
doi:10.1073/pnas.1113819109

Delevoye, C., Marks, M. S., and Raposo, G. (2019). Lysosome-related organelles as
functional adaptations of the endolysosomal system. Curr. Opin. Cell Biol. 59, 147–158.
doi:10.1016/j.ceb.2019.05.003

Di, N. A., Yamasaki, K., Dorschner, R. A., Lai, Y., and Gallo, R. L. (2008). Mast cell
cathelicidin antimicrobial peptide prevents invasive group A Streptococcus infection of
the skin. J. Immunol. 180 (11), 7565–7573. doi:10.4049/jimmunol.180.11.7565

Dragonetti, A., Baldassarre, M., Castino, R., Demoz, M., Luini, A., Buccione, R., et al.
(2000). The lysosomal protease cathepsin D is efficiently sorted to and secreted from
regulated secretory compartments in the rat basophilic/mast cell line RBL. J. Cell Sci.
113 (Pt 18), 3289–3298. doi:10.1242/jcs.113.18.3289

Du, T. Y., Hall, S. R., Chung, F., Kurdyukov, S., Crittenden, E., Patel, K.,
et al. (2024). Molecular dissection of cobra venom highlights heparinoids as an
antidote for spitting cobra envenoming. Sci. Transl. Med. 16 (756), eadk4802.
doi:10.1126/scitranslmed.adk4802

Dudeck, J., Kotrba, J., Immler, R., Hoffmann, A., Voss, M., Alexaki, V. I.,
et al. (2021). Directional mast cell degranulation of tumor necrosis factor into
blood vessels primes neutrophil extravasation. Immunity 54 (3), 468–483.e5.
doi:10.1016/j.immuni.2020.12.017

Dvorak, A.M. (2005). Piecemeal degranulation of basophils andmast cells is effected
by vesicular transport of stored secretory granule contents. Chem. Immunol. Allergy 85,
135–184. doi:10.1159/000086516

Dvorak, A. M., Tepper, R. I., Weller, P. F., Morgan, E. S., Estrella, P., Monahan-Earley,
R. A., et al. (1994). Piecemeal degranulation of mast cells in the inflammatory eyelid
lesions of interleukin-4 transgenic mice. Evidence of mast cell histamine release in vivo
by diamine oxidase-gold enzyme-affinity ultrastructural cytochemistry. Blood 83 (12),
3600–3612. doi:10.1182/blood.v83.12.3600.3600

Dwyer, D. F., Ordovas-Montanes, J., Allon, S. J., Buchheit, K. M., Vukovic, M.,
Derakhshan, T., et al. (2021). Human airway mast cells proliferate and acquire distinct
inflammation-driven phenotypes during type 2 inflammation. Sci. Immunol. 6 (56),
eabb7221. doi:10.1126/sciimmunol.abb7221

Echtenacher, B., Mannel, D. N., and Hultner, L. (1996). Critical protective role
of mast cells in a model of acute septic peritonitis. Nature 381 (6577), 75–77.
doi:10.1038/381075a0

Efergan, A., Azouz, N. P., Klein, O., Noguchi, K., Rothenberg, M. E., Fukuda, M.,
et al. (2016). Rab12 regulates retrograde transport of mast cell secretory granules
by interacting with the RILP-dynein complex. J. Immunol. 196 (3), 1091–1101.
doi:10.4049/jimmunol.1500731

Elieh-Ali-Komi, D., Shafaghat, F., Alipoor, S. D., Kazemi, T., Atiakshin, D., Pyatilova,
P., et al. (2025). Immunomodulatory significance of mast cell exosomes (MC-
EXOs) in immune response coordination. Clin. Rev. Allergy Immunol. 68 (1), 20.
doi:10.1007/s12016-025-09033-6

Elstak, E. D., Neeft, M., Nehme, N. T., Voortman, J., Cheung, M., Goodarzifard,
M., et al. (2011). The munc13-4-rab27 complex is specifically required for
tethering secretory lysosomes at the plasma membrane. Blood 118 (6), 1570–1578.
doi:10.1182/blood-2011-02-339523

Enerback, L. (1966a). Mast cells in rat gastrointestinal mucosa. 2. Dye-binding
and metachromatic properties. Acta Pathol. Microbiol. Scand. 66 (3), 303–312.
doi:10.1111/apm.1966.66.3.303

Enerback, L. (1966b). Mast cells in rat gastrointestinal mucosa. I. Effects of fixation.
Acta Pathol. Microbiol. Scand. 66 (3), 289–302. doi:10.1111/apm.1966.66.3.289

Florsheim, E. B., Bachtel, N. D., Cullen, J. L., Lima, B. G. C., Godazgar, M., Carvalho,
F., et al. (2023). Immune sensing of food allergens promotes avoidance behaviour.
Nature 620 (7974), 643–650. doi:10.1038/s41586-023-06362-4

Folkerts, J., Gaudenzio, N., Maurer, M., Hendriks, R. W., Stadhouders, R., Tam, S.
Y., et al. (2020). Rapid identification of human mast cell degranulation regulators using
functional genomics coupled to high-resolution confocal microscopy. Nat. Protoc. 15
(3), 1285–1310. doi:10.1038/s41596-019-0288-6

Forsberg, E., Pejler, G., Ringvall, M., Lunderius, C., Tomasini-Johansson, B., Kusche-
Gullberg, M., et al. (1999). Abnormal mast cells in mice deficient in a heparin-
synthesizing enzyme. Nature 400 (6746), 773–776. doi:10.1038/23488

Fujita, Y., Shirataki, H., Sakisaka, T., Asakura, T., Ohya, T., Kotani, H., et al.
(1998). Tomosyn: a syntaxin-1-binding protein that forms a novel complex in
the neurotransmitter release process. Neuron 20 (5), 905–915. doi:10.1016/s0896-
6273(00)80472-9

Fukuishi, N., Murakami, S., Ohno, A., Yamanaka, N., Matsui, N., Fukutsuji, K., et al.
(2014). Does beta-hexosaminidase function only as a degranulation indicator in mast
cells? The primary role of beta-hexosaminidase in mast cell granules. J. Immunol. 193
(4), 1886–1894. doi:10.4049/jimmunol.1302520

