Mast cells drive IgE-mediated disease but might
be bystanders in many other inflammatory and

neoplastic conditions
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Mast cells (MCs) are capable of executing powerful
inflammatory response programs triggered by surface IgE
cross-linking or through pattern recognition receptors. The
question of how MCs contribute to human disease has been
intensely investigated and stimulated much controversy.
Correlative evidence comes from human studies, pointing to
pathogenetic or protective MC functions in patients with
atopic conditions, autoimmune disorders, type 2 diabetes,
chronic urticaria, mastocytosis, and cancer. Experiments in
MC-deficient mice underpinned key roles for MCs in patients
with IgE-mediated allergic conditions. Important pathogenetic
MC contributions to other inflammatory and neoplastic
conditions were suggested by studies in traditional KIT mutant
MC-deficient mouse strains. However, many of these findings
were not reproduced in more recently developed improved
mouse models of MC deficiency, largely ruling out roles for
MCs in mouse models for autoimmune disease, diabetes, and
cancer. We discuss limitations of studies in mice and human
subjects and provide suggestions for how they can be
overcome, such as through the development of specific and
selective MC-targeted treatments. (J Allergy Clin Immunol
2019;uuN: NNN-NEN,)
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Mast cells (MCs) are tissue-resident hematopoietic cells that
colonize most vascularized tissues during embryogenesis' and are
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Abbreviations used
AD: Atopic dermatitis
AHR: Airway hyperresponsiveness
BP: Bullous pemphigoid
CIA: Collagen-induced arthritis
CNS: Central nervous system
Cpa: Carboxypeptidase A
CRS: Chronic rhinosinusitis
CSU: Chronic spontaneous urticaria
CTMC: Connective tissue mast cell
DTR: Diphtheria toxin receptor
EAE: Experimental autoimmune encephalomyelitis
HDM: House dust mite
HPV: Human papillomavirus
MC: Mast cell
MCr: Tryptase-positive mast cell
MCrc: Tryptase-chymase double-positive mast cell
MMC: Mucosal mast cell
MS: Multiple sclerosis
NP: Nasal polyp
OVA: Ovalbumin
RA: Rheumatoid arthritis

most numerous at barriers to the environment, such as the skin or
mucosa. MCs are conspicuous for their prominent secretory cyto-
plasmic granules, which contain preformed proinflammatory me-
diators and proteases. Rapid release of these mediators occurs in
the setting of innate immune responses triggered by activation of
various types of receptors on MC surfaces.”” MC degranulation
can also be induced as a result of humoral responses to specific
antigens because MCs bind IgE from the circulation through their
high-affinity Fce receptor. Cross-linking of surface IgE by antigen
induces MC degranulation. Thus MCs are also effectors of adap-
tive immunity. In addition to degranulation, the MC response in-
volves nuclear factor kB—dependent de novo synthesis of lipid
mediators and proinflammatory cytokines, constituting the
“late-phase MC response.”

The full breadth of the physiologic functions of MCs and the
MC-IgE axis remains to be defined but most likely includes
protection against animal venoms and defense against some
helminthic parasites. On bites or stings by poisonous animals,
such as snakes, other reptiles, and insects, the venom induces
rapid MC degranulation, releasing MC proteases that were
demonstrated to specifically cleave venoms.*’ Most animal
venoms induce robust T2 and IgE responses, resulting in loading
of MCs with venom-specific IgE in subjects surviving a first bite
or sting, allowing for MC degranulation already at lower amounts
of venom on secondary exposure, thereby providing improved
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protection.&g In addition to MC-mediated venom detoxification,
several lines of evidence suggest roles for MCs in defense against
helminthic parasites.'’'* In patients with urogenital tract infec-
tions, MC-mediated shedding of infected epithelial cells might
represent an important mechanism reducing bacterial burden in
the transitional epithelium.15 Furthermore, experiments in mice
had suggested additional MC functions as innate sentinel cells,
placing them in a central position in innate and adaptive immu-
nity. However, more recent studies relying on improved mouse
models did not reproduce the older data, as discussed below.

HOW MCs CAN MAKE US SICK

Mediators released from degranulating MCs include histamine,
various proteases, lipid mediators, cytokines, and chemokines.
Histamine differentially affects various target cells. Effects
mediated by the 4 different G protein—coupled histamine re-
ceptors (H;R-H4R) depend on their expression patterns and on
cell type—specific coupling to G proteins activating different
downstream signaling pathways. Histamine relaxes vascular
smooth muscle cells causing vasodilatation, and permeability of
vascular endothelium increases on histamine exposure.'*'’” Com-
bined, these effects increase perfusion and cause local edema, al-
lowing enhanced supply with blood-borne immune cells and
effector molecules, such as complement and immunoglobulins,
into the affected tissue. This response pattern likely contributes
to defense against helminths and efficient venom detoxification,
as described above.

