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Abstract
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Mast cells are densely granulated tissue-resident immune cells that play an important role in
orchestrating inflammatory responses. Dysregulated increases in the numbers and activation
status of mast cells can have deleterious consequences for the body in various inflammatory
diseases. Mast cells are best-known for their detrimental roles in allergic diseases, e.g., asthma.
Thus, strategies that target mast cells and their harmful activities in such pathological conditions
are potentially attractive therapeutic options. An efficient strategy to accomplish a full blockade
of the harmful events mediated by various mast cell mediators is to locally eliminate mast cell
populations altogether by inducing their apoptosis.

Using in vitro-cultured mast cells, we identified that mefloquine, an antimalarial drug with
lysosomotropic activity, causes permeabilization of secretory granules, increased production
of reactive oxygen species (ROS), release of granule-localized proteases into the cytosol and
apoptotic cell death (Paper I). Moreover, intraperitoneal injections of mefloquine in mice
resulted in a reduced peritoneal mast cell population in vivo.

To evaluate the possibility of using lysosomotropic agents for selectively depleting human
lung mast cells by induction of apoptosis, human lung specimens were used. Exposure of
either intact human lung tissue, purified lung mast cells or mixed populations of lung cells
to mefloquine revealed that human lung mast cells are highly susceptible to ROS-induced
apoptosis in this setting. In contrast, other cell populations of the lung were largely refractory
(Paper II).

Lastly, in an attempt to gain a deeper insight into the mechanism underlying ROS production
and the downstream events in response to lysosomotropic challenge, we identified that the
mast cell secretory granules comprise major subcellular compartments for ROS production in
response to mefloquine (Paper I1II). Lysosomal iron, granzyme B and the ERK1/2 MAP kinase
signaling pathway were found to contribute to production of ROS in response to mefloquine.
Furthermore, granule acidification was shown to be essential for mefloquine-mediated effects
in mast cells, i.e., granule permeabilization, ROS production and cell death. Collectively, the
present thesis introduces the possibility of inducing selective mast cell apoptosis via granule
permeabilization as a novel strategy to target mast cells. Thus, this strategy has a potential to
be used therapeutically to ameliorate mast cell-mediated detrimental effects in inflammatory
diseases, such as asthma.
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Abbreviations

AHR Airway hyperresponsiveness

AIF Apoptosis-inducing factor

BAF Bafilomycin

BAL Bronchoalveolar lavage

BMMC Bone marrow-derived mast cell

BTK Bruton’s tyrosine kinase

CBMC Cord blood-derived mast cell

CD Cluster of differentiation

CLR C-type lectin receptor

CML Chronic myeloid leukemia

COPD Chronic obstructive pulmonary disease
CPA3 Carboxypeptidase A3

CTMC Connective tissue mast cell

DAMP Damage-associated molecular pattern
DFO Deferoxamine mesylate

DISC Death-inducing signaling complex
ELISA Enzyme-linked immunosorbent assay
FcR Fragment crystallizable receptor
FDA Food and drug administration

GAG Glycosaminoglycan

GPR35 G-protein-coupled receptor 35
HMC-1 Human mast cell line-1
Hsp70 Heat shock protein 70

Ig Immunoglobulin

IL Interleukin

LAMP Lysosomal-associated membrane protein
LDCD Lysosome-dependent cell death

LIMP Lysosomal integral membrane protein
Lin Lineage

LLME L-leucyl-L-leucine methyl ester

LMP Lysosomal membrane permeabilization
LPS Lipopolysaccharide

LT Leukotriene

MC Mast cell

MCp Mast cell progenitors

MMC Mucosal mast cell

mMCP Mouse mast cell protease



MOMP Mitochondrial outer membrane permeabilization
MRGPR  MAS-related G protein-coupled receptor
MSDH O-methyl-serine dodecylamide hydrochloride

NAC N-acetylcysteine
PAMP Pathogen-associated molecular pattern
PBS Phosphate-buffered saline

PCMC Peritoneal cell-derived mast cell
PDGFR Platelet-derived growth factor receptor

PG Prostaglandin

PGN Peptidoglycan

PI3K Phosphatidylinositol 3-kinases

PRR Pattern recognition receptor

RA Rheumatoid arthritis

RLR RIG-like receptor

ROS Reactive oxygen species

SCF Stem cell factor

SCG Sodium cromoglycate

SG Serglycin

Siglec Sialic acid-binding immunoglobulin-like lectin
ssRNA Single-stranded RNA

SYK Spleen tyrosine kinase

TGF Transforming growth factor

TLR Toll-like receptor

TNF Tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand
TSLP Thymic stromal lymphopoietin

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
V-ATPase Vacuolar ATPase

VEGF Vascular endothelial growth factor

WT Wild type

XIAP X-linked inhibitor of apoptosis protein



Introduction

Our immune system is a complex network of tissues, cells and molecules that
protects us against foreign invaders such as microbes, non-infectious environ-
mental substances and toxins. When an invader successfully breaches the
physical barriers of the host, the immune system recognizes this intruding
agent and the associated tissue damage and subsequently launches a set of
coordinated reactions, called immune responses, to eliminate it. As a crucial
part of this protective response, inflammation is triggered which allows re-
cruitment of immune cells to the affected tissue to not only eliminate the cause
of damage, but also to initiate the healing and repair process. Under normal
conditions, after eradication of the invader by the host immune system, the
inflammation is resolved in order to return the tissue to homeostasis. However,
unresolved or excessive inflammatory responses can lead to persistent tissue
damage, thereby giving rise to development of chronic inflammatory diseases.

Mast cells are among the effector immune cells that participate in the host
inflammatory responses. Mast cells are present in the tissues that are portals
of entry for external stimuli, and are equipped with a broad range of sensors
that enable the recognition of various stimuli. Upon recognition, mast cells
respond to these stimuli by releasing a panel of inflammatory compounds.
These particular properties enable mast cells to play a key role in orchestrating
inflammation. Nevertheless, dysregulated mast cell activation contributes to
pathogenesis of chronic inflammatory diseases including asthma, atopic der-
matitis, cutaneous mastocytosis and psoriasis. Thus, strategies that target mast
cells are potentially attractive for treatment of such inflammatory diseases.

Here, several available mast cell-directed therapies and their limitations are
briefly discussed. More importantly, the present thesis introduces a novel and
efficient approach to target mast cells selectively via permeabilization of their
granules.
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Background

Mast cells

Mast cells are long-lived tissue-resident cells that originate from hematopoi-
etic pluripotent progenitors in the bone marrow'>. As opposed to most other
hematopoietic cells, mast cells leave the bone marrow to enter the blood cir-
culation as immature progenitors and complete their development only after
they arrive at peripheral tissues*>. As mast cell progenitors (MCp) differenti-
ate into mature mast cells in the tissue under the influence of local cytokines
and growth factors, e.g., stem cell factor (SCF), they acquire more and more
filled secretory granules. In fact, the most unique morphological feature of
mature mast cells is their high content of the secretory granules which occupy
most of the cytoplasmic space®. The secretory granules are filled with large
quantities of various preformed mediators, including biogenic amines, mast
cell-specific proteases, lysosomal enzymes, certain cytokines, chemokines,
growth factors and serglycin proteoglycans™®. As will be discussed later, the
preformed mediators are released into the extracellular environment when
mast cells are activated to degranulate. In addition to the release of preformed
granule constituents, mast cell activation can lead to the de novo synthesis and
release of a diverse array of bioactive mediators™® " (Figure 1; Table I).

Based on their anatomical location, biochemical properties or protease expres-
sion profile, two major subtypes of mature mast cells have been described in
mice and humans® ¢. In mice, these two subtypes are connective tissue mast
cells (CTMCs) and mucosal mast cells (MMCs). CTMCs mainly have gly-
cosaminoglycans (GAGs) of the heparin type and are located in the skin, per-
itoneal cavity and submucosa of stomach and gut. On the contrary, MMCs
have chondroitin sulphate as the main species of GAG attached to the ser-
glycin core protein® and are predominantly found in the gut and respiratory
mucosa* . Given that human mast cells contain both heparin and chondroitin
sulfate proteoglycans®, they were subdivided based on their profile of protease
expression into MCrc and MCr®°. In terms of protease content and tissue lo-
calization, human MCrc correspond to mouse CTMCs, expressing both tryp-
tase and chymase and being located in the skin as well as gastrointestinal and
bronchial submucosa’. On the other hand, human MCr, which express tryptase
but lack chymase, are found mainly in the gastrointestinal and bronchial mu-
cosa as well as bronchial epithelium, roughly corresponding to MMCs> % '°.
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Figure 1. Mast cell activation and mediator release. Mast cells become activated
when IgE molecules bound to surface FceRI are cross-linked by antigens (e.g., aller-
gen). Such activating signals lead to the release of preformed mediators through
degranulation as well as de novo production and release of several other mediators.

Table 1. Examples of mast cell-derived mediators (human or mouse).

