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Mast cells (MCs) have been considered as the core effector cells of allergic diseases.
However, there are evidence suggesting that MCs are involved in the mechanisms of
fungal infection. MCs are mostly located in the border between host and environment and
thus may have easy contact with the external environmental pathogens. These cells
express receptors which can recognize pathogen-associated molecular patterns such as
Toll-like receptors (TLR2/4) and C-type Lectins receptors (Dectin-1/2). Currently, more
and more data indicate that MCs can be interacted with some fungi (Candida albicans,
Aspergillus fumigatus and Sporothrix schenckii). It is demonstrated that MCs can enhance
immunity through triggered degranulation, secretion of cytokines and chemokines,
neutrophil recruitment, or provision of extracellular DNA traps in response to the
stimulation by fungi. In contrast, the involvement of MCs in some immune responses
may lead to more severe symptoms, such as intestinal barrier function loss, development
of allergic bronchial pulmonary aspergillosis and increased area of inflammatory in S.
schenckii infection. This suggests that MCs and their relevant signaling pathways are
potential treatment regimens to prevent the clinically unwanted consequences. However,
it is not yet possible to make definitive statements about the role of MCs during fungal
infection and/or pathomechanisms of fungal diseases. In our article, we aim to review the
function of MCs in fungal infections frommolecular mechanism to signaling pathways, and
illustrate the role of MCs in some common host-fungi interactions.

Keywords: mast cell, fungi, pathogen-associated molecular patterns, Candida albicans, Aspergillus fumigatus,
Sporothrix schenckii
INTRODUCTION

Fungal infections are a serious health problem all over the world. Currently, more than 300 million
people suffer from severe fungal infections, and an estimated over 1.5 million people die from deep
fungal infections each year (1). With broad-spectrum antibiotics used and the increase of
immunodeficiency disease such as acquired immune deficiency syndrome, pathogenic fungi
opportunistic infections showed a trend of rising sharply (2–4). Although early diagnosis and the
use of antifungal drugs have a certain positive effect on the prevention and control of fungal
org June 2021 | Volume 12 | Article 6886591
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infection, there are still some unsolved problems in clinical
practice, such as insufficient evidence of some etiology and
drug resistance.

Both innate immunity and adaptive immunity play an
indispensable role in anti-fungal infection. Mast cells (MCs)
are one of the most important innate immune cells, which can
initiate and regulate innate and adaptive immunity.
Traditionally, MCs have been referred as the key effector cells
of allergic diseases, such as urticaria, allergic rhinitis and
bronchial asthma (5–7). MCs are mostly located in the border
between host and environment such as skin, gastrointestinal and
respiratory mucosa and thus may have easy contact with the
external environmental pathogens (8). In addition, MCs express
a variety of different pattern recognition receptors (PRRs) on
their cell surface to detect bacterial, viral, fungal or parasitic
components known as pathogen-associated molecular patterns
(PAMPs) (9) such as b-glucan, mannan and lipopolysaccharide.
Due to their strategic location and the wide variety of PRRs they
express, many researchers have attempted to explore the
potential immune relationship between MCs and fungal
infection (9–11). Therefore, we will review the role of MCs in
fungal infections from molecular mechanism to signaling
pathways, and illustrate the role of MCs in some common
fungal infections (e.g., Candida albicans (C. albicans),
Aspergillus fumigatus (A. fumigatus) and Sporothrix schenckii
(S. schenckii)) to light new ideas for prevention and treatment.
FUNGI RECOGNITION RECEPTORS
ON MCs

MCs can directly recognize PAMPs via their PRRs and then be
activated. PRRs have comprised mainly five families including
Toll-like receptors (TLRs), C-type lectin-like receptors (CLRs),
Nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)
like receptors (RLRs) and absent-in-melanoma (AIM)-like
receptors (ALRs) (12). Current studies have shown that TLRs
and CLRs are main PRRs in host anti-fungal infection. The
fungal wall is composed of many layers. Any component of the
cell wall could be a potential PAMP. It is reported that the main
molecules that trigger the immune response are chitin, b-glucan,
mannan and others (13).