Other mediators released from degranulating MCs promote
immune cell extravasation and chemotaxis, thereby inducing
inflammation. In the airways, histamine triggers bronchial
smooth muscle contraction, whereas other MC mediators induce
airway inflammation. A likely function of this response is
expulsion of helminths during the pulmonary phase of their
lifecycle. The intestine responds to histamine through enforced
peristalsis and increased secretion of fluid into the lumen,
resulting in diarrhea and probably facilitating helminth
expulsion. 18

These responses, although beneficial in particular contexts, can
cause detrimental type 1 hypersensitivity on inappropriate
activation. For example, generalized vasodilatation and increase
of vascular permeability can result in hypotension and fatal
collapse of the microcirculation. Airway constriction can induce
potentially life-threatening acute asthma. In long-term MC
responses release of cytokines, including TNF, supports neutro-
phil recruitment, whereas IL-3, IL-5, GM-CSF, and other factors
recruit and activate granulocytes and Ty2 cells, further supporting
chronic inflammation, airway remodeling, and bronchial smooth
muscle hyperplasia, the hallmarks of chronic asthma. Given their
expression of a wide array of activating receptors and their proin-
flammatory capabilities, a fascinating question is whether MCs
have a role also in other inflammatory diseases that are not medi-
ated by IgE or in tumor biology.

HOW TO STUDY THE CONTRIBUTION OF MCs TO
DISEASE

Defining the role of MCs in human disease is difficult.
Numerous studies have counted numbers of MCs or assessed
rates of degranulating MCs on sections of diseased tissue from
patients with chronic inflammatory or neoplastic conditions.
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Some of these studies identified MC accumulation and increased
rates of degranulation,'”>’ suggesting pathogenetic roles for
MCs. Moreover, correlations of MC numbers and granulation sta-
tus with favorable or poor prognosis were described as hints to
pathogenic or protective MC functions. However, these observa-
tions are difficult to interpret because many inflammatory pro-
cesses can lead to MC accumulation and degranulation, but
these might be bystander effects rather than indicators that MCs
are actively involved.

Another line of evidence comes from the efficacy of treatments
affecting MC functions or MC mediators in patients with
particular conditions. For example, treatment effects of antihis-
tamines support a pathogenetic contribution by MCs but are not
definitive proof because basophils, for example, also release
histamine.”® Compounds reported to reduce MC degranulation,
including cromolyn, do not specifically act on MCs, but exert
poorly defined effects on multiple cell types.”’ Likewise, anti-
IgE treatment does not selectively target MCs but can also affect
basophils and activated eosinophils.?®

Collectively, observations in human patients or human tissue
samples mostly yielded correlative and suggestive evidence but
cannot provide definite proof of important MC contributions.

For these reasons, vast numbers of studies have addressed the
pathogenic roles of MCs in animal models, most importantly in
mice. The mouse is an attractive model organism for immuno-
logic studies because the murine and human immune systems are
similar and share fundamental principles. Mouse and human MC
morphology is very similar, with prominent secretory granules
that contain largely similar spectra of mediators. In both species,
degranulation is induced by IgE cross-linking. MC responses
trigger type I hypersensitivity in mice and human subjects.
Therefore it appears likely that MCs serve similar functions in
mice and human subjects. However, there are specific differences
to be taken into account.””

In contrast to mice, human subjects do not have MCs in the
pleural and peritoneal cavities. Murine MCs express a larger array
of proteases, in particular chymases and tryptases.’” Based on
their localization, phenotype, and protease expression pattern,
murine MCs are differentiated into connective tissue mast cells
(CTMCs) and mucosal mast cells (MMCs). Human MCs are
mainly classified by their protease expression. Although
tryptase-positive mast cells (MCrp) contain tryptase only,
tryptase-chymase double-positive mast cells (MCrc) contain
both tryptase and chymase.31 Murine MCs express IL-3 receptors,
which is disputed in human subjects,3 2-34 and TL-4, which has not
been demonstrated in human MCs.* Human MCs do not express
CD14,3 S which is involved in Toll-like receptor 4 activation.

Various mouse strains that lack MCs have been extensively
used to address MC in vivo functions. Importantly, MC-deficient
mouse strains currently in use differ fundamentally. Over the past
30 years, the functions of MCs in immune responses and a broad
spectrum of disease processes were inferred from phenotypes of
Kit™" and Kir""*"""*" mice, which lack MCs because of hypo-
morphic expression of KIT, the receptor for the growth factor
stem cell factor,’” which is essential for MC differentiation and
survival.***? However, KIT is broadly expressed by progenitors
of all hematopoietic lineages and also by nonhematopoietic cells,
and reduced KIT signaling results in perturbation of the immune
and other organ systems“'46 in addition to the absence of MCs.
During the past decade, new mouse models have been generated,
in which principles different from KIT deficiency cause the
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absence of MCs."”! Importantly, several key observations of
physiologic and pathophysiologic MC functions that had been
made in the traditional KIT mutant strains were not reproduced
in the new KIT-independent strains. These discrepancies ques-
tioned the use of traditional KIT mutant mice as models of MC
deficiency.”*%31-¢