Galli, S. J., Gaudenzio, N., and Tsai, M. (2020a). Mast cells in inflammation and
disease: recent progress and ongoing concerns. Annu. Rev. Immunol. 38, 49–77.
doi:10.1146/annurev-immunol-071719-094903

Galli, S. J., Metz, M., Starkl, P., Marichal, T., and Tsai, M. (2020b). Mast cells and IgE
in defense against lethality of venoms: possible “benefit” of allergy. Allergo J. Int. 29 (2),
46–62. doi:10.1007/s40629-020-00118-6

Galli, S. J., Nakae, S., and Tsai, M. (2005). Mast cells in the development of adaptive
immune responses. Nat. Immunol. 6 (2), 135–142. doi:10.1038/ni1158

Galli, S. J., Tsai, M., and Piliponsky, A. M. (2008). The development of allergic
inflammation. Nature 454 (7203), 445–454. doi:10.1038/nature07204

Gaudenzio, N., Sibilano, R., Marichal, T., Starkl, P., Reber, L. L., Cenac, N., et al.
(2016). Different activation signals induce distinct mast cell degranulation strategies.
J. Clin. Invest 126 (10), 3981–3998. doi:10.1172/JCI85538

Gendrin, C., Shubin, N. J., Boldenow, E., Merillat, S., Clauson, M., Power, D., et al.
(2018). Mast cell chymase decreases the severity of group B Streptococcus infections. J.
Allergy Clin. Immunol. 142 (1), 120–129.e6. doi:10.1016/j.jaci.2017.07.042

Frontiers in Cell and Developmental Biology 12 frontiersin.org

https://doi.org/10.3389/fcell.2025.1613677
https://doi.org/10.4049/jimmunol.1200542
https://doi.org/10.4049/jimmunol.1302196
https://doi.org/10.3390/cells11223702
https://doi.org/10.4049/jimmunol.167.7.4008
https://doi.org/10.3389/fimmu.2011.00037
https://doi.org/10.1084/jem.20071548
https://doi.org/10.1111/all.12197
https://doi.org/10.1016/j.coi.2021.03.015
https://doi.org/10.3389/fimmu.2014.00453
https://doi.org/10.1016/j.it.2004.03.005
https://doi.org/10.1042/BJ20061257
https://doi.org/10.1046/j.1365-201X.1997.549324000.x
https://doi.org/10.4049/jimmunol.1301277
https://doi.org/10.1016/j.sbi.2019.03.007
https://doi.org/10.1016/j.jbc.2021.100268
https://doi.org/10.1111/j.1600-065X.2007.00509.x
https://doi.org/10.1016/j.ejphar.2015.04.045
https://doi.org/10.1111/imr.70024
https://doi.org/10.1016/j.immuni.2012.09.022
https://doi.org/10.1016/j.immuni.2016.11.003
https://doi.org/10.1073/pnas.1113819109
https://doi.org/10.1016/j.ceb.2019.05.003
https://doi.org/10.4049/jimmunol.180.11.7565
https://doi.org/10.1242/jcs.113.18.3289
https://doi.org/10.1126/scitranslmed.adk4802
https://doi.org/10.1016/j.immuni.2020.12.017
https://doi.org/10.1159/000086516
https://doi.org/10.1182/blood.v83.12.3600.3600
https://doi.org/10.1126/sciimmunol.abb7221
https://doi.org/10.1038/381075a0
https://doi.org/10.4049/jimmunol.1500731
https://doi.org/10.1007/s12016-025-09033-6
https://doi.org/10.1182/blood-2011-02-339523
https://doi.org/10.1111/apm.1966.66.3.303
https://doi.org/10.1111/apm.1966.66.3.289
https://doi.org/10.1038/s41586-023-06362-4
https://doi.org/10.1038/s41596-019-0288-6
https://doi.org/10.1038/23488
https://doi.org/10.1016/s0896-6273(00)80472-9
https://doi.org/10.1016/s0896-6273(00)80472-9
https://doi.org/10.4049/jimmunol.1302520
https://doi.org/10.1146/annurev-immunol-071719-094903
https://doi.org/10.1007/s40629-020-00118-6
https://doi.org/10.1038/ni1158
https://doi.org/10.1038/nature07204
https://doi.org/10.1172/JCI85538
https://doi.org/10.1016/j.jaci.2017.07.042
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Montero-Hernández et al. 10.3389/fcell.2025.1613677

Gillis, C. M., Jonsson, F., Mancardi, D. A., Tu, N., Beutier, H., Van Rooijen, N.,
et al. (2017). Mechanisms of anaphylaxis in human low-affinity IgG receptor locus
knock-in mice. J. Allergy Clin. Immunol. 139 (4), 1253–1265.e14. doi:10.1016/j.jaci.
2016.06.058

Gordon, J. R., and Galli, S. J. (1990). Mast cells as a source of both preformed
and immunologically inducible TNF-alpha/cachectin. Nature 346 (6281), 274–276.
doi:10.1038/346274a0

Griffin, L. S., andGloster, T.M. (2017).The enzymatic degradation of heparan sulfate.
Protein Pept. Lett. 24 (8), 710–722. doi:10.2174/0929866524666170724113452

Grimberg, E., Peng, Z., Hammel, I., and Sagi-Eisenberg, R. (2003). Synaptotagmin
III is a critical factor for the formation of the perinuclear endocytic recycling
compartment and determination of secretory granules size. J. Cell Sci. 116 (Pt 1),
145–154. doi:10.1242/jcs.00186

Grujic, M., Calounova, G., Eriksson, I., Feyerabend, T., Rodewald, H. R.,
Tchougounova, E., et al. (2013). Distorted secretory granule composition in
mast cells with multiple protease deficiency. J. Immunol. 191 (7), 3931–3938.
doi:10.4049/jimmunol.1301441