3,

6

7

Mediator Class Mediators (e.g.) Ref
Preformed (immediate release)

Lysosomal enzymes Cathepsins (B, C, D, E, L), f-hexosaminidase
Non-MC-specific proteases Cathepsin G, Granzyme B”, Active caspase 3
MC-specific proteases Tryptases”, Chymases”, CPA3" 3
Proteoglycans Serglycin (heparin, chondroitin sulphate)

Biogenic amines Histamine®, Serotonin”

Cytokines and chemokines TNF, IL-4, CCL5, CXCL8 3
Growth factors SCF, VEGF, FGF, NGF, TGF-B 3
De novo synthesized (delayed release)

Lipid mediators PGD2, PGE2, LTB4, LTC4, PAF

Cytokines TNF, IFNy, IL-1, -2, -3, -4, -5, -6, -9, -10, -13, -33 >
Chemokines CCLL, 2,3,4,5,7,11, 17, 20, 22; CXCL2, 8§, 10
Growth factors SCF, VEGF, FGF, NGF, TGF-3, PDGF, GM-CSF 3

Abbreviations: CPA3, carboxypeptidase A3; FGF, fibroblast growth factor; GM-CSF, granulocyte macro-
phage colony-stimulating factor; IFN, interferon; LT, leukotriene; MC, mast cell; NGF, nerve growth fac-
tor; PAF, platelet activating factor; PDGF, platelet-derived growth factor; PG, prostaglandin; SCF, stem
cell factor; TGF-p, transforming growth factor-f; TNF, tumor necrosis factor; VEGF, vascular endothelial
growth factor. *Examples of mediators that are dependent on serglycin for their storage

6,11
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Mast cell receptors

Mast cells express a broad set of receptors, on the cell surface and intracellu-
larly, that provide them with a remarkable ability to sense and respond to var-
ious exogenous and endogenous stimuli* '2. These receptors are either activat-
ing or inhibitory, and operate to regulate the biological responses of mast cells.
Examples of major activating receptors present in mast cells are Fc receptors,
pattern recognition receptors (PRRs), cytokine, chemokine and growth factor
receptors and peptide receptors such as MAS-related G protein-coupled re-
ceptor-X2 (MRGPRX2)'*'*, Examples of major inhibitory mast cell receptors
are FcyRIIB, sialic acid binding Ig-like lectins (e.g., Siglec-8), receptors for
anti-inflammatory or immunomodulatory cytokines (e.g., IL-10R and TGF-
BR) and G-protein-coupled receptor 35 (GPR35)'% ' (Table 2).

Mast cell activation

Owing to the expression of various activating receptors, mast cells can become
activated through diverse pathways that are generally classified into IgE-de-
pendent and IgE-independent activation pathways. The direct interaction be-
tween specific stimuli and their respective activating receptors in mast cells
generates activating signals that give rise to induction of a mast cell response.
Generally, a mast cell response consists of two distinct phases: (1) immediate
degranulation, resulting in the release of preformed granule-stored mediators
within seconds, and (2) delayed secretion of de novo synthesized mediators
that are released within minutes (e.g., lipid mediators) or hours (e.g., cyto-
kines, chemokines and growth factors)** > (Figure 1; Table I). Of note, mast
cells do not respond uniformly to all activating stimuli. More precisely, de-
pending on the phenotype of mast cells as well as the type, property, strength,
and combination of the incoming stimuli, the nature and intensity of the mast
cell response might vary in range® . For example, stimulation through some
receptors, such as high affinity IgE receptor (FceRI), launches a full-scale
mast cell response, i.e., release of various preformed mediators through
degranulation as well as release of de novo synthesized lipid mediators (e.g.,
leukotrienes [LTs] and prostaglandins [PGs]), numerous cytokines, chemo-
kines and growth factors via degranulation-independent events. On the con-
trary, stimulation of mast cells through certain PRRs (e.g., TLR4) or cytokine
receptors (e.g., IL-33 receptor and thymic stromal lymphopoietin [TSLP] re-
ceptor) induces the selective release of de novo synthesized cytokines and
chemokines in the absence of degranulation”>?®. There are also instances
where stimulation of mast cells through certain receptors, mainly those that
bind to growth factors (e.g., c-kit), primarily induce mast cell survival, prolif-
eration or differentiation rather than induction of mediator release’.
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Table 2. Examples of activating and inhibitory receptors expressed by mast cells

(human or mouse).

Ligands Activating receptors (e.g.) Ref

Microbial products (PAMPs)

Bacterial lipopeptides, PGN, dsRNA, LPS, Toll-like receptors (TLR1-9) 12,13,29

Flagellin, LTA, ssRNA, CpG-DNA C-type lectin receptors (Dectin-1) 29,30
RIG-like receptors (RIG-I) 30

FimH, S. aureus CD48 13,31

Endogenous products (DAMPs or alarmins)

IL-33, TSLP IL-33R (ST2), TSLPR 3

Products of the innate immune system

Cytokines and growth factors (GFs) Cytokine/GF receptors (IL-1R, -3R, 12,31
-4R, -12R, -15R, -18R, IFNYR, c-Kit)

Chemokines Chemokine receptors (CCR1, 3, 4, 5, 7; 12-14
CXCRI, 2, 3, 4, 6; CX3CR1)

Complement components Complement receptors 12,13
(CR1,2,3,4,5; C3aR, C5aR)

Products of the adaptive immune system

IgE FceRI 12,13

1gG FcyRs (FeyR1, FeyRIIT) 12,13

Endogenous and exogenous peptides/compounds

Endogenous: Neuropeptide (Substance P, VIP),  MRGPRX2uman)/\fR GPRB2(mouse) 15

Antimicrobial peptides (-Defensin)
Exogenous: Insect toxins (Mastoparan),
Compound 48/80, Icatibant

Endogenous: Bioactive peptides (Endothelin-1)  ETa 13,15

Exogenous:  Animal toxins (Sarafotoxin-B)

Ligands Inhibitory receptors (e.g.) Ref

Products of the adaptive immune system

IgG FcyRIIb 13 17,32

Anti-inflammatory/immunomodulatory cytokines

IL-10, TGF-B IL-10R, TGF-BR 12

Other ligands

Sialic acid Siglec-8 17,32

MC stabilizing drugs (SCG, nedocromil sodium) ~ GPR35 2

Abbreviations: DAMP, damage-associated molecular pattern; dsRNA, double-stranded RNA; GPR35, G-
protein-coupled receptor 35; LPS, lipopolysaccharide; LTA, lipoteichoic acid; MC, mast cell; MRGPR,
MAS-related G protein-coupled receptor; PAMP, pathogen-associated molecular pattern; PGN, peptidogly-
can; SCF, stem cell factor; SCG, sodium cromoglycate; Siglec-8, sialic acid binding Ig-like lectins; ssSRNA,
single-stranded RNA; TGF-, transforming growth factor-f; TNF, tumor necrosis factor; TSLP, thymic
stromal lymphopoietin; VIP, vasoactive intestinal polypeptide.
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IgE-dependent activation

The best studied mechanism of mast cell activation is the IgE-dependent
mechanism. The IgE receptor, FceRl, is abundantly present on the mast cell
plasma membrane. Binding of an antigen to FceRI-bound IgE antibodies re-
sults in cross-linking of FceRI, which in turn initiates a complex intracellular
signaling cascade. The key components of this signaling cascade include
phosphorylation of various signaling proteins, lipid metabolism and phosphor-
ylation, intracellular Ca** mobilization and transcription factor activation that
ultimately trigger a full mast cell response (Figure 1)**. The IgE/FceRI-me-
diated mast cell activation is typically seen in immediate hypersensitivity (al-
lergic) reactions, with the most serious manifestation being the potentially
life-threatening anaphylaxis®* *°. This type of mast cell activation is also con-
sidered to contribute to host defense against certain helminth parasites™.

IgE-independent activation

Mast cells can become activated independently of IgE/FceRI when stimulated
via innate mechanisms. The major stimuli that can trigger IgE-independent
mast cell activation include (1) microbial products known as pathogen-asso-
ciated molecular patterns (PAMPs), (2) endogenous products released upon
tissue damage known as damage-associated molecular patterns (DAMPs) or
alarmins, (3) products of the innate immune system such as cytokines, chem-
okines and complement components, (4) products of the adaptive immune sys-
tem (e.g., [gG) and (5) various endogenous and exogenous peptides (Table 2).
In the following section, some of these IgE-independent mast cell activation
pathways are briefly described.

Mast cells express various PRRs such as Toll-like receptors (TLRs), C-type
lectin receptors (CLRs) and RIG-like receptors (RLRs)*”** (Table 2), which
enable them to recognize different microbes and to participate in the host re-
sponse during infection”. Different mast cell phenotypes display distinct ex-
pression patterns of the PRRs. Moreover, in some cases, stimulation of mast
cells with various PAMPs can induce the expression of certain PRRs that are
otherwise undetectable or detected at low levels®. The mast cell PRRs are
located in the plasma membrane, endosomes or cytosol and can bind to dis-
tinct conserved molecular structures present in microbes. Such ligations trig-
ger signaling cascades leading to production and release of inflammatory cy-
tokines, chemokines, antiviral interferons (when the stimuli are viral PAMPs)
and in some instances lipid mediators®. In general, stimulation of mast cells
through interaction between PAMPs and PRRs do not appear to efficiently
activate the degranulation machinery®”. However, degranulation is detectable
in a few cases; for example, when mast cells are stimulated with ligands of
TLR2 or Dectin-1?* 3" the latter being a member of CLRs. Importantly,
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stimulation of mast cells through interaction between PAMPs and PRRs can
potentiate various aspects of IgE-mediated mast cell activation. For example,
prolonged stimulation of mast cells with a TLR4 ligand, i.e., lipopolysaccha-
ride (LPS), has been found to enhance degranulation and secretion of leuko-
trienes, cytokines and chemokines in mouse mast cells following IgE/FceRI
cross-linking. On the other hand, TLR3 ligation only enhanced degranulation
and secretion of leukotrienes under the same experimental conditions®.