Most of the KIT-independent models rely on the Cre/loxP
recombination system. Feyerabend et al*® inserted a Cre cassette
into the carboxypeptidase A3 (Cpa3) locus. Unexpectedly, these
mice were devoid of MCs because of Cre-mediated cytotoxicity.
Absence of MCs was proved based on results of histologic and
flow cytometric results and absent MC transcriptional signatures.
IgE-mediated responses were undetectable, indicating loss of MC
function. In addition to the lack of MCs, basophil numbers were
reduced by 60%."* The immune system was stringently investi-
gated, but no additional alterations were detected.*® Mcpt5-Cre
bacterial artificial chromosome transgenic mice express Cre in
CTMCs but not in MMCs, allowing for efficient selective gene
inactivation in CTMCs.”>"° In addition, a small fraction of
NK cells expressed Cre.”” The line was crossed to R26°™
mice,”’ in which Cre-mediated excision of a stop results in sui-
cidal expression of diphtheria toxin. Mcpt5-Cre R26°™ mice
were devoid of CTMCs but retained MMCs and a small popula-
tion of lymph node MCs.””*' IgE-mediated responses were unde-
tectable.”” Mcpt5-Cre mice were also crossed to Dicer™ " mice
to inactivate microRNA processing in MCs,*? resulting in almost
complete absence of CTMCs and IgE-dependent responses.®”
A Cpa3-Cre transgenic line’” was used to delete the antiapoptotic
Mcl-1 gene in MCs, resulting in near-complete MC depletion.”®
Basophil numbers of Cpa3-Cre Mcl-1""* mice featured reduc-
tion of basophil counts by 58% to 78%, mild anemia, and neutro-
philia.”’ IgE-mediated responses were reduced but not
completely absent. Expression of a diphtheria toxin receptor
(DTR) under the control of an IL-4 enhancer element,” "% as
well as expression of Cre driven by the Kit gene promoter was
successfully used to generate MC-deficient mice.”

The list of seemingly MC-dependent immune and disease
processes inferred from observations in KIT mutant strains that
did not reproduce in KIT-independent models has grown
long.*8:31-33:55:57.38.64-70 Thege discrepancies must reflect a funda-
mental problem inherent to either one or the other type of model.
Overwhelming evidence has accumulated indicating that KIT
mutants have important problems as models of MC deficiency,
even in cases in which the original experiments in the KIT mutant
strains had been controlled by reconstitution with in vitro—differ-
entiated MCs. In Kit"/""" and Kit"*""**" mice compromised KIT
signaling affects all hematopoietic lineages. Several studies es-
tablished that phenotypes of KIT mutant mice were falsely attrib-
uted to their lack of MCs while in fact resulting from reduced KIT
signaling in non-MCs. Gutierrez et al°® genetically dissected MC
deficiency from KIT deficiency and demonstrated that alterations
of hematopoietic cells other than MCs were responsible for loss of
susceptibility to obesity and diabetes in Ki™" mice.” Other
studies showed that Kir""""=*" and Kir""""" mice show a striking
discrepancy with regard to passive antibody-induced arthritis,
with Kit"*""" mice fully susceptible, whereas the Kit"""
strain is resistant. Because both strains are devoid of MCs, differ-
ences outside the MC linage must account for this discrepancy.
Cunin et al”' identified reduced KIT signaling in megakaryocytes
of Kir™"" mice as the reason for their resistance to arthritis in-
duction. Moreover, Kit"”""" mice feature paralysis of the intestine
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with massive intestinal distension and gross alteration of the mi-
crobiota (H.-R. Rodewald, personal communication), a critical
determinant of immunologic responsiveness.

Importantly, Cre-based mouse strains lacking MCs not only
feature phenotypes that differ qualitatively from those of the KIT
mutant mice, in some cases they show no detectable phenotype in
experimental settings in which KIT mutant mice display prom-
inent immune defects or loss of disease susceptibility. This
absence of phenotypes cannot be attributed to slight alterations
of non-MCs in Cre-based models. For example, if the suscepti-
bility of control mice to a particular disease is abrogated in KIT
mutant mice and Cpa3"" mice show unimpaired pathogenesis
and have full-blown disease, this cannot reasonably be explained
by the reduction of basophil numbers to 40%, the only known
alteration outside the MC lineage in Cpa3“"“" mice. In other
words the absence of detectable effects on a particular disease
process in mice lacking MCs and 60% of basophils largely rules
out MC effects on this disease.

In summary, data generated in Kit strains
as models of MC deficiency can be misleading and KIT indepen-
dent; Cre-based models should be used in the future. In addition to
the validity of MC deficiency models, the relevance of the respec-
tive mouse disease model for the human condition to be studied is
an important question.

W-sh/W-sh and Kl-tW/W—v

WHAT WE KNOW ABOUT THE PATHOGENIC
ROLES OF MCs FROM HUMAN STUDIES AND
MOUSE DISEASE MODELS

The current knowledge on MC contributions to atopic and
autoimmune diseases, type Il diabetes, neoplastic disease, urti-
caria, and mastocytosis are summarized in this section. Patho-
genic roles for MCs are also discussed for other conditions,
including interstitial cystitis,”” eosinophilic esophagitis,”” and
psoriasis,74 but are not covered by our review.