Guo, Z., Turner, C., and Castle, D. (1998). Relocation of the t-SNARE SNAP-23 from
lamellipodia-like cell surface projections regulates compound exocytosis in mast cells.
Cell 94 (4), 537–548. doi:10.1016/s0092-8674(00)81594-9

Gushulak, L., Hemming, R., Martin, D., Seyrantepe, V., Pshezhetsky, A., and
Triggs-Raine, B. (2012). Hyaluronidase 1 and beta-hexosaminidase have redundant
functions in hyaluronan and chondroitin sulfate degradation. J. Biol. Chem. 287 (20),
16689–16697. doi:10.1074/jbc.M112.350447

Gutierrez, B. A., Chavez,M.A., Rodarte, A. I., Ramos,M.A., Dominguez, A., Petrova,
Y., et al. (2018). Munc18-2, but not Munc18-1 or Munc18-3, controls compound and
single-vesicle-regulated exocytosis in mast cells. J. Biol. Chem. 293 (19), 7148–7159.
doi:10.1074/jbc.RA118.002455

Hagan, P., Blumenthal, U. J., Dunn, D., Simpson, A. J., and Wilkins, H. A. (1991).
Human IgE, IgG4 and resistance to reinfection with schistosoma haematobium.Nature
349 (6306), 243–245. doi:10.1038/349243a0

Hammel, I., Dvorak, A. M., Peters, S. P., Schulman, E. S., Dvorak, H. F.,
Lichtenstein, L. M., et al. (1985). Differences in the volume distributions of human
lung mast cell granules and lipid bodies: evidence that the size of these organelles
is regulated by distinct mechanisms. J. Cell Biol. 100 (5), 1488–1492. doi:10.1083/jcb.
100.5.1488

Hammel, I., Lagunoff, D., and Galli, S. J. (2010). Regulation of secretory granule size
by the precise generation and fusion of unit granules. J. CellMol.Med. 14 (7), 1904–1916.
doi:10.1111/j.1582-4934.2010.01071.x

Hammel, I., Lagunoff, D., and Kruger, P. G. (1989). Recovery of rat mast cells after
secretion: a morphometric study. Exp. Cell Res. 184 (2), 518–523. doi:10.1016/0014-
4827(89)90349-2

Henningsson, F., Yamamoto, K., Saftig, P., Reinheckel, T., Peters, C., Knight, S. D.,
et al. (2005). A role for cathepsin E in the processing of mast-cell carboxypeptidase A.
J. Cell Sci. 118 (Pt 9), 2035–2042. doi:10.1242/jcs.02333

Higashio, H., Nishimura, N., Ishizaki, H., Miyoshi, J., Orita, S., Sakane,
A., et al. (2008). Doc2 alpha and Munc13-4 regulate Ca(2+) -dependent
secretory lysosome exocytosis in mast cells. J. Immunol. 180 (7), 4774–4784.
doi:10.4049/jimmunol.180.7.4774

Higashio, H., Satoh, Y., and Saino, T. (2016). Mast cell degranulation is negatively
regulated by the Munc13-4-binding small-guanosine triphosphatase Rab37. Sci. Rep. 6,
22539. doi:10.1038/srep22539

Hong, W. (2005). SNAREs and traffic. Biochim. Biophys. Acta 1744 (3), 120–144.
doi:10.1016/j.bbamcr.2005.03.014

Hu, S. H., Latham, C. F., Gee, C. L., James, D. E., and Martin, J. L. (2007). Structure
of the Munc18c/Syntaxin4 N-peptide complex defines universal features of the N-
peptide binding mode of Sec1/Munc18 proteins. Proc. Natl. Acad. Sci. U. S. A. 104 (21),
8773–8778. doi:10.1073/pnas.0701124104

Humphries, D. E., Wong, G. W., Friend, D. S., Gurish, M. F., Qiu, W. T., Huang, C.,
et al. (1999). Heparin is essential for the storage of specific granule proteases in mast
cells. Nature 400 (6746), 769–772. doi:10.1038/23481

Irani, A. A., Schechter, N. M., Craig, S. S., DeBlois, G., and Schwartz, L. B. (1986).
Two types of human mast cells that have distinct neutral protease compositions. Proc.
Natl. Acad. Sci. U. S. A. 83 (12), 4464–4468. doi:10.1073/pnas.83.12.4464

Jahn, R., and Scheller, R. H. (2006). SNAREs–engines for membrane fusion.Nat. Rev.
Mol. Cell Biol. 7 (9), 631–643. doi:10.1038/nrm2002

Jiao, Q., Luo, Y., Scheffel, J., Zhao, Z., and Maurer, M. (2019). The complex role of
mast cells in fungal infections. Exp. Dermatol 28 (7), 749–755. doi:10.1111/exd.13907

Jimenez, M., Cervantes-Garcia, D., Cordova-Davalos, L. E., Perez-Rodriguez,
M. J., Gonzalez-Espinosa, C., and Salinas, E. (2021). Responses of mast cells
to pathogens: beneficial and detrimental roles. Front. Immunol. 12, 685865.
doi:10.3389/fimmu.2021.685865

Joulia, R., Gaudenzio, N., Rodrigues, M., Lopez, J., Blanchard, N., Valitutti, S.,
et al. (2015). Mast cells form antibody-dependent degranulatory synapse for dedicated
secretion and defence. Nat. Commun. 6, 6174. doi:10.1038/ncomms7174

Joulia, R., Puttur, F., Stolting, H., Traves, W. J., Entwistle, L. J., Voitovich, A., et al.
(2024).Mast cell activation disrupts interactions between endothelial cells and pericytes
during early life allergic asthma. J. Clin. Invest 134 (6), e173676. doi:10.1172/JCI173676

Kadowaki, T., Yamaguchi, Y., Kido, M. A., Abe, T., Ogawa, K., Tokuhisa, M., et al.
(2020). The large GTPase Rab44 regulates granule exocytosis in mast cells and IgE-
mediated anaphylaxis.CellMol. Immunol. 17 (12), 1287–1289. doi:10.1038/s41423-020-
0413-z