Toll-Like Receptors (TLRs)
The TLR family is an important group of receptors that
recognize invading microorganisms through innate immunity.
A total of 13 members of the TLRs family have been reported, 10
of which are associated with human including TLR1-10 (14).
TLRs are distributed on a variety of cells including macrophages,
dendritic cells and MCs. Mouse connective tissue-type MCs
(CTMC) express TLR2, TLR4, and TLR5 on cell surface
membrane, whereas TLR3, TLR7, and TLR9 are present both
on the cell membrane and intracellularly (15). TLRs can
recognize and be activated by different PAMPs. Compared
with bone marrow-derived MCs (BMMCs) from wild type
Frontiers in Immunology | www.frontiersin.org 2
mice C57BL/6, a decrease in C. albicans phagocytosis and
nitric oxide (NO) production were detected in TLR2-/- mice
(16). Whereas mannan, extracted from Saccharomyces cerevisiae,
directly activates murine CTMC to initiate the proinflammatory
response via TLR4 (17). When pretreated with TAK242, a small-
molecule-specific inhibitor of TLR4 signaling, CTMC
significantly decreased the generation of cysLT and reactive
oxygen species (ROS) as compared to nontreated MCs in
response to mannan (17). In summary, TLR2 and TLR4 are
the main members of TLRs on MCs with potential to bind
different PAMPs on the surface of fungi and induce subsequent
host immune response.

C-Type Lectin-Like Receptors (CLRs)
CLRs are a family of calcium dependent receptors that bind to
carbohydrates. A total of 17 members have been reported. Lectin
activity of these receptors depends on conserved carbohydrate
recognition domains. CLRs include Dectin-1, Dectin-2,
macrophage-inducible C-type lectin (Mincle), intercellular
adhesion molecule (ICAM-3) and dendritic cell-specific
ICAM3-grabbing non-integrin (DC-SIGN) (18). Studies on
CLR expression and immune function in MCs are still limited.
Dectin-1 is the most commonly studied receptor in CLRs, which
exists in both human and murine MCs. Dectin-1 can recognize
b-glucans and trigger a variety of cellular responses such as
phagocytosis and the production of cytokines. Zymosan, a b-
glucan derived from yeast of Saccharomyces cerevisiae, for
example, induced mature mice peritoneal MCs migration and
pro-inflammatory expression via Dectin-1 (19). Similar results
were observed in human cord blood-derived mast cells
(CBMCs). When incubated with zymosan, CBMCs
significantly decreased the level of leukotriene (LT) B4 and C4

in the presence of inhibitors of Dectin-1 (20). Some studies have
shown that Dectin-2 can activate FcRg chain to recognize
a-mannose and induce immune response in dendritic cells
(21), macrophages (22), and neutrophils (23), which leads to
upregulation of TNF-a and IL-1ra secretion (24). Host Dectin-2
preferentially binds to hyphae form of C. albicans, Microsporum
audouinii and Trichophyton rubrum (24), which is essential for
inducing Th1/Th17 immune responses (25). The expression
and immune function of Dectin-2 of MCs remains to be
further studied.
SIGNALING PATHWAYS OF MCs
AGAINST FUNGI