Atopic diseases

It is undisputed that MCs play a fundamental role in IgE-
mediated allergic responses. They are the key disease-inducing
cell type in type I hypersensitivity responses mediated by cross-
linking of FceRI-bound specific IgE by allergen.”>’® In KIT
mutant and KIT-independent mouse models of MC deficiency,
systemic and local anaphylactic responses on passive sensitiza-
tion with specific IgE are absent.*®”

Allergic asthma is a chronic inflammatory disease caused in
part by unbalanced adaptive responses to environmental anti-
gens.”’ IgE-mediated MC activation can initially trigger this con-
dition, but IgG responses also play a role. Subsequent
inflammatory infiltration of the airway mucosa with eosinophils
and other immune cells is critical for the manifestation of chronic
inflammation and airway hyperresponsiveness (AHR).”” In pa-
tients with allergic asthma, allergen exposure rapidly triggers
airway edema, contraction, and mucus secretion (early response),
which are exacerbated further by an inflammatory response about
4 to 6 hours later (late response). Early allergen challenge studies
in patients with allergic asthma demonstrated increased levels of
MC mediators, such as tryptase, leukotrienes, and prostaglandins,
in bronchoalveolar lavage fluid.”**' Blockade of IgE-mediated
MC activation using anti-IgE leads to a reduction in early and
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also late responses, suggesting an important role of IgE-mediated
MC activation.”

In patients with asthma, increased numbers of MCs of both
subtypes, MCt and MCrc, are found in the inflamed airway tis-
sue.®® This includes the subset of patients with severe
corticosteroid-resistant asthma with increased numbers of Tyl
cells in the airways, in whom an MC transcriptional signature
correlated with CXCLI10 mRNA expression in the bronchoalveo-
lar lavage fluid.* In patients with milder asthma, MCrs comprise
the predominant subtype, whereas with increasing severity, MCrc
counts increase, and in patients with severe asthma, MCrcs pre-
dominate in the airways."®’

Anti-IgE therapy with omalizumab leads to a reduction of
acute exacerbations and improvement of lung function in
asthmatic patients.*® Recently, targeting of MCs with the
KIT inhibitor imatinib in patients with severe asthma was
shown to reduce AHR.*

In mice allergic airway responses can be induced by immuni-
zation with antigen (eg, ovalbumin [OVA]) with or without
adjuvant (eg, alum) and subsequent antigen aerosol challenge.
When immunized with OVA/alum, eosinophil numbers in the
bronchoalveolar lavage fluid, peribronchial inflammation, OVA-
specific IgE levels, and airway reactivity in MC-deficient Kir""™,
KitV""W="and Kitl*’S" mice were not changed compared with
those in control subjects.””** Using a similar protocol, however,
Kobayashi et al” detected diminished allergic lung inflammation
and AHR in Kit"""" mice, although the anti-OVA IgE response
and eosinophil numbers in the airways were not altered. Impor-
tantly, when mice were immunized with OVA without additional
adjuvant, allergic airway inflammation and AHR were impaired
in KIT mutant MC-deficient mice or in the absence of FceRL.™*%*"7
Moreover, experiments in KIT mutant mice suggested MC-derived
TNF as an essential promoter of allergic airway inflammation and
AHR.ZI,‘)Z})&‘)L)

Additional support for the key role of MCs in patients with
allergic asthma came from an in vivo model of MC hyperrespon-
siveness (Mcpt5-Cre A207").'%° In these mice OVA- and house
dust mite (HDM)-induced allergic airway inflammation was
exacerbated, including increased numbers of bronchoalveolar
lavage fluid eosinophils and B cells and greater OVA- or HDM-
specific IgE serum levels, respectively.'*” Interestingly, mice defi-
cient for mast cell protease 4 had aggravated airway inflammation
and increased AHR compared with their wild-type littermates,
suggesting a protective role for mast cell protease 4 in allergic
airway inflammation,'*' potentially through degradation of proin-
flammatory alarmins.'

In patients with allergic rhinitis, increased numbers of MCs in
nasal tissue have been reported,m3 and MC numbers increase af-
ter allergen exposure.'® A possible role of MCs in the develop-
ment of mnasal polyps (NPs) associated with chronic
rhinosinusitis (CRS) in a fraction of cases®”!'** has attracted
considerable interest. In Western countries CRS with NPs is often
associated with a type 2 inflammation profile, whereas CRS
without NPs typically features type I inflammation.'>'° High
numbers of MCs have been described in NPs, and MCs were
implicated in shaping a type 2 inflammatory milieu.'"” Anti-IgE
was effective in reducing nasal symptoms and NP size in patients
with CRS without or with NPs and eosinophilic inflamma-
tion,'og'] 10 which is in line with a possible contribution of MCs.

Another disease associated with type 2 inflammation is atopic
dermatitis (AD). Increased numbers of degranulated MCs have
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been reported in acutely inflamed AD skin, whereas increased
overall numbers of MCs can be found in chronic lesions.'"'
Although a functional contribution of MCs to AD pathophysi-
ology through release of several mediators, including histamine,
prostaglandin D,, IL-4, IL-13, IL-31, and IL-33, seems plau-
sible,''” blockade of MC activation using anti-IgE does not
consistently lead to symptom improvement in patients with
AD.I 13,114

Different experimental models of AD were studied in different
MC-deficient mouse strains with variable results. Kit"”"""" mice
did not mount skin inflammation on epicutaneous sensitization
with Japanese cedar pollen antigen, although allergen-specific
IgE levels were increased.''” On epicutaneous sensitization
with HDM extract and staphylococcal enterotoxin B, the clinical
dermatitis score and skin thickness were significantly reduced in
Kit"™*""-s" mice.''® This finding was confirmed by using KIT-
independent MC-deficient Cpa3-Cre Mcl-1"%"* mice.''® Exper-
iments in Kit"*""*" mice suggested protective effects of MCs
against spontaneous AD-like disease in transgenic mice that ex-
press a constitutively active signal transducer and activator of
transcription 6.""”