Karasuyama, H., Miyake, K., Yoshikawa, S., and Yamanishi, Y. (2018). Multifaceted
roles of basophils in health and disease. J. Allergy Clin. Immunol. 142 (2), 370–380.
doi:10.1016/j.jaci.2017.10.042

Klein, O., Roded, A., Zur, N., Azouz, N. P., Pasternak, O., Hirschberg, K., et al.
(2017). Rab5 is critical for SNAP23 regulated granule-granule fusion during compound
exocytosis. Sci. Rep. 7 (1), 15315. doi:10.1038/s41598-017-15047-8

Kloepper, T. H., Kienle, C. N., and Fasshauer, D. (2007). An elaborate classification
of SNARE proteins sheds light on the conservation of the eukaryotic endomembrane
system. Mol. Biol. Cell 18 (9), 3463–3471. doi:10.1091/mbc.e07-03-0193

Knight, P. A., Wright, S. H., Lawrence, C. E., Paterson, Y. Y., and Miller, H. R. (2000).
Delayed expulsion of the nematode Trichinella spiralis in mice lacking the mucosal
mast cell-specific granule chymase, mouse mast cell protease-1. J. Exp. Med. 192 (12),
1849–1856. doi:10.1084/jem.192.12.1849

Kobayashi, T., Shimabukuro-Demoto, S., Tsutsui, H., and Toyama-Sorimachi, N.
(2019). Type I interferon limits mast cell-mediated anaphylaxis by controlling secretory
granule homeostasis. PLoS Biol. 17 (11), e3000530. doi:10.1371/journal.pbio.3000530

Kobayashi, T., Tsutsui, H., Shimabukuro-Demoto, S., Yoshida-Sugitani, R., Karyu,H.,
Furuyama-Tanaka, K., et al. (2017). Lysosome biogenesis regulated by the amino-acid
transporter SLC15A4 is critical for functional integrity of mast cells. Int. Immunol. 29
(12), 551–566. doi:10.1093/intimm/dxx063

Koledova, Z., Sumbal, J., Rabata, A., de La Bourdonnaye, G., Chaloupkova, R.,
Hrdlickova, B., et al. (2019). Fibroblast growth factor 2 protein stability provides
decreased dependence on heparin for induction of FGFR signaling and alters ERK
signaling dynamics. Front. Cell Dev. Biol. 7, 331. doi:10.3389/fcell.2019.00331

Krystel-Whittemore, M., Dileepan, K. N., and Wood, J. G. (2015). Mast cell: a
multi-functional master cell. Front. Immunol. 6, 620. doi:10.3389/fimmu.2015.00620

Kunder, C. A., St John, A. L., Li, G., Leong, K. W., Berwin, B., Staats, H. F., et al.
(2009). Mast cell-derived particles deliver peripheral signals to remote lymph nodes. J.
Exp. Med. 206 (11), 2455–2467. doi:10.1084/jem.20090805

Kushnir-Sukhov, N. M., Brown, J. M., Wu, Y., Kirshenbaum, A., and Metcalfe, D. D.
(2007). Human mast cells are capable of serotonin synthesis and release. J. Allergy Clin.
Immunol. 119 (2), 498–499. doi:10.1016/j.jaci.2006.09.003

Lawrence, C. E., Paterson, Y. Y., Wright, S. H., Knight, P. A., and Miller, H.
R. (2004). Mouse mast cell protease-1 is required for the enteropathy induced by
gastrointestinal helminth infection in the mouse. Gastroenterology 127 (1), 155–165.
doi:10.1053/j.gastro.2004.04.004

Li, Y., Wang, S., Li, T., Zhu, L., and Ma, C. (2018). Tomosyn guides SNARE complex
formation in coordination with Munc18 and Munc13. FEBS Lett. 592 (7), 1161–1172.
doi:10.1002/1873-3468.13018

Link, K., Muhandes, L., Polikarpova, A., Lammermann, T., Sixt, M., Fassler, R., et al.
(2024). Integrin β1-mediated mast cell immune-surveillance of blood vessel content. J.
Allergy Clin. Immunol. 154 (3), 745–753. doi:10.1016/j.jaci.2024.03.022

Longe, C., Bratti, M., Kurowska, M., Vibhushan, S., David, P., Desmeure, V., et al.
(2022). Rab44 regulates murine mast cell-driven anaphylaxis through kinesin-1-
dependent secretory granule translocation. J. Allergy Clin. Immunol. 150 (3), 676–689.
doi:10.1016/j.jaci.2022.04.009

Madera-Salcedo, I. K., Danelli, L., Tiwari, N., Dema, B., Pacreau, E., Vibhushan,
S., et al. (2018). Tomosyn functions as a PKCδ-regulated fusion clamp in mast cell
degranulation. Sci. Signal 11 (537), eaan4350. doi:10.1126/scisignal.aan4350

Malaviya, R., Ikeda, T., Ross, E., and Abraham, S. N. (1996). Mast cell modulation of
neutrophil influx and bacterial clearance at sites of infection throughTNF-alpha.Nature
381 (6577), 77–80. doi:10.1038/381077a0

Menasche, G., Longe, C., Bratti, M., and Blank, U. (2021). Cytoskeletal transport,
reorganization, and fusion regulation in mast cell-stimulus secretion coupling. Front.
Cell Dev. Biol. 9, 652077. doi:10.3389/fcell.2021.652077

Mencarelli, A., Bist, P., Choi, H. W., Khameneh, H. J., Mortellaro, A., and Abraham,
S. N. (2024). Anaphylactic degranulation by mast cells requires the mobilization of
inflammasome components. Nat. Immunol. 25 (4), 693–702. doi:10.1038/s41590-024-
01788-y

Metz, M., Piliponsky, A. M., Chen, C. C., Lammel, V., Abrink, M., Pejler, G., et al.
(2006). Mast cells can enhance resistance to snake and honeybee venoms. Science 313
(5786), 526–530. doi:10.1126/science.1128877