TLR Signaling Pathway
TLR signaling pathway can be mainly divided into two different
mechanisms, namely Myeloid differentiation 88 (MyD88)
-dependent pathway and MyD88-independent pathway. The
MyD88 dependent pathway is used by all TLRs except TLR3
(26). MyD88-/- mice showed an increase of susceptibility to C.
albicans infection and the production of proinflammatory
cytokines such as TNF-a, IFN-g and IL-12p70 could not be
detected from antigen-stimulated splenocytes (27). Upon
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activation, MyD88 might trigger several different intracellular
signaling pathways such as nuclear factor kappa-B (NF-kB),
mitogen activated protein kinases (MAPK including extracellular
signal-regulated kinase (ERK), p38 and c-Jun N-terminal kinase
(JNK)) and phosphatidylinositol-3 kinase (PI3K), leading to the
release of inflammatory cytokines and other inflammatory
mediators. IgE-sensitized BMMCs from both TLR2 and
MyD88 gene-deleted mice showed a decrease of IL-6
production in comparison of wild type BMMCs (28).
Furthermore, a high concentration of Malassezia sympodialis
extract inhibited phosphorylation of ERK1/2 and the release of
IL-6 in IgE-sensitized BMMCs, indicating that the ERK1/2
pathway may regulate release of IL-6 (28). Except for ERK1/2,
other molecules which involved MyD88-dependent pathways for
TLR activation have been less investigated in MCs against fungi.
PI3K pathway has been reported to be involved in
lipopolysaccharide stimulation of murine BMMCs to produce
IL-6 and TNF-a (29). In other cells, such as oral epithelial cells,
all Candida species were able to activate the NF-kB and c-Jun
pathway and only Candida dubliniensis and C. albicans hyphae
can trigger MAPK/MKP1/c-Fos pathway (30).

CLR Signaling Pathway
CLR signaling pathway can be divided into tyrosine kinase Syk-
dependent and -independent signaling pathways. Both signaling
pathways eventually activated NF-kB, and produced cytokines
and chemokines such as IL-6, IL-23, TNF-a, macrophage
inflammatory protein and CXCL12, which affected
differentiation of Th1 and Th17 cells. Traditionally, CLRs (e.g.,
Dectin-1, Dectin-2) are coupled with Syk to further activate NF-
kB pathway by activating caspase recruitment domain protein 9
(CARD9) in Syk-dependent signaling pathway. CARD9 was
expressed on the surface of MCs, but its expression level was
slightly lower than that of macrophages, dendritic cells and
neutrophils. It was found that LTC4 and LTB4 were released
from human MCs co-cultured with zymosan, suggesting that
the expression of LTC4 and LTB4 was mediated by Dectin-1/
Syk pathway (20). In Syk-independent signaling pathway,
activated CLRs (e.g., Dectin-1 and DC-SIGN) can recruit
GTPase Ras proteins which subsequently activate serine/
threonine-protein kinase Raf-1. This results in Raf-1 mediated
phosphorylation of the p65 subunit of NF-кB, which leads to the
production of cytokines (31). In addition, the interaction
between PRR can be more effective in the control of fungal
infection. Studies have been proved that Dectin-1 and TLR2
collaborate to enhance the role of MAPK pathway resulting in an
increase of cytokines (32).
MCs AND FUNGI

MCs and C. albicans Infection
C. albicans is one of themost common dimorphic fungus colonizing
mucosal surfaces such as gastrointestinal tract,oral-nasal cavity and
skin. Vulvovaginal candidiasis is one of the most common forms
of candidiasis. When host immunity is suppressed or damaged,
Frontiers in Immunology | www.frontiersin.org 3
C. albicans can result in severe invasive diseases. Invasive candidiasis
is the most common critical care-associated fungal infection in
patients hospitalized in intensive care units, with mortality rates
between 40% and 55% (33).

MCs play a positive role in the defense mechanism against C.
albicans infections, including phagocytosis and killing yeasts in
the extracellular environment (34). Both yeast and hyphae of C.
albicans can induce the degranulation of BMMCs and lead to the
production of different cytokines and chemokines (CCL3 and
CCL4) that regulate immune response (35). In response to the
stimulation by yeast cells, BMMCs showed increased production
of IL-6 and IL-b that could not be induced by hyphae (35). C.
albicans hyphae hide their b-glucan residues beneath a cover of
mannoproteins on the cell walls, thus escaping Dectin-1-mediated
phagocytosis and stimulating different cytokines production (36).
Dectin-1, but not TLR2, is involved in the release of TNF-a
through NF-кB/Syk pathway (35). The production of ROS and
NO enhanced the ability to defense against C. albicans by MCs.
When challenged with C. albicans, deletion of TLR2 or Dectin-1
significantly reduced NO levels, in comparison with wild type
BMMCs. Whether Dectin-1 participates in the production of ROS
remains controversial (16, 36).