Defects of epidermal structure resulting in barrier defects are
among the most important causes of AD."'® Mice with epidermal
inactivation of fibroblast growth factor 1 and 2 feature a structural
skin barrier defect that leads to unbalanced type 2 immunity and
AD-like inflammation associated with increased MC numbers."”
However, a cross of this model to the KIT-independent MC-defi-
cient background Cpa3“** revealed that MCs have no role in the
pathogenesis of this AD model.' 1o

Autoimmune diseases

A much debated question is the potential pathophysiologic role
of MCs in patients with autoimmune diseases, including multiple
sclerosis (MS), rheumatoid arthritis (RA), and bullous pemphi-
goid (BP). Results in KIT mutant mice suggested MCs to be
important players.'*’"'?> However, discrepant findings were ob-
tained in different KIT mutant strains, and major phenotypes
that had been ascribed to the lack of MCs were not reproduced
in KIT-independent MC-deficient mice.

MS is a chronic inflammatory disease of the brain characterized
by demyelination and axonal damage. Under physiologic condi-
tions, MCs are present in various areas of the brain and in the
meninges. Human brain MCs are not numerous and are mainly of
the MCrc subtype.' > In patients with MS, increased numbers of
MCs have been detected in central nervous system (CNS) paren-
chyma and meninges.' **In addition, MCs have been identified in
demyelinated lesions within perivascular areas in association with
inflammatory infiltrates.'”> These cells seem to be activated
because increased levels of histamine and tryptase can be detected
in cerebrospinal fluid of patients with MS.'**'*” Based on these
findings, MCs were suggested to contribute to MS
pathophysiology.

In patients with experimental autoimmune encephalomyelitis
(EAE), a mouse model of MS, breakdown of immunologic
tolerance and subsequent brain inflammation are induced by
immunization with a CNS-specific protein along with potent
adjuvants. The numbers and activation state of MCs in the CNS
correlate with disease severity.lzx'm Moreover, EAE was
reduced by treatment with inhibitors of MC degranulation or an-
tagonists of MC mediators.'>' The MC-deficient Kirf™"" and
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Kir"""W=s" strains were reported to feature impaired EAE with

later onset and reduced severity compared with control mice,
and EAE development was restored by reconstitution of these
MC-deficient mice with in vitro—differentiated MCs."**"** In
contrast, other authors demonstrated exacerbated EAE in
Kit""Ws" mice'?>'%¢ or no difference in EAE severity in KIT
mutant strains.'*’ However, in the KIT-independent MC deficiency
model, Cpa3c"“/ * mice, the absence of MCs had no effect on any
parameters of EAE, including incidence, kinetics, macroscopic dis-
ease scores, and tissue inflammation,*® ruling out a relevant patho-
genic contribution by MCs.

In patients with RA, a complex polygenic condition leading to
inflammatory joint destruction, MCs are found in healthy
synovium, and MC numbers are increased in joints of patients
with RA,"** as well as in joints of patients with other forms of
arthritis, such as osteoarthritis'* and spondylarthritis."*’ In a
small cohort of patients with RA, MCt numbers were found to
be increased in the synovium in early disease, 1 Whereas MCrcs
dominate in later chronic stages.'**'** In patients with early in-
flammatory RA, MC numbers in the synovium are correlated
with the intensity of inflammation. Synovial MC numbers also in-
crease on relapse of RA.'** Increased levels of MC mediators can
be detected in synovial fluids of patients with RA.'*

The 2 most common animal models for RA are K/BxN serum
transfer—induced arthritis and collagen-induced arthritis
(CIA). K/BxN mice spontaneously produce autoantibodies
directed against glucose-6-phosphate-isomerase that provoke
progressive joint inflammation and destruction.'*®'*” Arthritis
can be passively transferred to naive recipient mice through injec-
tion of K/BxN serum.'** In contrast, CIA is actively induced by
immunization with collagen type II emulsified in adjuvant, which
leads to autoimmunity and joint inflammation.”*"*”'>% As in pa-
tients with RA, MCs are found in high numbers in the inflamed
synovial tissue of both animal models.'>'*'>* However, their path-
ogenetic relevance remains controversial.