Miesenbock, G., De Angelis, D. A., and Rothman, J. E. (1998). Visualizing secretion
and synaptic transmission with pH-sensitive green fluorescent proteins. Nature 394
(6689), 192–195. doi:10.1038/28190

Mihlan, M., Wissmann, S., Gavrilov, A., Kaltenbach, L., Britz, M., Franke, K.,
et al. (2024). Neutrophil trapping and nexocytosis, mast cell-mediated processes for
inflammatory signal relay. Cell. 187 (19), 5316–5335.e28. doi:10.1016/j.cell.2024.07.014

Frontiers in Cell and Developmental Biology 13 frontiersin.org

https://doi.org/10.3389/fcell.2025.1613677
https://doi.org/10.1016/j.jaci.2016.06.058
https://doi.org/10.1016/j.jaci.2016.06.058
https://doi.org/10.1038/346274a0
https://doi.org/10.2174/0929866524666170724113452
https://doi.org/10.1242/jcs.00186
https://doi.org/10.4049/jimmunol.1301441
https://doi.org/10.1016/s0092-8674(00)81594-9
https://doi.org/10.1074/jbc.M112.350447
https://doi.org/10.1074/jbc.RA118.002455
https://doi.org/10.1038/349243a0
https://doi.org/10.1083/jcb.100.5.1488
https://doi.org/10.1083/jcb.100.5.1488
https://doi.org/10.1111/j.1582-4934.2010.01071.x
https://doi.org/10.1016/0014-4827(89)90349-2
https://doi.org/10.1016/0014-4827(89)90349-2
https://doi.org/10.1242/jcs.02333
https://doi.org/10.4049/jimmunol.180.7.4774
https://doi.org/10.1038/srep22539
https://doi.org/10.1016/j.bbamcr.2005.03.014
https://doi.org/10.1073/pnas.0701124104
https://doi.org/10.1038/23481
https://doi.org/10.1073/pnas.83.12.4464
https://doi.org/10.1038/nrm2002
https://doi.org/10.1111/exd.13907
https://doi.org/10.3389/fimmu.2021.685865
https://doi.org/10.1038/ncomms7174
https://doi.org/10.1172/JCI173676
https://doi.org/10.1038/s41423-020-0413-z
https://doi.org/10.1038/s41423-020-0413-z
https://doi.org/10.1016/j.jaci.2017.10.042
https://doi.org/10.1038/s41598-017-15047-8
https://doi.org/10.1091/mbc.e07-03-0193
https://doi.org/10.1084/jem.192.12.1849
https://doi.org/10.1371/journal.pbio.3000530
https://doi.org/10.1093/intimm/dxx063
https://doi.org/10.3389/fcell.2019.00331
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.1084/jem.20090805
https://doi.org/10.1016/j.jaci.2006.09.003
https://doi.org/10.1053/j.gastro.2004.04.004
https://doi.org/10.1002/1873-3468.13018
https://doi.org/10.1016/j.jaci.2024.03.022
https://doi.org/10.1016/j.jaci.2022.04.009
https://doi.org/10.1126/scisignal.aan4350
https://doi.org/10.1038/381077a0
https://doi.org/10.3389/fcell.2021.652077
https://doi.org/10.1038/s41590-024-01788-y
https://doi.org/10.1038/s41590-024-01788-y
https://doi.org/10.1126/science.1128877
https://doi.org/10.1038/28190
https://doi.org/10.1016/j.cell.2024.07.014
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Montero-Hernández et al. 10.3389/fcell.2025.1613677

Mizuno, K., Tolmachova, T., Ushakov, D. S., Romao, M., Abrink, M., Ferenczi, M. A.,
et al. (2007). Rab27b regulates mast cell granule dynamics and secretion. Traffic 8 (7),
883–892. doi:10.1111/j.1600-0854.2007.00571.x

Moon, T. C., Befus, A. D., and Kulka, M. (2014). Mast cell mediators: their
differential release and the secretory pathways involved. Front. Immunol. 5, 569.
doi:10.3389/fimmu.2014.00569

Msallam, R., Balla, J., Rathore, A. P. S., Kared, H., Malleret, B., Saron, W. A. A., et al.
(2020). Fetalmast cellsmediate postnatal allergic responses dependent onmaternal IgE.
Science. 370 (6519), 941–950. doi:10.1126/science.aba0864

Mukai, K., Tsai, M., Saito, H., and Galli, S. J. (2018). Mast cells as sources
of cytokines, chemokines, and growth factors. Immunol. Rev. 282 (1), 121–150.
doi:10.1111/imr.12634

Munoz, I., Danelli, L., Claver, J., Goudin, N., Kurowska, M., Madera-Salcedo, I.
K., et al. (2016). Kinesin-1 controls mast cell degranulation and anaphylaxis through
PI3K-dependent recruitment to the granular Slp3/Rab27b complex. J. Cell Biol. 215 (2),
203–216. doi:10.1083/jcb.201605073

Nakazawa, S., Sakanaka,M., Furuta, K., Natsuhara,M., Takano, H., Tsuchiya, S., et al.
(2014).Histamine synthesis is required for granulematuration inmurinemast cells.Eur.
J. Immunol. 44 (1), 204–214. doi:10.1002/eji.201343838

Nishida, K., Yamasaki, S., Ito, Y., Kabu, K., Hattori, K., Tezuka, T., et al.
(2005). Fc{epsilon}RI-mediated mast cell degranulation requires calcium-independent
microtubule-dependent translocation of granules to the plasma membrane. J. Cell Biol.
170 (1), 115–126. doi:10.1083/jcb.200501111

Ohtsu, H. (2012). Pathophysiologic role of histamine: evidence clarified by histidine
decarboxylase gene knockout mice. Int. Arch. Allergy Immunol. 158 (Suppl. 1), 2–6.
doi:10.1159/000337735

Olszewski, M. B., Groot, A. J., Dastych, J., and Knol, E. F. (2007). TNF trafficking to
human mast cell granules: mature chain-dependent endocytosis. J. Immunol. 178 (9),
5701–5709. doi:10.4049/jimmunol.178.9.5701