Another receptor that mediates IgE-independent mast cell activation is MAS-
related G protein-coupled receptor-X2 (MRGPRX?2) and its mouse ortholog
MRGPRB2. Although it was initially thought that these receptors are only ex-
pressed in sensory neurons’’, later investigations revealed that MRGPRX2
and MRGPRB?2 are also expressed in human skin mast cells expressing both
tryptase and chymase (MCrc) and mouse CTMCs, respectively*' . Mast cells
can become activated through MRGPRX2 when binding to various endoge-
nous and exogenous peptide stimuli including neuropeptides, antimicrobial
peptides and components of insect venom'® (Table 2). Additionally, com-
pound 48/80 was found to mediate its effect on mast cells through
MRGPRX2*. Activation of mast cells through MRGPRX2 can induce
degranulation in a process that is dependent on Ca*" mobilization****_ Inter-
estingly, the IgE-mediated degranulation has been found to cause a sustained
release of larger and more heterogeneously shaped granule structures®. On
the other hand, in the same experimental settings, MRGPRX2-mediated acti-
vation by ligands such as substance P, compound 48/80 and icatibant (a pep-
tide drug), has been shown to induce mast cells to rapidly secrete small and
relatively spherical granule structures, a pattern consistent with the secretion
of individual granules®. Furthermore, unlike IgE-mediated activation that in-
duces strong de novo secretion of lipid mediators (e.g., PGD2 and PGE2) and
several inflammatory cytokines, chemokines and growth factors, MRGPRX2-
mediated activation by substance P results in secretion of only low amounts
of the aforementioned lipid mediators and vascular endothelial growth factor
(VEGF) by mast cells®. These differences in the pattern of degranulation and
in the de novo expression of mast cell mediators upon stimulation through
FceRI and MRGPRX2 may contribute to the observed differences in mast
cell-dependent inflammation'. In line with this, pseudoallergic skin reactions
induced by peptide drugs, which are mediated mainly through
MRGPRX2/MRGPRB2*, are often transient (e.g., icatibant*®), while IgE-de-
pendent allergic skin reactions are usually sustained and lead to more persis-
tent local inflammation®.

The activation of mast cells via IgE-independent pathways is believed to play
an important role in the pathophysiology of various non-allergic inflammatory
diseases, in which mast cells are implicated®”>'. Moreover, the fact that mul-
tiple non-IgE stimuli (e.g., PAMPs, 1L-33, etc) have been found to have
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synergistic effects with IgE-mediated mast cell activation® *% suggests that

IgE-independent pathways can also contribute to the mast cell-driven patho-
logical effects in allergic inflammatory diseases by aggravating them. In line
with this notion, respiratory infections are frequently found to be the major
cause of exacerbations in asthmatic patients™>°.

Mast cells in health and disease

Mast cells are present in virtually all vascularized tissues. In particular, they
are abundantly located at junction points of the body and external environ-
ment, which are portals of entry for pathogens and harmful substances (e.g.,
skin, gastrointestinal tract and airways), as well as near nerve endings and
blood vessels®. Within the tissues, local microenvironmental stimuli control
maturation, phenotype and function of mast cells. Therefore, these stimuli reg-
ulate the ability of mast cells to specifically recognize and respond to numer-
ous different stimuli via secretion of a variety of potent mediators®. All these
features enable mast cells to serve as immune sentinel cells and as the first
responders following encounter with a tissue insult. In addition to their ability
to respond rapidly and directly to such insults (e.g., pathogens, allergens, tox-
ins, etc), mast cells can communicate with other immune cells by sending sig-
nals throughout the body to promote the recruitment of different immune cells
to the affected tissues’. Therefore, mast cells play an important role in initiat-
ing inflammation, modulating both innate and adaptive immune responses, as
well as launching a program of repair and homeostatic maintenance®**. How-
ever, if the tissue insult is repeated or persistent, mast cells can become poten-
tially harmful. This is because the sustained mast cell activation and release
of various proinflammatory mediators such as proteases, cytokines, chemo-
kines and growth factors can give rise to severe inflammation, tissue damage
and remodeling® ***’. Moreover, while the number of tissue mast cells is
tightly regulated by migration, proliferation and survival in steady state con-
ditions, mast cell homeostasis could be disturbed under pathological condi-
tions, leading to rapid alterations in the number and distribution of mast
cells®®. Altogether, uncontrolled increase in the number and activation of mast
cells as well as alterations in their tissue distribution can have deleterious con-
sequences for the organism.

Based on the points discussed above, mast cells can play both beneficial and
detrimental roles for the organism. Examples of potentially beneficial roles of
mast cells include their involvement in protection against certain animal ven-
oms™ " and infections, particularly those caused by certain parasitic hel-
minths®* °>%_ However, mast cells are undoubtedly best known for their det-
rimental roles in allergies (including potentially fatal anaphylaxis) and related

diseases, such as asthma, allergic rhinitis and atopic dermatitis*>**. Moreover,
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a growing body of evidence frequently reports the increased numbers and en-
hanced activation of mast cells at the sites of inflammation in several other
human diseases including various autoimmune disorders®> °® and cancers™ %',
mastocytosis® ®, chronic obstructive pulmonary disease (COPD)’" "', and
atherosclerosis® *. This indicates that mast cells are implicated in these pa-
thologies.

The central role of mast cells in the pathogenesis of allergic diseases, e.g.,
asthma, is supported by several lines of evidence. For example, asthmatic pa-
tients have increased numbers of lung mast cells, especially in locations such
as the airway smooth muscle layer, lung epithelium, and alveolar paren-
chyma’®7>. Moreover, a higher number of mast cells has been found in the
distal airways of individuals with non-fatal and fatal asthma compared to non-
asthmatic controls’®. Of note, the abnormal accumulation of mast cells in these
lung compartments has been associated with enhanced asthma symptoms’ ">
%78 In line with these observations, an increased percentage of degranulated
mast cells has been found in the mucous glands in cases of fatal asthma com-
pared to non-fatal asthma and controls”. The extensive mast cell degranula-
tion in fatal asthma suggests that mast cells are highly activated in severe
asthma®”°. Importantly, a role for mast cells in asthma is also supported by a
number of studies conducted on mice** ™. In mouse models of allergic asthma,
elevated numbers of airway mast cells are found and mast cells have been
demonstrated to contribute in a major way to several symptoms associated
with experimentally induced allergic airway inflammation, including eosino-
philic airway inflammation, enhanced airway hyperresponsiveness (AHR) to
methacholine or antigen, goblet cell hyperplasia and enhanced mucus produc-
tion™.

The inflammatory reactions that occur in allergic disorders are divided into
three temporal phases, namely early, late and chronic®. Importantly, mast
cells are recognized as effector cells that participate in all these phases®. With
regard to allergic asthma, mast cells drive early-phase asthmatic reactions by
releasing mediators such as histamine, PGD2 and LTC4 immediately after al-
lergen challenge. These vasoactive and spasmogenic mediators induce symp-
toms of asthma including bronchoconstriction, respiratory mucosal edema and
mucus secretion™ *’. The relative rate of mediator release from human lung
mast cells in vitro is histamine > PGD2 > LTC4 with half maximal release
occurring at 2, 5 and 10 minutes respectively®. Interestingly, this is paralleled
in vivo by the recovery of these mediators in bronchoalveolar lavage (BAL)
fluid within 5—10 min after local bronchial allergen challenge®**°. The central
role of these mast cell mediators is supported by the observations indicating
that potent and selective receptor antagonists of histamine’!*?, LTC4%*** and
to a lesser degree PGD2”, can markedly attenuate early-phase asthmatic re-
actions. In late-phase asthmatic reactions, proinflammatory mediators,
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including cytokines and chemokines, which are released by mast cells con-
tribute to the recruitment of inflammatory cells such as eosinophils, basophils,
CD4" T cells and macrophages to the airways. Recruitment and activation of
these inflammatory cells is followed by mediator release and tissue damage,
leading to airway obstruction and AHR which accompanies the late-phase
asthmatic reactions®’. Given that many cell types are recruited and activated
during late-phase asthmatic reactions, it is not an easy task to determine the
contribution of mast cells as a source of bronchospastic mediators during this
phase’’. Nevertheless, it has been found that anti-IgE therapy markedly atten-
uate the late-phase asthmatic reactions’®, indicating that mast cell activation
during the early-phase initiates events leading to the late-phase reactions.
Thus, mast cell-derived mediators released upon allergen challenge likely con-
tribute to development of late-phase asthmatic reactions and associated symp-
toms”’. Lastly, when allergen exposure is continuous or repetitive, early- and
late-phase reactions develop into a chronic phase that is associated with per-
sistent inflammation, tissue remodeling and fibrosis*. In chronic allergic
asthma, ongoing mast cell activation and degranulation is observed®’. In line
with this, increased levels of mast cell products, such as histamine and tryp-
tase, have been found in BAL fluid from asthmatics compared to healthy con-
trols®* 1% Additionally, mast cells within the bronchial mucosa in allergic
asthma produce various cytokines (mRNA and/or protein) including IL-4, IL-
5, IL-6, IL-13, TNF-a and TSLP, with disease-related increases in the expres-
sion of many of these'”'"'®. Based on these findings and the fact that anti-IgE
therapy has been successful for treating a subgroup of allergic asthmatics with
severe or persistent symptoms, it is clear that mast cells and their interaction
with allergens and IgE play a central role in the pathogenesis of allergic
asthma®’.