MC-deficient Kit"™" and KitI**"* mice were found to be
completely resistant to induction of K/BxN serum transfer—
induced arthritis.'”> Reconstitution of Kir"™"" mice with
in vitro—differentiated MCs from wild-type or IL-1 /" mice sug-
gested a key role of MC-derived IL-1 in antibody-induced
arthritis.'”* However, MC-deficient Kir"*"""**" mice proved fully
susceptible in this arthritis model, and the same discrepancy be-
tween the 2 most widely used KIT mutant strains was also
observed in another model of antibody-induced arthritis.”"*'>

Hematopoietic defects outside the MC lineage caused by
reduced KIT signaling were identified as the reason for the
contradictory results.”' Two studies relying on KIT-independent
MC-deficient mouse models, Cpa3<™" or Mcpt5-Cre R26°™
DTR mice, demonstrated that K/BxN serum transfer—induced
arthritis is not affected by the absence of MCs. 70

In contrast to arthritis induced by means of passive antibody
transfer, autoimmune CIA is triggered by active immunization
with collagen.'”® MC-deficient Kir"*""*" mice were fully sus-
ceptible in this model.'”” Mice deficient for MC protease 4 ex-
hibited reduced arthritis  scores.'”®  Diminished joint
inflammation and T-cell response were also observed in Mcpt5-
Cre R26'PTRPTR mice on a C57BL/6 background,m which are
only moderately susceptible to CIA induction. More recently,
Schubert et al®' backcrossed Mcpt5-Cre-based MC deficiency
models to the CIA-susceptible background DBA/1 and observed
no significant effect of MC deficiency on CIA in these animals.
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Thus the question of MC contributions to CIA awaits a definitive
answer.

BP is an autoimmune skin disease characterized by subepider-
mal blisters caused by IgG autoantibodies against 2 hemi-
desmosomal proteins, BP180 and BP230.!%? MC accumulation
and degranulation are early events in BP lesion formation,'®’
and MCs are held to contribute to blister formation and the con-
current neutrophil influx. In addition, inflammatory mediators
likely originating from MCs, such as histamine, leukotrienes,
and different cytokines, have been found in BP lesions.>* ¢!
Also, tryptase was detected in BP blister fluid, and tryptase levels
correlated with concentrations of proinflammatory cytokines. In
addition, tryptase levels also correlated with autoantibody depo-
sition at the basement membrane.'®*!°? Furthermore, a correla-
tion of tryptase serum levels with disease activity was
reported.'®* Interestingly, in addition to IgG, also IgE autoanti-
bodies with the same or similar specificity are present in about
70% to 90% of patients with BP.”*'®* These findings suggest
that MCs could be activated by FceRI cross-linking by IgE-
BP180 complexes.'® This concept is supported by numerous re-
ports on the clinical effectiveness of anti-IgE treatment of patients
with BP.'°%"'%”

In mice complement-dependent BP-like pathology can be
triggered by intradermal injection of anti-BP180 IgG anti-
bodies.'”%'"? In lesional skin of anti-BP180-injected mice,
degranulation of MCs was observed 1 hour after injection.173
Wild-type mice treated with cromolyn and Kit"""", as well as
Kitl¥”*" mice, were reported to be resistant to BP. Susceptibility
was restored by adoptively transferred in vitro—differentiated
MCs or by neutrophil transfer. These findings led to the conclu-
sion that MCs are essential for neutrophil recruitment and skin
blistering. 73174 Mice lacking MC protease 4 were also resistant
to BP, and MC protease 4 was shown to cleave BP180, resulting in
dermal-epidermal separation and suggesting a role for MCs in BP
pathogenesis.'”> As of now, there is no study of the contributions
of MCs to BP in a KIT-independent MC deficiency model.

Type I diabetes results from autoimmune destruction of
pancreatic 3 cells by T cells and antibodies. An MC transcrip-
tional signature was observed in lymph nodes draining the
pancreas,'’® and administration of cromolyn,'”” but also injec-
tions of anti-FceR antibody, activating MCs,'”® ameliorated dis-
ease in diabetic rodents. In the widely used nonobese diabetic
mouse model of type I diabetes, MC absence had no effect on
the disease in either Kit"*"""**" mice or in the KIT-independent
MC deficiency model Cpa3“*.’

Role of MCs in patients with type Il diabetes
Obesity is associated with adipose tissue inflammation and
prominent M1 macrophage differentiation, as well as dominance
of type 1 cytokines, including TNFE."”” This spontaneous inflam-
matory response plays a key role in the breakdown of adipose tis-
sue glucose homeostasis and development of type II diabetes.'””
The observation that MCs accumulate in the inflamed adipose tis-
sue' 80181 and reports on beneficial effects of ketotifen, an H1-
blocking and MC-stabilizing drug with potentially additional
anti-inflammatory effects on obesity and type II diabetes, stimu-
lated interest in a possible role of MCs in patients with metabolic
disease.' %183 Also, anti-TNF treatment of chronic inflammatory
conditions ameliorated concomitant type IT diabetes,'**'*” which
is consistent with the recent realization that TNF-driven adipose
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tissue inflammation is a major trigger of insulin resistance in
Obesity'lxil‘)()—l‘)2

The fact that MC-deficient KIT mutant mice are resistant to
diet-induced weight gain and type II diabetes led to the exciting
conclusion that MCs are key players in type II diabetes and should
be targeted therapeutically.181"93 However, when obesity was
induced in 2 different KIT-independent MC deficiency mouse
models, absence of MCs was without detectable effect on meta-
bolic regulation.”*® Moreover, using genetic dissociation of
MC deficiency from KIT deficiency, Gutierrez et al’>°® demon-
strated that hypomorphic KIT expression in hematopoietic cells
other than MCs had important effects on immune regulation
that were responsible for the protection of KIT mutant mice
from obesity and type II diabetes. Collectively, the available evi-
dence from mouse models points to a bystander role of MCs in
type II diabetes.