Human MC immune responses towards C. albicans can be
mainly divided into three phases. Human mast cell line HMC-1
degranulate in an early and direct response to fungal encounter,
thus reducing the viability of C. albicans by 30% (37). Next,
infected cell line HMC-1 release pro-inflammatory cytokines
(e.g. IL-8) to recruit neutrophils, followed by the release of anti-
inflammatory mediators, such as IL-16 and IL-1ra (37). MCs
extracellular traps will be formed to contribute to fungal physical
restriction, but not killing activity, as there was no significant
difference in fungal viability in the presence or absence of
nuclease (37). C. albicans can cause MCs death by different
mechanisms, including the release of MC extracellular traps and
rupture by the growth of internalized C. albicans hyphae, leading
to a temporary immune response (37).

Although secretion of monocyte chemotactic protein 1 was
not observed in infected MCs (37), they can produce short-lived
soluble mediators to improve the crawling of tissue-resident
macrophages and induce migration to C. albicans infection
(38). Uninfected MCs were found to restrict macrophage
phagocytosis of C. albicans, which is the result of maintaining
a balance between the host and the fungus (38).

MCs exhibited dual effects in response to C. albicans, which is
dependent on their protease content and site of C. albicans
colonization. In mice, two types of MCs have been described
as CTMCs, which originate from fetal liver progenitors and are
mainly located in stromal tissue, and mucosal MCs (MMCs),
which originate in the bone marrow and reside in the intestine
and lung (39). Two similar types of MCs are also observed in
humans (40). Different MCs types regulated by cytokine
production (e.g. TGF-b, IL-9, IL-10) can discriminate between
the fungal morphotypes, thereby promoting local inflammation
or protective tolerance. Some studies have found that MMCs
contribute to barrier function loss in leaky gut models (39) or
higher sensitization against food antigen (41) in response to yeast
June 2021 | Volume 12 | Article 688659
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stimulation. Whereas CTMCs induce local protective tolerance
to infection by release of anti-inflammatory cytokine in response
to hyphae (39). MCs promoting either inflammatory dysbiosis or
tolerance were also observed in vulvovaginal candidiasis (42).

MCs and A. fumigatus Infection
A. fumigatus is the most frequent opportunistic pathogenic species
of the genus Aspergillus by far, responsible for about 90% of the
cases of Aspergillus diseases (43). A. fumigatus is abundant in the
environment, releasing spores (conidia) which are inhaled. After
inhalation, patients with lung function or immune defenses
impaired are unable to eliminate conidia which will germinate
into hyphae that colonize the airways. A. fumigatus hyphae will
penetrate pulmonary tissues causing invasive aspergillosis, the most
severe disease caused by Aspergillus spp (44). A. fumigatus is known
to contain 23 antigenic components that can induce the production
of specific IgE (45). Classically, antigen-specific IgE which cross
links FcϵRI can trigger MCs degranulation and increase IL-5 release
(46). IL-5 is one of the important cytokines that can promote
eosinophils migration to inflammation site, which are associated
with severe asthma and allergic bronchial pulmonary aspergillosis
(47, 48).With further studied, investigators found that mature A.
fumigatus hyphae can directly stimulate MCs to degranulate in the
absence of IgE (49). When cultivated with heat-killed A. fumigatus
spores, HMC-1 cell line was activated to degranulation and release
IL-5 (50). Taken together, the activation of MCs induced by A.
fumigatus may be the initiator of the whole sensitization process.
The studies concerning the signaling pathway of immune response
ofMCs inA. fumigatus infection are scarce. In dendritic cells, TLR2/
MyD88 signaling pathway has been proved to regulate immune
response to A. fumigatus conidia, which results in a development of
Th2 response (51).