Therapeutic approaches to target mast cells in disease

Given the well-recognized harmful role that mast cells play in allergic disor-
ders, and their emerging detrimental functions in non-allergic diseases, there
is an urgent need to identify efficient strategies that can limit the harmful ef-
fects of mast cells in such pathological settings. Currently, there are several
therapeutic approaches available for counteracting mast cells’ unfavorable ac-
tions. In general, the aims of these approaches are to (1) inhibit mast cell-
derived mediators or their effects, (2) inhibit mast cell activation, or (3) reduce
mast cell numbers. In this section, some of the therapeutic anti-mast cell op-
tions that are used in the clinic or being considered for future use are briefly
reviewed (Figure 2), and their advantages and limitations are summarized.
Furthermore, the concept of inducing mast cell apoptosis, particularly via
granule permeabilization, as a novel therapeutic strategy is discussed.
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Approaches aimed at inhibiting mast cell-derived mediators

Given that mast cells are capable of releasing a large array of diverse biologi-
cally active preformed and newly synthesized mediators, one possible thera-
peutic option is to target individual mast cell mediators that are responsible
for the respective mast cell-associated pathology. For example, several mast
cell mediators such as histamine, leukotrienes, prostaglandins and cytokines
are currently targeted effectively by available drugs'”’ (Figure 2). Moreover,
multiple mast cell-specific proteases, e.g., chymase and tryptase, can be selec-
tively inhibited'’”""". In general, targeting any given mast cell mediator can
be achieved either by direct inhibition of the mediator, for example when the
enzymatic activities of mast cell proteases are blocked by inhibitors, or by
inhibition of mediator’s effects. Examples of the latter are neutralizing anti-
bodies or receptor antagonists that are used to block the mediator—receptor
interaction and thereby inhibiting the mediator’s effect.

Drugs that target histamine (e.g., ketotifen), leukotrienes (e.g., montelukast)
and prostaglandin D2 (e.g., fevipiprant) function as receptor antagonists for
these mediators (Figure 2). Interference with the effects of these mediators
reduces symptoms of allergies and related disorders such as asthma in clinical
settings''*!'. Mast cell-produced proinflammatory cytokines and growth fac-
tors, such as TNF-a, IL-4, IL-13, IL-17 and VEGF, can be targeted by neu-
tralizing antibodies. Although these proinflammatory compounds are not ex-
clusively produced by mast cells, in several pathological settings mast cells
are an important source of these compounds''®. For example, mast cells are
the predominant cell type producing IL-17 in patients with inflammatory skin
and joint diseases including psoriasis''’, rheumatoid arthritis (RA)"'® and
spondyloarthritis''®* '?°. Therefore, monoclonal antibodies directed to IL-17
(Figure 2) are being investigated in patients suffering from the aforemen-

tioned conditions'?!.

Other mast cell-derived cytokines that are therapeutic targets include IL-4 and
IL-13. These two cytokines play key roles in promoting several hallmark
pathological features of Th2 inflammation including IgE production, smooth
muscle contractility, mucus production and recruitment of inflammatory cells
to the inflammation site'”*'?*, In asthma patients, mast cells were found to
produce and release IL-4'"%. IL-4 is also found as a preformed meditator stored
in mast cell granules'?. Strikingly, the ability to produce IL-4 has also been
demonstrated in MCp'*. Furthermore, IL-4— and IL-13—expressing mast cells
accumulate within the airway smooth muscle of asthmatics, suggesting an im-
portant role for these cytokines in mast cell-airway smooth muscle interac-
tions'?”. Mast cells also produce IL-13 in response to various stimuli including
IgE/antigen, IL-1p, IL-4, IL33, LPS and peptidoglycan (PGN)*"- 125132 Dypi-
lumab is a monoclonal antibody directed against the a subunit of the 1L-4
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receptor (IL-4Ra) that blocks signal transduction pathways activated by 1L-4
and IL-13 (Figure 2). Of note, dupilumab has shown striking beneficial effects
in improving several disease features in patients suffering from mast cell-as-
sociated allergic diseases such as asthma'®® and atopic dermatitis'** '*. Dupi-
lumab is the first and currently only approved monoclonal antibodies for
atopic dermatitis in Europe and the US'*®. More recently, dupilumab has been
approved by the US Food and Drug Administration (FDA) for treatment of

moderate-to-severe asthma'>’.
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Figure 2. Simplified overview of therapeutic strategies aiming at the inhibition
of mast cell mediators or activation, and reduction of mast cell numbers.
(— denotes inhibition). Abbreviations: ASM, airway smooth muscle; BV, blood
vessel; CysLT1RA, cysteinyl leukotriene receptor 1 antagonist; EOS, eosinophils;
GPR35, G-protein-coupled receptor 35; HIR, histamine H1 receptor; Histamine RA,
histamine receptor antagonist; ILC2, type 2 innate lymphoid cells; KC, keratinocytes;
LA, lysosomotropic agent; LTC4, leukotriene C4; MC, mast cell; N, neuron; PD2RA,
prostaglandin D2 receptor 2 antagonist; PGD2, prostaglandin D2; PI3K, phosphati-
dylinositol 3-kinase; SCG, sodium cromoglicate.
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Although targeting the individual mediators of mast cells can reduce their abil-
ity to mediate the related inflammatory responses, the beneficial therapeutic
effects of such treatments are often regarded as limited. There are many pa-
tients suffering from mast cell-associated diseases who do not gain adequate
relief from their symptoms, despite receiving higher doses of the aforemen-
tioned drug classes''®. One major reason could be that the overall impact of
mast cells on any given pathological setting is likely a result of combined ef-
fects from several different mast cell mediators, rather than being due to a
single mediator acting on a single target'”’. Thus, targeting a single mast cell
mediator will only partly interfere with detrimental mast cell effects. In line
with this notion, therapeutic regimens with, for example, anti-leukotrienes
alone have shown a limited efficiency in the management of asthma. Thus,
these drugs are often recommended as add-on therapy to inhaled corticoster-
oids'"* ¥ As another example, targeting only IL-13 by lebrikizumab or
tralokinumab, two anti-IL-13 monoclonal antibodies, has shown a very lim-
ited beneficial effect without reducing the exacerbations in asthma patients,
whereas targeting both IL-4 and IL-13 by dupilumab effectively improved

lung function and symptoms and resulted in reduced asthma exacerbations'’.

In addition to this, mast cells release their mediators differentially when ex-
posed to distinct activating stimuli as discussed elsewhere (see “Mast cell ac-
tivation™). Thus, it is difficult to predict what mediators are released in re-
sponse to any given stimulus, either alone or in combination with other stim-
uli. Altogether, the difficulty in identifying targets and the necessity to com-
bine drugs to achieve higher efficacy, limit the applicability of this approach.

Approaches aimed at inhibiting mast cell activation

Considering that mast cells express a large number of activating and inhibitory
receptors of various types, one anti-mast cell therapeutic option is to use drugs
that interfere with mast cell activation. Many of the drugs targeting mast cell-
derived mediators are commonly used to control the disease symptoms asso-
ciated with those mediators, whereas the inhibition of mast cell activation pro-
vides an opportunity to counteract with the immune dysfunction underlying
mast cell-associated diseases with a more direct approach.

One approach to inhibit mast cell activation is to use monoclonal antibodies
to target IgE molecules and thereby block the interaction of IgE with FceRI
(Figure 2). Omalizumab is a humanized IgG1 antibody against IgE that is ap-
proved for clinical use and was found to reduce asthma symptoms in adults
and children'* '*!, Moreover, beneficial therapeutic effects of omalizumab
have been observed in persistent allergic rhinitis'**, atopic dermatitis'®*, urti-
caria'*'* and food allergies'*®. The effect of omalizumab is mainly attributed
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to its ability to reduce plasma IgE levels and FceRI expression on mast cells
116

and basophils’°.

Although anti-IgE therapy represents a successful approach to inhibit mast
cell activation, there are several disadvantages that limit its use in treatment
of mast cell-associated disorders. For example, anti-IgE therapy is beneficial
in treatment of allergy-related disorders but has very limited efficacy, if any,
in the treatment of non-allergic mast cell-driven diseases, in which mast cell
are activated by IgE-independent pathways'®’. Another limitation with this
treatment is its unpredictable efficacy, i.e., some asthmatic patients show con-
siderable improvement, whereas most patients experience little or no signs of
clinical improvement'*’. Additionally, similar to other treatments that involve
the use of humanized monoclonal antibodies, anti-IgE therapy is associated
with high economic costs, and therefore it cannot be used for all patients suf-

fering from any given allergic condition''®.

Another group of compounds that display inhibitory effects on mast cell acti-
vation are mast cell stabilizers that have the ability to inhibit mast cell degran-
ulation and mediator release in response to various stimuli'*. Sodium cromo-
glycate (SCG) and nedocromil sodium are the most common mast cell stabi-
lizers used for treating asthma and other diseases that involve mast cell acti-
vation, including allergic rhinitis, allergic conjunctivitis, atopic dermatitis,
and mastocytosis®. Despite being in clinical use for decades, the mechanisms
by which these drugs inhibit mast cell activation and degranulation are still
not well-defined'”’. However, it has become more evident during the recent
years that the effect of SCG and nedocromil sodium is mediated via GPR35,
an inhibitory mast cell receptor' (Figure 2).

Although mast cell stabilizers are generally well-tolerated, their inhibitory ef-
fects are moderate or negligible'”’. In fact, comparative studies suggest that
the beneficial effect of SCG in controlling asthma symptoms is rather small in
both children and adults'**'*°. One possible reason for this could be that mast
cell stabilizers do not inhibit human lung mast cells effectively. In support of
this notion, SCG has been found to be a weak inhibitor of histamine release
from freshly isolated human lung mast cells in response to IgE-mediated acti-
vation, even when high concentrations of SCG were used'*'. Another disad-
vantage of mast cell stabilizers is that, due to their low potency and short half-
life, high concentrations of the drug need to be given at frequent intervals to
have an effective inhibitory impact. Moreover, local administrations are pre-

ferred to maximize the concentration of the drug in the target tissue'*.