Role of MCs in patients with cancer

Many types of human cancer recruit high numbers of
MCs,' "% and MC infiltration correlates with prognosis in
some cancer entities, suggesting important MC functions in the
tumor micromilieu. MCs are widely viewed as important regula-
tors of malignant growth.®'**"”” However, because selective
depletion of MCs in human patients is not (yet) feasible, system-
atic investigations of the effects of MCs on human cancer are
lacking.

Analysis of different genetic or transplanted tumor models in
KIT-mutant MC-deficient backgrounds yielded heterogeneous
results (reviewed, for example, in Marichal et alg). Although
several studies reported essential tumor-promoting effects of
MCs,zOO'zo5 others described protective MC functions in tumor
biology.”’?"” The development and growth of chemically
induced skin tumors, for example, was enhanced in MC-
deficient Kir™"" mice.””® Human papillomavirus (HPV)-
induced benign and malignant human epidermal tumors contain
particularly dense MC infiltrates, and MCs are one of the most
frequent hematopoietic cell types in the stroma of these neo-
plasms, which is strongly suggestive of an important function in
tumor biology.

In accordance with this notion, epidermal and vascular hyper-
plasia of KI/4-HPVI6 transgenic mice, which reproduce the
impressive MC accumulation of human HPV-positive skin tu-
mors, was reduced in mice on the MC-deficient Kit"" back-
ground.””’ This finding was interpreted as important evidence
for promotion of tumor growth by MCs through provision of
angiogenic factors, most importantly vascular endothelial growth
factor A. However, when the experiment was repeated in the KIT-
independent Mcpt5-Cre R26”™ model of MC deficiency,
neoplastic growth and tumor angiogenesis were not impaired
compared with that seen in control mice, despite the absence of
MCs.”® Likewise, HPV-induced epidermal neoplasia was unaf-
fected by selective inactivation of the Vegfa gene in MCs.”®
Also, in the Cpa3cm/ * model of MC deficiency, absence of
MCs had no effect on epidermal tumor growth, which was in
this case induced chemically.64 Similarly, absence of MCs in
Mcpt5-Cre R26°™ mice did not detectably affect the growth
and immunologic micromilieu of various inoculated tumors.’®

These findings demonstrate that accumulation of even high
numbers of MCs in the tumor stroma does not necessarily indicate
important function. In the setting of at least some types of cancer,
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MCs appear to be recruited into the tumor tissue as inert
bystanders. Given the broad heterogeneity of neoplastic diseases,
the results obtained in the KIT-independent MC deficiency
models do not exclude important MC functions in other cancer
entities. Lower metastasis rates of transplanted melanoma and
impaired growth of inoculated T-cell lymphomas were reported in
KIT-independent MC deficiency.**"” MCs might also play a role
in particular immunologic contexts, such as treatment of tumors
with adjuvants.

Role of MCs in patients with urticaria

Are MCs the most relevant cells in patients with urticaria? MCs
are held to be the key driver of development of the signs and
symptoms of urticaria, but other cells, such as eosinophils and
basophils, might also contribute in important ways.' Urticaria is a
disease characterized by the occurrence of itchy wheals, angioe-
dema, or both caused by vasodilation, extravasation, and sensory
nerve stimulation.”'” Skin MCs are located in the upper dermis in
close anatomic association to blood vessels and sensory nerves.
Increased MC numbers have been described in patients with
different forms of chronic urticaria, and signs of MC degranula-
tion can be observed at sites of wheal formation. The MC medi-
ators histamine, PDG,, and tryptase are detectable at sites of
urticarial wheal formation, as well as in draining blood.?!!*!?
Increased levels of substance P, an MC-activating neuropeptide,
are found in many patients with urticaria.”"? In addition to others,
skin MCs express neurokinin receptors 1 and 2 and the G protein—
coupled receptor Mas-related gene X2, which allow for their acti-
vation by polybasic substances.”'*

What are the MC-activating signals in patients with urticaria?
The first evidence that urticaria might have an autoimmune
mechanism came from patients with chronic spontaneous urti-
caria (CSU), who showed an immediate-type skin reaction to
injection of their own serum. This autologous serum skin test
subsequently revealed the presence of IgG autoantibodies to IgE
and the Fce receptor in some of these patients. Downregulation of
Fce receptors subsequent to IgE reduction likely explains the late-
onset efficacy of omalizumab (anti-IgE) in these patients.”'”
However, many patients with CSU respond rather quickly to oma-
lizumab, usually within the first week of treatment.”'® This sug-
gests an IgE-mediated type 1 reaction in these patients, even
though an external allergen has never been identified. Thus an au-
toallergic mechanism in which IgE is directed against self (auto-
antigen) is postulated. The presence of IgE—anti-thyroperoxidase
and IgE—anti—double-stranded DNA in the blood of patients sup-
ports this postulation.”'” Most recently, IgE directed against more
than 200 different autoantigens has been detected in patients with
CSU, and IgE—anti-IL-24 seems to be one of most relevant, sug-
gesting IL-24 as an important autoantigen in patients with
csu.”®