MCs and S. schenckii Infection
S. schenckii is a common biphasic fungal pathogen. The
incidence of sporotrichosis is increasing and has become an
urgent global health problem (52). The World Health
Organization classifies sporotrichosis as one of the Neglected
Tropical Diseases which place a significant burden on
individuals, families and society (53).

Studies have shown that MCs play a non-protective role in
response to S. schenckii infection. In our previous study, we
Frontiers in Immunology | www.frontiersin.org 4
observed that MC-deficient C57BL/6-KitW/KitW/v and MC-
deficient Cpa3-Cre/Mcl-1fl/fl (Hello Kitty, HK) mice had more
serious inflammation symptoms with elevation of TNF-a and
IL-6 in comparison with wild type mice (54). Rat peritoneal MCs
can be activated by S. schenckii yeasts and release IL-6 and TNF-
a via ERK pathway without degranulation (55, 56).
DISCUSSION

MCs are recognized as important effector in response to fungal
infection. Their impacts can be protective and non-protective,
depending on the pathogen and invasion site. Fungal recognition
receptors commonly studied on MCs are TLR2/4 and Dectin-
1.Upon activated by TLR/MyD88 or Syk pathway, MCs can
produce specific cytokines and chemokines which can elicit a
direct temporary immune response and recruit some neutrophils
to the infection sites. MCs activation can enhance the immune
response against infection. In contrast, the involvement of MCs in
some immune responses may lead to more severe symptoms, such
as intestinal barrier function loss, development of allergic bronchial
pulmonary aspergillosis and increased area of inflammatory in S.
schenckii infection, which suggests that MCs and their singling
pathways are potential treatment regimens to prevent the clinically
unwanted consequences. However, up to now, we still have a
relatively poor understanding of the mechanism of MCs in
response to common fungal infection. Many of the key signaling
pathways involved in mediating selective cytokine and chemokine
responses from MCs remain unknown. In the future, more in vitro
and in vivo studies are urgently needed to further explore the role of
MCs in response to fungal infection.
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NE, González-Hernández SE, Tamez-Castrellón AK. Recognition of Fungal
Components by the Host Immune System. Curr Protein Pept Sci (2020) 21
(3):245–64. doi: 10.2174/1389203721666191231105546

14. Satoh T, Akira S. Toll-Like Receptor Signaling and Its Inducible Proteins.Microbiol
Spectr (2016) 4(6):1–7. doi: 10.1128/microbiolspec.MCHD-0040-2016
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Native and IgE-primed Rat Peritoneal Mast Cells Exert Pro-Inflammatory
Activity and Migrate in Response to Yeast Zymosan Upon Dectin-1
Engagement. Immunol Res (2021) 69(2):176–88. doi: 10.1007/s12026-021-
09183-7

20. Olynych TJ, Jakeman DL, Marshall JS. Fungal Zymosan Induces Leukotriene
Production by HumanMast Cells Through a dectin-1-dependent Mechanism.
J Allergy Clin Immunol (2006) 118(4):837–43. doi: 10.1016/j.jaci.2006.06.008

21. Ishikawa T, Itoh F, Yoshida S, Saijo S, Matsuzawa T, Gonoi T, et al.
Identification of Distinct Ligands for the C-type Lectin Receptors Mincle
and Dectin-2 in the Pathogenic Fungus Malassezia. Cell Host Microbe (2013)
13(4):477–88. doi: 10.1016/j.chom.2013.03.008

22. Ifrim DC, Quintin J, Courjol F, Verschueren I, van Krieken JH, Koentgen F,
et al. The Role of Dectin-2 for Host Defense Against Disseminated
Candidiasis. J Interferon Cytokine Res (2016) 36(4):267–76. doi: 10.1089/
jir.2015.0040