An alternative approach to inhibit mast cell activation is to interfere with the
intracellular signaling pathways that are essential for mast cell degranulation

and mediator release'”” ''® '*2, This can be achieved, for example, by using
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pharmacologic inhibitors to block the function of key cytoplasmic signaling
proteins such as spleen tyrosine kinase (SYK), phosphatidylinositol 3-kinases
(PI3K) and Bruton’s tyrosine kinase (BTK). Since these proteins are involved
in early signaling events induced by IgE-FceRI interaction, their inhibition
could theoretically result in effective suppression of antigen-induced degran-
ulation and mediator release'?’. In line with this, several inhibitors of the afore-
mentioned signaling proteins exhibited beneficial effects when tested in pre-
clinical in vivo models. For example, IC87114, a selective inhibitor of PI3K9,
was found to have a therapeutic potential for the treatment of allergic asthma
and rheumatoid arthritis in the relevant disease models'**> '** (Figure 2). Fur-
thermore, a number of different inhibitors are being tested in clinical trials for
diseases such as allergic rhinitis, asthma, urticaria and rtheumatoid arthritis'®"
116 Although some of these inhibitors have been able to reduce certain disease
symptoms in patients during initial phases of clinical trials, so far none of these
inhibitors have been approved for routine treatment of mast cell-related dis-
eases in the clinic'”’. For example, the SYK inhibitors, R112 and R343, both

failed in clinical phase II studies for treatment of allergic rhinitis or asthma''®.

One major problem with approaches targeting signaling pathways is that they
are not exclusive to mast cells. Indeed, the fact that the signaling proteins are
widely expressed by many different cell types gives rise to an increased risk
of adverse effects when signaling protein inhibitors are used'”’. Moreover, the
majority of inhibitors that are available or being considered for clinical devel-
opment, are directed against signaling pathways that operate downstream of
classical IgE-mediated mast cell activation®’. Thus, they predominantly sup-
press mast cell activation in allergic settings and have limited effectiveness in
other contexts. This is a very important issue to consider when developing
new inhibitors of signaling proteins, because in many non-allergic inflamma-
tory disorders and in chronic conditions such as asthma, mast cell activation
can be mediated via different IgE-independent mechanisms whose signaling
pathways are not well understood in mast cells’’.

Approaches aimed at reducing mast cell numbers

The overall impact of mast cells on any pathological setting is most likely
multifaceted, i.e., it is mediated by multiple activating mechanisms and a large
number of secreted mediators. Thus, targeting the individual mediators or sin-
gle activation pathway in mast cells, i.e., the IgE-mediated pathway, may not
be sufficient to prevent the full panel of mast cell-driven pathological effects.
Theoretically, a more effective strategy for global inhibition of mast cells and
their harmful activities might therefore be to reduce mast cell numbers in dis-
eases, for example by blocking mast cell survival or inducing their apopto-
sis'!® 153156 However, in order to avoid harmful side effects, it is essential to
develop a strategy that is selective to mast cells and causes minimal

25



interference with other cell types. In the following section, the major strategies
that can be employed for blocking mast cell survival or induction of mast cell
apoptosis are briefly discussed.

Strategies to block mast cell survival

Tissue-resident mature mast cells are long-lived and primarily depend on SCF
for their survival®. Additionally, the interaction between SCF and its receptor,
c-kit (CD117) which has tyrosine kinase activity'>’, induces an intracellular
signaling cascade which in turn promotes mast cell differentiation, prolifera-
tion, chemotaxis and maturation®. The pivotal role of SCF for mast cell sur-
vival and development in vivo is highlighted by the finding that mice having
deficiency in SCF or c-kit essentially lack mast cells> '** ¥, Moreover, glu-
cocorticoid-induced reduction of local SCF levels results in decreased num-
bers of tissue mast cells in mice'®. Additionally, administration of SCF to
primates, mice and rats promotes in vivo expansion of tissue mast cells'®"- %%,
The ability of the SCF—c-kit axis to induce mast cell survival appears to be
mediated, at least partly, through downregulation of the pro-apoptotic proteins

such as Bim'®.

It is thought that SCF and c-kit may contribute to the mast cell accumulation
and survival in mast cell-driven disorders. For example, in humans, gain-of-
function mutations in c-kit leads to mastocytosis, a disorder characterized by
mast cell population expansion and accumulation in patients due to the con-
stitutive SCF-independent activation of c-kit'®. Furthermore, in individuals
with various allergic diseases including asthma, allergic rhinitis and atopic
dermatitis, an increased production of SCF'®'®° and elevated mast cell num-
bers are commonly seen'”’. In patients with asthma or atopic dermatitis, the
increased SCF levels correlate with disease severity'*®'%°,

Based on these findings, blocking mast cell survival and development through
inhibition of the SCF—c-kit axis has been considered as a potential treatment
option to decrease mast cell numbers in certain pathological conditions'”’
(Figure 2). Imatinib, a tyrosine kinase inhibitor initially developed for target-
ing BCR-ABL (breakpoint cluster region-Abelson murine leukemia viral on-
cogene homolog 1) in patients with chronic myeloid leukemia (CML), was
recently shown to reduce mast cell numbers in endobronchial biopsy samples,
and to reduce serum tryptase levels and AHR in patients with severe asthma'’".
In addition to CML, imatinib is approved by FDA for the treatment of adult
patients with aggressive systemic mastocytosis that lack the KitD816V muta-
tion'’%. In a phase IV clinical trial, imatinib caused a reduction in mast cell
numbers in mastocytosis patients that had Kit mutations other than
KitD816V'"™. In addition to imatinib, several other tyrosine kinase inhibitors
including nilotinib, dasatinib, midostaurin and masitinib are being evaluated
for their effect in several mast cell-driven diseases''®. However, none of these
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inhibitors are specific for c-kit. In fact, they are capable of inhibiting platelet-
derived growth factor receptors (PDGFR) and multiple other proteins with ty-
rosine kinase activity''®. Thus, the effects of available tyrosine kinase inhibi-
tors extend far beyond mast cells, resulting in high risk of adverse effects'®’.
This in turn limits the use of available inhibitors primarily to the treatment of
cancers (e.g., CML) and other neoplastic diseases such as aggressive masto-

cytosis.

Strategies to induce mast cell apoptosis

Historically, cell death has been classified into two major forms, apoptosis and
necrosis'’*. Apoptosis, also termed as “programmed cell death”, is a highly
regulated mode of cell death in multicellular organisms and plays an essential
role in development, morphogenesis and maintaining homoeostasis through
the removal of damaged, aged and potentially dangerous cells'”®. Upon acti-
vation of apoptosis, a series of intracellular signaling events is initiated that
leads to activation of apoptotic caspases (there are also inflammatory caspa-
ses, but these do not contribute to apoptosis'’®). These caspases belong to a
family of evolutionarily conserved proteases whose activation in a cell results
in structural changes in the cytoplasm and nucleus. These changes include cell
shrinking, chromatin condensation, DNA fragmentation, plasma membrane
blebbing and formation of apoptotic bodies'’”"'”®. In contrast, necrosis is a less
controlled cell death mode characterized by loss of cell membrane integrity
and release of numerous cellular contents, such as danger signals, into the ex-
tracellular environment. Therefore, unlike apoptosis, necrosis can potentially
induce an inflammatory response'’*. Apoptotic cell death can be induced via
two major classical pathways: the intrinsic and extrinsic pathways'”. The in-
trinsic pathway is initiated in response to cell stress stimuli such as DNA dam-
age, oxidative stress, growth factor deprivation and cytotoxic substances
through activating the pro-apoptotic proteins (e.g., BH3-only proteins)'**'%,
Once activated, these proteins inhibit anti-apoptotic proteins (e.g., Bcl-2 and
Bcl-XL) leading to mitochondrial outer membrane permeabilization
(MOMP). This results in release of apoptogenic factors such as cytochrome ¢
and apoptosis-inducing factor (AIF) that can execute apoptotic cell death
through caspase-dependent and/or -independent mechanisms, respectively'™
'83The extrinsic pathway of apoptosis is triggered when cell surface death
receptors bind to their ligands'®*. The death receptors include tumor necrosis
factor receptor (TNFR), Fas (also known as CD95) and TNF-related apopto-
sis-inducing ligand receptor (TRAIL-R) which all belong to TNFR superfam-
ily'®. Interaction of these death receptors with their cognate ligands, i.e., TNF,
FasL and TRAIL, provokes the intracellular assembly of a multiprotein com-
plex known as death-inducing signaling complex (DISC) and recruitment of
adaptor proteins. This, in turn, activates caspases and leads to the induction of
apoptosis'®* ¥,
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The concept of selectively inducing mast cell apoptosis as a means to inter-
vene with mast cell-driven diseases is emerging as an attractive future thera-
peutic approach'>. To achieve mast cell apoptosis, one strategy could be to
activate pro-apoptotic pathways, for example by using agonists of surface
death receptors (e.g., TRAIL-R). Currently, several TRAIL-R agonists are be-
ing tested in preclinical and clinical studies for their therapeutic beneficial ef-
fects in different cancers'®. Although human mast cells express TRAIL-R and
were found to undergo apoptosis through engagement by TRAIL'®, the selec-
tivity of TRAIL-mediated apoptosis for mast cells is questionable. This is due
to the fact TRAIL-R is widely expressed among many human tissues and cell
types! 86 188189

Another approach to induce mast cell apoptosis would be to interfere with the
function of anti-apoptotic proteins. In line with this scenario, small molecule
compounds known as BH3 mimetics were found to induce apoptosis in mast
cells through inhibiting the effect of anti-apoptotic proteins such as Bcl-2, Bcl-
XL and Mcl-1"""2, However, due to the ubiquitous expression of the anti-
apoptotic proteins, such compounds are not likely to act selectively on mast
cells. In line with this notion, the BH3 mimetic ABT-737 was shown to induce
apoptosis in mast cells (Figure 2) and a variety of other cell types, including
B lymphocytes, neuronal cells and transformed cells of various origin'®® '?*:
14 Due to differences in the chemical structures and properties, various BH3
mimetic compounds can target individual anti-apoptotic proteins'®'. On the
other hand, different mast cell types were found to express distinct levels of
individual anti-apoptotic proteins, which results in differential sensitivity to-
ward a certain BH3 mimetic compound'’. For example, mast cells with lower
expression of Mcl-1 and higher expression of Bcl-2 are more sensitive to
apoptosis induced by ABT-737, whereas mast cells with an opposite expres-
sion profile of Mcl-1 and Bcl-2 were more resistant'*’. These findings suggest
that, in order to ensure an efficient mast cell apoptosis by BH3 mimetic com-
pounds, a combination of several different compounds is likely required. This,
in turn, increases the risk of having unwanted side effects, i.e., causing apop-
tosis in other cell types alongside mast cells.