Omari, S., Roded, A., Eisenberg,M., Ali, H., Fukuda,M., Galli, S. J., et al. (2024).Mast
cell secretory granule fusion with amphisomes coordinates their homotypic fusion and
release of exosomes. Cell Rep. 43 (7), 114482. doi:10.1016/j.celrep.2024.114482

Palm, N. W., Rosenstein, R. K., and Medzhitov, R. (2012). Allergic host defences.
Nature 484 (7395), 465–472. doi:10.1038/nature11047

Pardo, J., Wallich, R., Ebnet, K., Iden, S., Zentgraf, H., Martin, P., et al. (2007).
Granzyme B is expressed in mouse mast cells in vivo and in vitro and causes
delayed cell death independent of perforin. Cell Death Differ. 14 (10), 1768–1779.
doi:10.1038/sj.cdd.4402183

Pejler, G., Abrink, M., Ringvall, M., and Wernersson, S. (2007). Mast cell proteases.
Adv. Immunol. 95, 167–255. doi:10.1016/S0065-2776(07)95006-3

Pejler, G., Hu Frisk, J. M., Sjostrom, D., Paivandy, A., and Ohrvik, H. (2017). Acidic
pH is essential for maintaining mast cell secretory granule homeostasis. Cell Death Dis.
8 (5), e2785. doi:10.1038/cddis.2017.206

Plum, T., Binzberger, R.,Thiele, R., Shang, F., Postrach,D., Fung, C., et al. (2023).Mast
cells link immune sensing to antigen-avoidance behaviour.Nature 620 (7974), 634–642.
doi:10.1038/s41586-023-06188-0

Pombo, I., Martin-Verdeaux, S., Iannascoli, B., Le Mao, J., Deriano, L., Rivera, J.,
et al. (2001). IgE receptor type I-dependent regulation of a Rab3D-associated kinase:
a possible link in the calcium-dependent assembly of SNARE complexes. J. Biol. Chem.
276 (46), 42893–42900. doi:10.1074/jbc.M103527200

Potts, R. A., Tiffany, C.M., Pakpour, N., Lokken, K. L., Tiffany, C. R., Cheung, K., et al.
(2016). Mast cells and histamine alter intestinal permeability during malaria parasite
infection. Immunobiology 221 (3), 468–474. doi:10.1016/j.imbio.2015.11.003

Prasad, P., Yanagihara, A. A., Small-Howard, A. L., Turner, H., and Stokes, A. J.
(2008). Secretogranin III directs secretory vesicle biogenesis in mast cells in a manner
dependent upon interaction with chromogranin A. J. Immunol. 181 (7), 5024–5034.
doi:10.4049/jimmunol.181.7.5024

Profet, M. (1991). The function of allergy: immunological defense against toxins. Q.
Rev. Biol. 66 (1), 23–62. doi:10.1086/417049

Puri, N., and Roche, P. A. (2008). Mast cells possess distinct secretory granule subsets
whose exocytosis is regulated by different SNARE isoforms. Proc. Natl. Acad. Sci. U. S.
A. 105 (7), 2580–2585. doi:10.1073/pnas.0707854105

Raposo, G., Tenza, D., Mecheri, S., Peronet, R., Bonnerot, C., and Desaymard, C.
(1997). Accumulation of major histocompatibility complex class II molecules in mast
cell secretory granules and their release upon degranulation. Mol. Biol. Cell 8 (12),
2631–2645. doi:10.1091/mbc.8.12.2631

Rathore, A. P., Mantri, C. K., Aman, S. A., Syenina, A., Ooi, J., Jagaraj, C. J., et al.
(2019). Dengue virus-elicited tryptase induces endothelial permeability and shock. J.
Clin. Invest 129 (10), 4180–4193. doi:10.1172/JCI128426

Rathore, A. P., and St, J. A. L. (2020). Protective and pathogenic roles for mast
cells during viral infections. Curr. Opin. Immunol. 66, 74–81. doi:10.1016/j.coi.
2020.05.003

Redegeld, F. A., Yu, Y., Kumari, S., Charles, N., and Blank, U. (2018). Non-IgE
mediated mast cell activation. Immunol. Rev. 282 (1), 87–113. doi:10.1111/imr.12629

Rihet, P., Demeure, C. E., Bourgois, A., Prata, A., and Dessein, A. J. (1991). Evidence
for an association between human resistance to Schistosoma mansoni and high anti-
larval IgE levels. Eur. J. Immunol. 21 (11), 2679–2686. doi:10.1002/eji.1830211106

Rizo, J. (2022). Molecular mechanisms underlying neurotransmitter release. Annu.
Rev. Biophys. 51, 377–408. doi:10.1146/annurev-biophys-111821-104732

Rodarte, E.M., Ramos,M. A., Davalos, A. J., Moreira, D. C., Moreno, D. S., Cardenas,
E. I., et al. (2018). Munc13 proteins control regulated exocytosis in mast cells. J. Biol.
Chem. 293 (1), 345–358. doi:10.1074/jbc.M117.816884

Ronnberg, E., Melo, F. R., and Pejler, G. (2012). Mast cell proteoglycans. J. Histochem
Cytochem 60 (12), 950–962. doi:10.1369/0022155412458927

Ronnberg, E., and Pejler, G. (2012). Serglycin: the master of the mast cell. Methods
Mol. Biol. 836, 201–217. doi:10.1007/978-1-61779-498-8_14

Rothman, J. E., Grushin, K., Bera, M., and Pincet, F. (2023). Turbocharging synaptic
transmission. FEBS Lett. 597 (18), 2233–2249. doi:10.1002/1873-3468.14718

Sanchez, E., Gonzalez, E. A., Moreno, D. S., Cardenas, R. A., Ramos, M. A., Davalos,
A. J., et al. (2019). Syntaxin 3, but not syntaxin 4, is required for mast cell-regulated
exocytosis, where it plays a primary rolemediating compound exocytosis. J. Biol. Chem.
294 (9), 3012–3023. doi:10.1074/jbc.RA118.005532