Neoplastic disease originating from MCs:
Mastocytosis

In patients with mastocytosis, MCs increase in number and
accumulate in different organ systems. Acquired mutations in KIT
drive the proliferation and maturation of MC progenitors in bone
marrow.”'? KIT mutations that drive mastocytosis result in auto-
phosphorylation of the receptor-associated tyrosine kinase, lead-
ing to enhanced signaling of the KIT pathway.””’ The most
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prominent activating KIT mutation is located in exon 17 coding
for the kinase domain of KIT, resulting in substitution of aspartic
acid with valine (D816V).*”" In patients with indolent forms of
mastocytosis, which affect the vast majority of patients, MC accu-
mulation is restricted to sites of physiologic MC presence (ie, the
skin, bone marrow, and gastrointestinal tract). Therefore the in-
crease in MC numbers at these sites does not interfere with organ
function, and patients affected by indolent mastocytosis exhibit
normal life expectancy.””” However, MC accumulation can cause
several symptoms, ranging from pruritus, flushing, headaches,
muscle/joint pain, and gastrointestinal symptoms>>" up to severe
and life-threatening anaphylaxis”** caused by increased release of
MC mediators to various stimuli, and this can tremendously
impair the patient’s quality of life.**

In contrast, in patients with aggressive forms of mastocytosis,
including MC leukemia, MC accumulation also involves organ
systems in which the presence of MCs under physiologic
conditions is rare (ie, lymph nodes, liver, spleen, and bone).
Secondary and tertiary mutations, such as TET2, ASXLI, and
JAK2, in addition to KIT mutations explain the aggressive state
of the disease,””® whereas transformation from indolent to aggres-
sive mastocytosis is rarely observed. The massive infiltration of
MC:s in these and other organs causes organ dysfunction, which
results in a severe disease state with poor prognosis.

Recently, midostaurin, a tyrosine kinase inhibitor, was licensed
for the treatment of acute myeloid leukemia and advanced
mastocytosis. In clinical trials midostaurin was shown to decrease
MC burden, reduce clinical symptoms, and improve prognosis.”*’
Currently, several new therapeutic strategies for the treatment of
mastocytosis are under clinical investigation. These include novel
tyrosine kinase inhibitors, such as avapritinib (formerly BLU-
285), which targets D816V mutant KIT and has recently been re-
ported to result in rapid and durable disease control in patients
with advanced systemic mastocytosis treated in a phase I study.>*®
Another novel and promising approach is the use of therapeutic
antibodies that target inhibitory surface structures of MCs, such
as sialic acid-binding immunoglobulin-type lectin 8, thereby in-
hibiting MC activation.””’ Interestingly, long-term treatment of
patients with chronic myeloid leukemia with the KIT-targeting
drug imatinib, which resulted in a marked decrease in MC counts,
was not accompanied by adverse clinical events or linked to clin-
ical syndromes attributable to drug-induced MC deficiency.”*’

LESSONS LEARNED AND PERSPECTIVES

Collectively, animal models support key pathogenic functions
of MCs in patients with IgE-mediated allergic disease. Beyond
this, pathogenetic MC contributions in many inflammatory or
neoplastic disease models that had been inferred from results in
traditional KIT mutant MC-deficient strains cannot be maintained
because these phenotypes did not reproduce in improved KIT-
independent mouse models of MC deficiency in which no effect
of the absence of MCs on the respective disease model was seen.
The results demonstrated that the presence of even high numbers
of MCs in diseased tissue does not necessarily indicate that these
cells fulfil important pathogenic functions because they can be
recruited as mere bystanders.

It will be important to continue the search for physiologic MC
functions to deduce potential pathogenic roles in IgE-independent
conditions. In addition to venom detoxification and defense
against helminths, MCs can serve to close also other functional
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gaps in the innate immune repertoire that remain to be discovered.
Experiments in mouse models of MC deficiency are valuable
tools for the identification of additional in vivo functions of these
cells. Despite extensive similarities of the mouse and human
immune systems, however, MC contributions to human diseases
might not necessarily be reflected in the respective mouse models,
and extrapolation from mouse studies to the human system must
happen with caution.

As for studies of the role of human MCs in health and disease,
MC-deficient human subjects have not been reported, and
pharmacologic approaches that selectively target MCs and
completely block, stabilize, silence, or deplete MCs are not yet
available. Therefore human studies of the role and relevance of
MC:s for diseases largely relied on the investigation of differences
of MCs in patients and healthy control subjects or between
lesional and nonlesional body sites, or they investigated changes
during the course of disease compared with before disease onset.
This can identify correlations of MC changes and features of
disease but cannot prove a causal link. What is needed is the
development of MC-specific therapeutics to treat patients with
MC-mediated disease and to explore the role of MCs in
conditions in which they are suspected to contribute to the
pathogenesis. The recent development of therapeutic antibodies
directed to inhibitory MC-surface receptors, such as sialic acid—
binding immunoglobulin-type lectins, is a step in this direc-
tion.”" Also, development of sensitive MC-specific biomarkers is
needed to better define the role and relevance of MCs in human
disease.
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