Given that most pro-apoptotic pathways are ubiquitously present among dif-
ferent cell types, it has not been possible, prior to the present investigation, to
identify a cell death pathway selective to mast cells. If a pro-apoptotic strategy
is to be selective for mast cells, it must be established based on their unique
properties. Since the unique feature of mast cells is their abundant cytoplasmic
secretory granules, they may represent a potential target for selective mast cell
apoptosis by the induction of granule permeabilization. This notion is based
on a well-established concept of lysosomal membrane permeabilization
(LMP)'®2 In fact, LMP, which can be induced by various stimuli, is a poten-
tially fatal event for the cells because it is followed by ectopic translocation of
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many lysosomal enzymes into the cytosol'””. Proteases, especially cathepsins,
are among these lysosomal enzymes whose release into cytosol leads to apop-
tosis through proteolytic activation of several pro-apoptotic proteins as well
as degradation of anti-apoptotic proteins' %,

Interestingly, mast cell granules have striking similarities with lysosomes and
are therefore also called “secretory lysosomes”'*’. For example, both compart-
ments have an acidic pH, similar membrane composition and contain typical
lysosomal enzymes such as cysteine- and aspartic acid cathepsins, arylsulfa-
tase A, p-glucuronidase and p-hexosaminidase® '**-2*°. Based on such similar-
ities, it is possible that compounds capable of inducing lysosome permeabili-
zation, e.g., lysosomotropic agents, also cause granule permeabilization in
mast cells resulting in release of potent granule enzymes, e.g., proteases, into
the cytosol where they potentially may induce apoptosis. In support of this
notion, it has been shown that lysosomotropic agents L-leucyl-L-leucine me-
thyl ester (LLME) and siramesine induce mast cell apoptosis by causing per-
meabilization of the granule membrane®"-?* (Figure 2). However, the mech-
anism of apoptotic cell death in response to such agents remained to be fully
determined. In addition, neither LLME nor siramesine is approved for use in
humans.

Lysosomes and cell death

Lysosomes are cytoplasmic organelles found in virtually all eukaryotic cells**

that were originally described by Christian de Duve’”, a finding that yielded
a Nobel Prize?”. The primary function of these membrane-enclosed acidic or-
ganelles is the degradation of extracellular material as well as intracellular
components that are delivered to them. The degradative capacity of lysosomes
is attributed to their high content of various hydrolytic enzymes, including
proteases, peptidases, lipases, nucleases, glycosidases, phosphatases, and sul-
fatases?*®* 2”7, In general, these enzymes exert maximal enzymatic activity at
low pH (<5), which is maintained by a vacuolar ATPase (V-ATPase), pump-
ing protons into the lysosomal lumen®®. The lysosomal membranes are pro-
tected from the activity of lysosomal hydrolases due to high abundance of
heavily glycosylated membrane proteins, which form a protective coat on the

luminal surface of the these membranes®”.

Loss of the lysosomal membrane integrity is generally manifested as LMP,
which can have lethal consequences for the cell, i.e., cell death'®®. The concept
of cell death as a result of lysosomal rupture was first described by Christian
de Duve himself, who introduced the term “suicide bags” for lysosomes, to
highlight their involvement in cell autolysis, owing to their content of power-
ful hydrolytic enzymes>*-'°,
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Lysosomal membrane permeabilization and its regulation

Lysosomal membrane permeabilization (LMP) is a perturbation of the lyso-
somal membrane that results in the release of the lysosomal contents into the
cytosol?''. Although the exact molecular mechanisms that mediate LMP re-
main enigmatic, a large number of factors have been shown to regulate LMP
through promoting or reducing the lysosomal membrane stability (Figure 3).

Factors that promote lysosomal membrane stability, and thus prevent LMP
from happening, include antioxidants, highly glycosylated lysosomal proteins,
such as lysosomal-associated membrane protein 1 and 2 (LAMP-1 and
LAMP-2) and lysosomal integral membrane protein 2 (LIMP-2), heat shock
protein 70 (Hsp70) and the lipid composition of the lysosomal membrane, i.e.,
cholesterol and sphingomyelin levels®** ?'* %3 (Figure 3). Degradation of ly-
sosomal proteins such as LAMPs and Hsp70, as well as alteration of lipid
composition, i.e., reduction of cholesterol and sphingomyelin, decrease lyso-
somal membrane stability leading to LMP2%-213-215,

Factors that reduce lysosomal membrane stability and, as a result, induce LMP
are reactive oxygen species (ROS), lysosomotropic agents, certain proteases
(e.g., cathepsins and calpains), as well as bacterial and viral products'® '
(Figure 3). Among these LMP inducers, ROS and lysosomotropic agents are
further discussed in the following section since these are more relevant to the
present thesis.

ROS. The mechanism of ROS-induced LMP is well-studied. As opposed to
mitochondria, lysosomes do not contain the most common antioxidant en-
zymes, such as superoxide dismutase, catalase or glutathione peroxidase.
Thus, when high levels of oxidative stress are induced by various stimuli (e.g.,
drugs, ionizing radiation, etc), the generated ROS can cause damage to the
lysosomal membrane®''. Due to autophagic degradation of iron-containing
protein complexes, lysosomes contain a comparatively high level of redox-
active iron (Fe?")*'"-21% 27 Upon oxidative stress, excess hydrogen peroxide
(H20,), which readily diffuses into the lysosomes, can react with intralysoso-
mal redox-active iron in the Fenton reaction, giving rise to formation of hy-
droxyl radicals. Hydroxyl radicals are very reactive and have a high capacity
to destabilize lysosomal membranes and induce LMP through peroxidation of
membrane lipids and proteins®®> '8, In support of the lysosome-destabilizing
effect of ROS and intralysosomal iron, various antioxidants and iron chelators
confer protection against ROS-induced LMP or cell death. For example,
deferoxamine mesylate (DFO), an iron chelator that specifically accumulates
inside lysosomes by fluid-phase endocytosis, can inhibit LMP-mediated cell
death induced in response to oxidative challenge®”>2'"-?"”_ In addition to iron
chelation, chelation of other intralysosomal metals such as copper (Cu*") and
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zinc (Zn**) has been found to prevent cell death mediated by LMP in several

experimental settings®'".

LAMP-1/2, LIMP-2 Lysosomotropic agents
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Figure 3. Regulation of lysosomal membrane permeabilization (LMP). Factors
that promote lysosomal membrane stability and safeguard the lysosomal integrity, in-
clude lysosomal membrane proteins, such as LAMP-1 and -2, LIMP-2 as well as
Hsp70. In addition, membrane lipids (e.g., cholesterol and sphingomyelin) and anti-
oxidants enhance the integrity of lysosomal membranes. In contrast, factors that re-
duce lysosomal membrane stability promote the release of lysosomal contents. Exam-
ples of such factors include lysosomotropic agents, ROS, cathepsins, calpains, as well
as bacterial and viral products.

Lysosomotropic agents. Another class of compounds that induce LMP are ly-
sosomotropic agents. These compounds are weak bases that are able to freely
diffuse across the membranes in their uncharged form at neutral pH (e.g., in
the cytosol). Once inside the acidic compartments, namely lysosomes, they
become trapped and non-diffusible as a result of protonation. When the accu-
mulation of lysosomotropic agents in their protonated form exceed a certain
concentration threshold, they acquire detergent-like properties capable of in-
ducing lysosomal membrane damage and LMP'®°. Unlike other detergents that
cause cell death through acting at the plasma membrane, lysosomotropic
agents with detergent-like properties mediate cell death by disrupting lyso-
somes from the inside. In support of the notion of this mechanism, lysosomo-
tropic agents are unable to lyse red blood cells, which lack lysosomes? ',
Additionally, compounds that raise the lysosomal pH are able to prevent lyso-
somotropic agent-induced LMP and cell death?""**2, The latter observation
further suggests that intralysosomal accumulation of these compounds is es-
sential for their toxic effects’”. Examples of lysosomotropic agents are lyso-
somotropic detergents (e.g., siramesine, LLME and O-methyl-serine dodecyl-
amide hydrochloride [MSDH])*'" ?#' ?**  several antimalarial (e.g.,
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chloroquine and mefloquine)*****® and anti-psychotic drugs (e.g., chlorprom-

azine, thioridazine and aripiprazole)*** and multiple anti-depressants (e.g., im-
ipramine and desipramine)*** and quinolone antibiotics (e.g., ciprofloxacin

and norfloxacin)**’.