23. Wu SY, Weng CL, Jheng MJ, Kan HW, Hsieh ST, Liu FT, et al. Candida
Albicans Triggers NADPH Oxidase-Independent Neutrophil Extracellular
Traps Through Dectin-2. PloS Pathog (2019) 15(11):e1008096. doi: 10.1371/
journal.ppat.1008096

24. Sato K, Yang XL, Yudate T, Chung JS, Wu J, Luby-Phelps K, et al. Dectin-2 is a
Pattern Recognition Receptor for Fungi That Couples With the Fc Receptor
Gamma Chain to Induce Innate Immune Responses. J Biol Chem (2006) 281
(50):38854–66. doi: 10.1074/jbc.M606542200

25. Robinson MJ, Osorio F, Rosas M, Freitas RP, Schweighoffer E, Gross O, et al.
Dectin-2 is a Syk-coupled Pattern Recognition Receptor Crucial for Th17
Responses to Fungal Infection. J Exp Med (2009) 206(9):2037–51.
doi: 10.1084/jem.20082818

26. Akira S, Takeda K, Kaisho T. Toll-Like Receptors: Critical Proteins Linking
Innate and Acquired Immunity. Nat Immunol (2001) 2(8):675–80.
doi: 10.1038/90609

27. Villamón E, Gozalbo D, Roig P, Murciano C, O’Connor JE, Fradelizi D, et al.
Myeloid Differentiation Factor 88 (MyD88) is Required for Murine Resistance
to Candida Albicans and is Critically Involved in Candida-induced
Production of Cytokines. Eur Cytokine Netw (2004) 15(3):263–71.

28. Selander C, Engblom C, Nilsson G, Scheynius A, Andersson CL. Tlr2/MyD88-
dependent and -Independent Activation of Mast Cell IgE Responses by the
Skin Commensal Yeast Malassezia Sympodialis. J Immunol (2009) 182
(7):4208–16. doi: 10.4049/jimmunol.0800885
Frontiers in Immunology | www.frontiersin.org 5
29. Hochdörfer T, Kuhny M, Zorn CN, Hendriks RW, Vanhaesebroeck B,
Bohnacker T, et al. Activation of the PI3K Pathway Increases TLR-induced
Tnf-a and IL-6 But Reduces IL-1b Production in Mast Cells. Cell Signal
(2011) 23(5):866–75. doi: 10.1016/j.cellsig.2011.01.012

30. Moyes DL, Murciano C, Runglall M, Kohli A, Islam A, Naglik JR. Activation
of MAPK/c-Fos Induced Responses in Oral Epithelial Cells is Specific to
Candida Albicans and Candida Dubliniensis Hyphae. Med Microbiol
Immunol (2012) 201(1):93–101. doi: 10.1007/s00430-011-0209-y

31. Gringhuis SI, den Dunnen J, Litjens M, van der Vlist M, Wevers B, Bruijns SC,
et al. Dectin-1 Directs T Helper Cell Differentiation by Controlling
Noncanonical NF-kappaB Activation Through Raf-1 and Syk. Nat Immunol
(2009) 10(2):203–13. doi: 10.1038/ni.1692

32. Goodridge HS, Underhill DM. Fungal Recognition by TLR2 and Dectin-1.
Handb Exp Pharmacol (2008) 183):87–109. doi: 10.1007/978-3-540-72167-
3_5

33. Logan C, Martin-Loeches I, Bicanic T. Invasive Candidiasis in Critical Care:
Challenges and Future Directions. Intensive Care Med (2020) 46(11):2001–14.
doi: 10.1007/s00134-020-06240-x

34. Trevisan E, Vita F, Medic N, Soranzo MR, Zabucchi G, Borelli V. Mast Cells
Kill Candida Albicans in the Extracellular Environment But Spare Ingested
Fungi From Death. Inflammation (2014) 37(6):2174–89. doi: 10.1007/s10753-
014-9951-9

35. Nieto-Patlán A, Campillo-Navarro M, Rodrıǵuez-Cortés O, Muñoz-Cruz S,
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