Sander, L. E., Frank, S. P., Bolat, S., Blank, U., Galli, T., Bigalke, H., et al. (2008). Vesicle
associated membrane protein (VAMP)-7 and VAMP-8, but not VAMP-2 or VAMP-3,
are required for activation-induced degranulation of mature human mast cells. Eur. J.
Immunol. 38 (3), 855–863. doi:10.1002/eji.200737634

Schneider, L. A., Schlenner, S. M., Feyerabend, T. B., Wunderlin, M., and
Rodewald, H. R. (2007). Molecular mechanism of mast cell mediated innate defense
against endothelin and snake venom sarafotoxin. J. Exp. Med. 204 (11), 2629–2639.
doi:10.1084/jem.20071262

Shin, K., Watts, G. F., Oettgen, H. C., Friend, D. S., Pemberton, A. D., Gurish, M. F.,
et al. (2008). Mouse mast cell tryptase mMCP-6 is a critical link between adaptive and
innate immunity in the chronic phase of Trichinella spiralis infection. J. Immunol. 180
(7), 4885–4891. doi:10.4049/jimmunol.180.7.4885

Silver, R. B., Reid, A. C., Mackins, C. J., Askwith, T., Schaefer, U., Herzlinger, D., et al.
(2004). Mast cells: a unique source of renin. Proc. Natl. Acad. Sci. U. S. A. 101 (37),
13607–13612. doi:10.1073/pnas.0403208101

Simons, F. E. (2003). H1-Antihistamines: more relevant than ever in the treatment of
allergic disorders. J. AllergyClin. Immunol. 112 (4 Suppl. l), S42–S52. doi:10.1016/s0091-
6749(03)01876-1

Singh, R. K., Mizuno, K., Wasmeier, C., Wavre-Shapton, S. T., Recchi, C.,
Catz, S. D., et al. (2013). Distinct and opposing roles for Rab27a/Mlph/MyoVa
and Rab27b/Munc13-4 in mast cell secretion. FEBS J. 280 (3), 892–903.
doi:10.1111/febs.12081

Smith, A. J., Pfeiffer, J. R., Zhang, J., Martinez, A. M., Griffiths, G. M., and Wilson,
B. S. (2003). Microtubule-dependent transport of secretory vesicles in RBL-2H3 cells.
Traffic 4 (5), 302–312. doi:10.1034/j.1600-0854.2003.00084.x

Srikanth, S., Woo, J. S., and Gwack, Y. (2017). A large Rab GTPase family in a small
GTPase world. Small GTPases 8 (1), 43–48. doi:10.1080/21541248.2016.1192921

Starkl, P., Gaudenzio, N., Marichal, T., Reber, L. L., Sibilano, R., Watzenboeck, M. L.,
et al. (2022). IgE antibodies increase honeybee venom responsiveness and detoxification
efficiency of mast cells. Allergy 77 (2), 499–512. doi:10.1111/all.14852

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol.
Cell Biol. 10 (8), 513–525. doi:10.1038/nrm2728

St John, A. L., Chan, C. Y., Staats, H. F., Leong, K. W., and Abraham, S. N. (2012).
Synthetic mast-cell granules as adjuvants to promote and polarize immunity in lymph
nodes. Nat. Mater 11 (3), 250–257. doi:10.1038/nmat3222

Sudhof, T. C., and Rothman, J. E. (2009). Membrane fusion: grappling with SNARE
and SM proteins. Science 323 (5913), 474–477. doi:10.1126/science.1161748

Sutton, R. B., Fasshauer, D., Jahn, R., and Brunger, A. T. (1998). Crystal structure of a
SNARE complex involved in synaptic exocytosis at 2.4 A resolution.Nature 395 (6700),
347–353. doi:10.1038/26412

Syenina, A., Jagaraj, C. J., Aman, S. A., Sridharan, A., and St John, A. L. (2015).
Dengue vascular leakage is augmented by mast cell degranulation mediated by
immunoglobulin Fcγ receptors. Elife 4, e05291. doi:10.7554/eLife.05291

Tadokoro, S., Nakanishi, M., and Hirashima, N. (2005). Complexin II facilitates
exocytotic release in mast cells by enhancing Ca2+ sensitivity of the fusion process.
J. Cell Sci. 118 (Pt 10), 2239–2246. doi:10.1242/jcs.02338

Tanaka, S., and Takakuwa, Y. (2016). A method for detailed analysis of the structure
of mast cell secretory granules by negative contrast imaging. Sci. Rep. 6, 23369.
doi:10.1038/srep23369

Tauber, M., Basso, L., Martin, J., Bostan, L., Pinto, M. M., Thierry, G. R., et al. (2023).
Landscape of mast cell populations across organs in mice and humans. J. Exp. Med. 220
(10), e20230570. doi:10.1084/jem.20230570

Thakurdas, S. M., Melicoff, E., Sansores-Garcia, L., Moreira, D. C., Petrova, Y.,
Stevens, R. L., et al. (2007). The mast cell-restricted tryptase mMCP-6 has a critical
immunoprotective role in bacterial infections. J. Biol. Chem. 282 (29), 20809–20815.
doi:10.1074/jbc.M611842200