Downstream events activated upon LMP

As described above, several different stimuli can induce LMP, resulting in
release of lysosomal contents, such as hydrolytic enzymes, into the cytosol.
This in turn leads to induction of lysosome-dependent cell death (LDCD; also
called LCD). Lysosomal cathepsins play a prominent role in initiation and ex-
ecution of LDCD and their inhibition can, at least partially, block LDCD in
many experimental settings*’. A growing body of evidence has revealed that,
depending on the cellular context, LDCD can adopt apoptosis, necrosis, fer-
roptosis or pyroptosis-like features (Figure 4), suggesting that LDCD repre-
sents a more complex cell death pathway than previously thought*?’. Several
factors can determine the downstream events and mode of cell death triggered
by LMP, including the type and intensity of the stimulus, the amount and type
of cathepsins and other lysosome-derived components released into the cyto-
sol, the type and immortalization (transformation) status of the cell, the extent
of the damage and number of permeabilized lysosomes, and the levels of en-
dogenous inhibitors (e.g., cathepsin inhibitors and antioxidants)'®*2%% 7,

Apoptosis. One major and well-studied cell death pathway induced down-
stream of LMP is the classical caspase-dependent apoptosis (Figure 4). In this
pathway, lysosomal cathepsins that are released into the cytosol play a major
role in execution of apoptosis. Although lysosomal proteases are generally in-
active at neutral pH, some cathepsins (e.g., cathepsins B, D, and L) remain
active at neutral pH and can promote apoptotic cell death by proteolytic mod-
ification of molecules involved in apoptosis. For example, these cathepsins
mediate the activating cleavage of pro-apoptotic protein, Bid, or degrade the
anti-apoptotic proteins, Bcl-2, Bel-XL and Mcl-1. These modifications result
in activation of other pro-apoptotic proteins, e.g., Bax and Bak, leading to
MOMP. Upon MOMP, an apoptotic cascade is triggered leading to the release
of cytochrome c into cytosol, apoptosome formation and activation of caspa-
ses that are responsible for execution of apoptosis'*>?'. Alternatively, cathep-
sins can induce caspase-dependent apoptosis via activating cleavage of apop-
totic caspases (e.g., caspase 8) or by inhibiting cleavage of caspase 3, 7 and 9
inhibitor, X-linked inhibitor of apoptosis protein (XIAP)*'° (Figure 4).

In addition to inducing caspase-dependent apoptosis, cathepsins that are re-
leased upon LMP can induce apoptosis with minimal or no caspase activa-
tion?'’. In such instances, cell death is not affected by caspase inhibition (even
when LMP causes a slight caspase activation), but instead is largely
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suppressed by cathepsin inhibition?” ?'°. It is now known that cathepsins
themselves are able to execute apoptosis through cleavage of different sub-
strates. For example, cathepsins can induce release of AIF from mitochondria
into the cytosol, which upon subsequent nuclear translocation mediates DNA
fragmentation in a caspase-independent fashion'** 2> %! (Figure 4). Interest-
ingly, it has been demonstrated that high levels of ROS generated in associa-
tion with LMP causes a shift from caspase-dependent to caspase-independent
cell death, perhaps due to ROS-induced oxidation of caspase catalytic sites®”.
Furthermore, although cathepsins play a central role in execution of cell death
downstream of LMP, their inhibition can confer a partial protection against
apoptosis induced by LMP in some experimental settings, suggesting a role
for additional factors such as other lysosomal hydrolases and lysosome-de-
rived second messengers (e.g., ROS, iron and Ca®") in cell death pathways
induced by LMP*'".

Necrosis. Under certain circumstances, LMP may lead to necrotic cell death.
As described previously, necrosis is generally considered an accidental and
less controlled mode of cell death that is associated with loss of plasma mem-
brane integrity and induction of inflammation'’*. Of note, it has been demon-
strated that complete LMP and massive release of lysosomal contents can
cause uncontrolled damage to cellular components and the plasma membrane
leading to induction of necrotic cell death. However, partial LMP leads to lim-
ited and selective release of lysosomal contents, e.g., proteases, into the cyto-
sol, where they activate apoptosis or apoptosis-like cell death, i.e., controlled
modes of cell death without causing inflammation'®” (Figure 4).

Ferroptosis. Another form of cell death that can occur downstream of LMP is
ferroptosis. Lysosomes contain high levels of iron and this iron is a major
source of ROS generation inside the lysosomes that can induce LMP'?*2!!,
Upon LMP, the lysosomal iron and ROS can be released into the cytosol
where they can induce massive lipid peroxidation and subsequently trigger
ferroptosis®'! (Figure 4). Importantly, the sequestration of lysosomal iron
through the use of iron chelators such as DFO, inhibits ferroptosis in response
to the classical inducers of ferroptosis, i.e., erastin and RSL3*!". Furthermore,
the deleterious effects of lipid peroxidation in the induction of ferroptosis are
efficiently blocked by lipophilic antioxidants such as vitamin E, ferrostatin-1
and liproxstatin-1%%7.

Pyroptosis. In certain conditions, cathepsins released after LMP can partici-
pate in pyroptosis. This mode of cell death is mainly implicated in host defense
against intracellular microbes and tissue injury?*”-**®. Hence, pyroptosis is trig-
gered when PAMPs and DAMPs are detected by the cell, leading to activation
of a cytosolic multiprotein complex called the inflammasome, and subsequent
activation of inflammatory caspases, such as caspase 1 and 11. These caspases
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mediate the maturation and release of inflammatory cytokines (e.g., IL-1B)
and gasdermin-D into the extracellular space, a process followed by rupture
of the plasma membrane and pyroptotic cell death®™-2'-?*" In recent years, a
link between LMP, lysosomal cathepsins and inflammasome activation has
been suggested (Figure 4). For example, microbial products (e.g., flagellin
and LPS), cholesterol crystals and protein aggregates (e.g., B-amyloid) have
been shown to induce LMP and activation of the inflammasome, leading to
cytokine release and cell death. In these settings, inhibition of cathepsins, such
as cathepsin B, blocks the activation of inflammasome and pyroptotic cell
death?®>?!'. However, it is still not clear how and through which pathways

cathepsin activity is linked to inflammasome activation®”.
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Figure 4. Downstream events activated upon lysosomal membrane permeabili-
zation (LMP). Release of lysosomal contents (e.g., cathepsins, ROS and free iron)
that occurs after LMP can induce activation of several cell death pathways, including
caspase-dependent and -independent apoptosis, necrosis, ferroptosis and pyroptosis.



As discussed here, lysosomes are involved in the regulation and execution of
cell death in response to various LMP-inducing stimuli. Given that mast cell
granules are similar to lysosomes, LMP inducers may be capable of inducing
granule permeabilization in mast cells leading to cell death. This could poten-
tially be exploited for therapeutic purposes in efforts to alleviate the detri-
mental impact of mast cells in various pathological settings.
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Present investigations

Aims

The general aim of the studies included in this thesis was to explore the pos-
sibility of inducing selective mast cell apoptosis via granule permeabilization
as a novel strategy to target mast cells. Such a strategy has a potential to be

used therapeutically to ameliorate mast cell-mediated detrimental effects in
inflammatory diseases, such as asthma.

The specific aims were:

Paper I

To determine whether mefloquine, an FDA-approved antimalarial drug with
reported lysosomotropic activity, has the ability to induce granule permeabili-
zation and consequently cell death in mast cells in vitro and in vivo. Moreover,
we sought to determine the mechanism responsible for execution of cell death
in response to mefloquine.

Paper 11
To evaluate the possibility of using lysosomotropic agents for selectively de-
pleting human lung mast cells by induction of apoptosis.

Paper 111

To gain deeper insight into the mechanism underlying ROS production and
the downstream events in response to lysosomotropic challenge of mast cells.
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Results and discussion
Paper 1

Mefloquine, an anti-malaria agent, causes reactive oxygen species-de-
pendent cell death in mast cells via a secretory granule-mediated pathway

Based on the known lysosomotropic nature of mefloquine and the fact that
mast cells are exceptionally rich in lysosome-like secretory granules, we hy-
pothesized that mefloquine might be cytotoxic for mast cells by inducing per-
meabilization of their secretory granules. To test this, the effect of mefloquine
on viability of bone marrow-derived mast cells (BMMCs) was assessed in
dose- and time-response experiments. The results showed that mefloquine
causes cell death of mast cells in vitro in a dose-dependent fashion. The cyto-
toxic effect of mefloquine on mast cells was extended after prolonged incuba-
tion. Cytotoxic effects of mefloquine on other types of mast cells (i.e., perito-
neal cell-derived mast cells [PCMCs], cord blood-derived mast cells
[CBMCs] and the human mast cell line-1 [HMC-1]) and several transformed
or primary cell types were next evaluated by comparing their ICso values. Such
comparisons revealed that mefloquine has greater cytotoxicity towards mast
cells than towards other transformed or primary cells and that PCMCs were
markedly more sensitive to mefloquine than other types of mast cells. The
latter observation is in line with the notion that mefloquine-induced cell death
might occur via a granule-mediated pathway because PCMCs have character-
istic features of mature mast cells and contain a higher density of granules in
comparison to other mast cell types tested*%* 22239,

To further corroborate that mefloquine causes permeabilization of mast cell
granules, granule integrity and possible release of granule-contained proteases
into the cytosol was assessed. Incubation of mast cells with mefloquine re-
sulted in rapid loss of signals from acridine orange and LysoTracker, which
in normal conditions accumulate selectively within intact acidic organelles.
This was further accompanied by detection of granular cysteine cathepsin en-
zymatic activity and presence of granular tryptase (mMCP6) and CPA3 in the
cytosol, strongly indicating a granule-permeabilizing activity for mefloquine.
Importantly, the loss of granule integrity and release of granular proteases into
the cytosol was observed at earlier time points than when profound loss of
viability was seen. This finding is clearly in favor of the notion that granule
permeabilization is an important step in the mechanism of mefloquine-in-
duced cell death rather than granule permeabilization being a secondary effect
of cell death.