Frontiers in Cell and Developmental Biology 14 frontiersin.org

https://doi.org/10.3389/fcell.2025.1613677
https://doi.org/10.1111/j.1600-0854.2007.00571.x
https://doi.org/10.3389/fimmu.2014.00569
https://doi.org/10.1126/science.aba0864
https://doi.org/10.1111/imr.12634
https://doi.org/10.1083/jcb.201605073
https://doi.org/10.1002/eji.201343838
https://doi.org/10.1083/jcb.200501111
https://doi.org/10.1159/000337735
https://doi.org/10.4049/jimmunol.178.9.5701
https://doi.org/10.1016/j.celrep.2024.114482
https://doi.org/10.1038/nature11047
https://doi.org/10.1038/sj.cdd.4402183
https://doi.org/10.1016/S0065-2776(07)95006-3
https://doi.org/10.1038/cddis.2017.206
https://doi.org/10.1038/s41586-023-06188-0
https://doi.org/10.1074/jbc.M103527200
https://doi.org/10.1016/j.imbio.2015.11.003
https://doi.org/10.4049/jimmunol.181.7.5024
https://doi.org/10.1086/417049
https://doi.org/10.1073/pnas.0707854105
https://doi.org/10.1091/mbc.8.12.2631
https://doi.org/10.1172/JCI128426
https://doi.org/10.1016/j.coi.2020.05.003
https://doi.org/10.1016/j.coi.2020.05.003
https://doi.org/10.1111/imr.12629
https://doi.org/10.1002/eji.1830211106
https://doi.org/10.1146/annurev-biophys-111821-104732
https://doi.org/10.1074/jbc.M117.816884
https://doi.org/10.1369/0022155412458927
https://doi.org/10.1007/978-1-61779-498-8_14
https://doi.org/10.1002/1873-3468.14718
https://doi.org/10.1074/jbc.RA118.005532
https://doi.org/10.1002/eji.200737634
https://doi.org/10.1084/jem.20071262
https://doi.org/10.4049/jimmunol.180.7.4885
https://doi.org/10.1073/pnas.0403208101
https://doi.org/10.1016/s0091-6749(03)01876-1
https://doi.org/10.1016/s0091-6749(03)01876-1
https://doi.org/10.1111/febs.12081
https://doi.org/10.1034/j.1600-0854.2003.00084.x
https://doi.org/10.1080/21541248.2016.1192921
https://doi.org/10.1111/all.14852
https://doi.org/10.1038/nrm2728
https://doi.org/10.1038/nmat3222
https://doi.org/10.1126/science.1161748
https://doi.org/10.1038/26412
https://doi.org/10.7554/eLife.05291
https://doi.org/10.1242/jcs.02338
https://doi.org/10.1038/srep23369
https://doi.org/10.1084/jem.20230570
https://doi.org/10.1074/jbc.M611842200
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Montero-Hernández et al. 10.3389/fcell.2025.1613677

Tiwari, N., Wang, C. C., Brochetta, C., Ke, G., Vita, F., Qi, Z., et al. (2008). VAMP-8
segregatesmast cell-preformedmediator exocytosis from cytokine trafficking pathways.
Blood 111 (7), 3665–3674. doi:10.1182/blood-2007-07-103309

Tiwari, N., Wang, C. C., Brochetta, C., Scandiuzzi, L., Hong, W., and Blank,
U. (2009). Increased formation of VAMP-3-containing SNARE complexes in mast
cells from VAMP-8 deficient cells. appetite. Inflamm. Res. 58 (Suppl. 1), 13–14.
doi:10.1007/s00011-009-0645-y

Tsai, M., Starkl, P., Marichal, T., and Galli, S. J. (2015). Testing the ’toxin
hypothesis of allergy’: mast cells, IgE, and innate and acquired immune
responses to venoms. Curr. Opin. Immunol. 36, 80–87. doi:10.1016/j.coi.
2015.07.001

Tsukuba, T., Yamaguchi, Y., and Kadowaki, T. (2021). Large rab
GTPases: novel membrane trafficking regulators with a calcium
sensor and functional domains. Int. J. Mol. Sci. 22 (14), 7691.
doi:10.3390/ijms22147691

Urb, M., Pouliot, P., Gravelat, F. N., Olivier, M., and Sheppard, D. C. (2009).
Aspergillus fumigatus induces immunoglobulin E-independent mast cell
degranulation. J. Infect. Dis. 200 (3), 464–472. doi:10.1086/600070

Wernersson, S., and Pejler, G. (2014). Mast cell secretory granules: armed for battle.
Nat. Rev. Immunol. 14 (7), 478–494. doi:10.1038/nri3690

Wolters, P. J., Laig-Webster, M., and Caughey, G. H. (2000). Dipeptidyl peptidase I
cleaves matrix-associated proteins and is expressed mainly by mast cells in normal dog
airways. Am. J. Respir. Cell Mol. Biol. 22 (2), 183–190. doi:10.1165/ajrcmb.22.2.3767

Woska, J. R., Jr., and Gillespie, M. E. (2011). Small-interfering RNA-mediated
identification and regulation of the ternary SNARE complex mediating RBL-
2H3 mast cell degranulation. Scand. J. Immunol. 73 (1), 8–17. doi:10.1111/j.1365-
3083.2010.02471.x

Zhang, W., Lilja, L., Mandic, S. A., Gromada, J., Smidt, K., Janson, J., et al. (2006).
Tomosyn is expressed in beta-cells and negatively regulates insulin exocytosis.Diabetes
55 (3), 574–581. doi:10.2337/diabetes.55.03.06.db05-0015

Frontiers in Cell and Developmental Biology 15 frontiersin.org

https://doi.org/10.3389/fcell.2025.1613677
https://doi.org/10.1182/blood-2007-07-103309
https://doi.org/10.1007/s00011-009-0645-y
https://doi.org/10.1016/j.coi.2015.07.001
https://doi.org/10.1016/j.coi.2015.07.001
https://doi.org/10.3390/ijms22147691
https://doi.org/10.1086/600070
https://doi.org/10.1038/nri3690
https://doi.org/10.1165/ajrcmb.22.2.3767
https://doi.org/10.1111/j.1365-3083.2010.02471.x
https://doi.org/10.1111/j.1365-3083.2010.02471.x
https://doi.org/10.2337/diabetes.55.03.06.db05-0015
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Biogenesis and content of secretory granules
	2.1 Biogenesis and maturation LRO
	2.2 LRO content and heterogeneity

	3 LRO transport and secretion
	3.1 LRO transport
	3.2 LRO fusion machinery regulating MC secretion

	4 The function of the LRO contents beyond its secretion
	4.1 Role of LRO exocytosis on allergic manifestations
	4.2 Role of LRO contents on venom detoxification
	4.3 Role of LRO exocytosis against microbial defense
	4.4 Role of LRO exocytosis in the circulatory system on immune responses

	5 Conclusive remarks
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