Having identified a cytotoxic effect of mefloquine on mast cells, we next
sought to determine the type of cell death triggered by mefloquine and the
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mechanism of action. Flow cytometric analysis, which enables distinguishing
apoptotic and necrotic cell death, showed that mefloquine induces predomi-
nantly apoptotic cell death in wild type (WT) mast cells. This was an important
finding with regard to a potential future clinical use of the drug, since apop-
totic cell death occurs without causing inflammation while necrotic cell death
is accompanied with extensive release of proinflammatory compounds'’. In-
terestingly, mast cells lacking serglycin or tryptase died to a greater extent by
necrosis. This observation is in line with previous findings indicating that the
serglycin-tryptase axis plays a key role in regulating apoptotic versus necrotic
cell death in response to various lysosomotropic agents®®'- 20223,

We next sought to determine the mechanism responsible for execution of cell
death in response to mefloquine. Since mefloquine-treated mast cells died by
apoptosis, we reasoned that caspase activation might be responsible for mef-
loquine-induced cell death. However, pharmacological caspase inhibition
failed to rescue mast cells from cell death, indicating that caspases do not have
a major contribution to cell death execution. As an alternative to a caspase-
dependent mechanism, we hypothesized that granule proteases, e.g., cysteine
cathepsins, aspartic acid proteases and serine proteases, may play a role in
mefloquine-induced cell death. The rationale behind this was that cytosolic
translocation of granule proteases in mefloquine-treated mast cells could po-
tentially contribute to certain types of cell death'*>?*2, However, inhibition of
these groups of proteases using their respective inhibitors did not restore cell
viability in response to mefloquine, suggesting that granule-localized prote-
ases are not accountable for execution of cell death. Interestingly, although
serine protease inhibition did not prevent cell death in response to mefloquine,
it altered the mode of cell death dramatically from apoptosis to necrosis. This
finding is in line with our earlier observation and reinforces the notion that
tryptase, which belongs to the serine protease family, plays a key role in pro-
moting apoptotic versus necrotic cell death. In an effort to determine the actual
mechanism of cell death execution in response to mefloquine, the contribution
of oxidative stress was evaluated, based on the known involvement of reactive
oxygen species (ROS) generation in apoptosis******. Measurement of intracel-
lular ROS levels revealed increased ROS production in mefloquine-treated
mast cells. Pretreatment of mast cells with N-acetylcysteine (NAC), a hydro-
philic ROS scavenger, resulted in complete blockade of ROS elevation and
cell death, whereas pretreatment with a-tocopherol, a lipophilic ROS scaven-
ger, did not rescue mast cells from mefloquine-induced cell death.

Lastly, the cytotoxic effect of mefloquine on mast cells was assessed in vivo
by injection of mefloquine into the peritoneal cavity of mice. Mice that re-
ceived mefloquine at a daily dose of 10 or 30 mg/kg for four consecutive days
exhibited a significant reduction in the number of peritoneal mast cells com-
pared to control mice. In addition to mast cell reduction, a moderate reduction
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in the lymphocyte population was observed, although, only when a higher
dose of mefloquine had been administered. In contrast, no significant cyto-
toxic effect on peritoneal macrophages or neutrophils was seen.

In summary, this paper identifies mefloquine as a novel anti-mast cell agent
with high efficiency both in vitro and in vivo. Mefloquine was found to induce
mast cell apoptosis through granule permeabilization and induction of oxida-
tive stress.

Paper II

Induction of human lung mast cell apoptosis by granule permeabiliza-
tion: a novel approach for targeting mast cells

To assess the effect of lysosomotropic agents on human lung cells, specimens
were obtained from the non-tumor parts of lung tissue dissected from patients
undergoing surgery for lung cancer. Incubation of human lung specimens with
either mefloquine or siramesine resulted in a substantial reduction in the num-
ber of tryptase” mast cells in the lung tissue, indicating that these lysosomo-
tropic compounds have cytotoxic effects on human lung mast cells in situ.
Notably, no sign of tissue destruction was seen in mefloquine- or siramesine-
treated samples. To determine the mechanism underlying the mast cell reduc-
tion, TUNEL-tryptase double staining was performed on cross sections of the
lung biopsies to detect apoptotic mast cells. Treatment of lung tissue biopsies
with mefloquine caused a marked decrease in the number of viable mast cells
(tryptase”/TUNEL") and at the same time a significant increase in the number
of apoptotic mast cells (tryptase”/TUNEL"). This is in line with findings from
Paper I and our earlier reports showing that lysosomotropic compounds in-
duce apoptotic cell death in mast cells?!2°23! 235 A5 an alternative strategy
to verify the apoptotic nature of mefloquine-induced cell death, a flow cytom-
etry-based approach that enables distinction between apoptotic and necrotic
cell death was used. Treatment of freshly isolated c-kit" lung cells, which con-
stituted an enriched population of mature mast cells, with mefloquine predom-
inantly resulted in appearance of apoptotic cells (Annexin V//DRAQ7"). Sim-
ilarly, when mixed Iung cells were incubated with mefloquine after being ex-
tracted from human lung tissue, Lin~ c-kit" FceRI™ mast cells were found to
undergo apoptosis (Annexin V'/DRAQT").

To determine whether mefloquine shows selectivity for mast cells, the extent
of mefloquine cytotoxicity on various non-mast cell populations present in the
human lung was assessed by flow cytometry. Mefloquine, at concentrations
that were cytotoxic for mast cells, did not induce cell death in T/B lympho-
cytes (CD4" CD8" CD19" cells), monocytes/macrophages (CD14%), epithelial
cells (CD45~ CD326") or primary human airway smooth muscle cells. In
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accordance with these findings, microscopic analysis of lung tissue sections
that were double stained for tryptase and with TUNEL revealed that non-mast
cells were minimally affected by the mefloquine treatment, suggesting that
mefloquine shows selectivity for mast cells.

Based on the central role of ROS in mefloquine-induced cell death in mouse
cultured mast cells, i.e., BMMCs, we explored the impact of oxidative stress
on cell death in human lung mast cells exposed to lysosomotropic challenge.
Incubation of these cells with mefloquine enhanced the cellular ROS levels in
lung mast cells (c-kit" lung cells). Furthermore, preincubation of the cells with
NAC inhibited the apoptotic cell death of mast cells (Lin~ c-kit" FceRI" cells)
in response to mefloquine. Altogether, these results indicate that ROS plays
an essential role in the pathway leading to cell death, in both mouse and human
mast cells, upon exposure to lysosomotropic compounds.

Lastly, we sought to determine whether induction of mast cell death by lyso-
somotropic challenge has the potential to suppress the levels of mast cell-ex-
pressed pathogenic cytokines, such as VEGF and IL-6. As measured by
ELISA, the incubation of human lung tissues with either mefloquine or si-
ramesine significantly reduced the levels of VEGF and IL-6 in supernatants
recovered from lung tissue specimens.

In summary, in Paper II we extended the studies performed in vitro and in
vivo on mouse mast cells, to explore the possibility of using lysosomotropic
agents to interfere with mast cells in a clinically relevant setting. Our results
indicate that lysosomotropic agents efficiently and selectively induce apopto-
sis of human lung mast cells. Moreover, we demonstrate that apoptosis in-
duced by lysosomotropic agents is dependent on the production of ROS, and
that the treatment of lung tissue with such compounds causes a decrease in the
release of mast cell cytokines that play pathogenic roles in the context of in-
flammatory lung diseases. Hence, we believe that lysosomotropic agents
could be explored as therapeutics for lung diseases in which mast cells con-
tribute to the pathogenesis, e.g., asthma.

Paper III

Lysosomotropic challenge of mast cells causes intra-granular reactive ox-
ygen species production

In Paper I we found that the Nonyl-acridine orange (a marker for mitochon-
drial integrity) fluorescence signal was not decreased upon incubation of mast
cells with mefloquine. Moreover, o-tocopherol, an antioxidant that protects
mitochondrial membranes from oxidative stress-induced damage, did not res-
cue ROS-mediated mast cell death in response to mefloquine. Altogether,
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these data suggest that it is unlikely that mitochondrial ROS plays a major
role, if any, in mast cell apoptosis upon lysosomotropic challenge. Based on
these findings and the fact that lysosomotropic agents were shown to effi-
ciently target the secretory granules of mast cells, we hypothesized that the
ROS production in response to lysosomotropic challenge could occur within
the secretory granules. To investigate this hypothesis, mast cells were incu-
bated with LysoTracker and CellROX to allow visualization of granules and
monitoring of the ROS production before and after mefloquine challenge us-
ing live confocal imaging. Prior to mefloquine treatment of mast cells, gran-
ules were clearly visible and intact, and only low levels of intracellular ROS
were detected. After addition of mefloquine, a rapid elevation of ROS produc-
tion accompanied by a marked reduction in the LysoTracker signal was seen,
the latter indicating a damage to the mast cell granules. To determine if the
ROS generated in mefloquine-treated mast cells arose from mast cell granules,
the colocalization of LysoTracker and CellROX was monitored. At the time
of mefloquine addition, a low degree of LysoTracker/CellROX colocalization
was detected. However, LysoTracker/CellROX colocalization was signifi-
cantly enhanced over time, hence strongly implicating mast cell granules as
key subcellular sites for ROS production in response to mefloquine. The cen-
tral role of mast cell secretory granules in the ROS production in response to
lysosomotropic agents was further supported by two additional findings.
Firstly, ROS production in response to mefloquine was markedly attenuated
in mast cells lacking serglycin, a secretory granule-restricted proteoglycan.
Secondly, ROS production in response to mefloquine was completely abol-
ished when granule acidification was disrupted by bafilomycin-Al (BAF), a
V-ATPase inhibitor.

Having found that serglycin-deficient (SG™") mast cells produce less ROS in
response to mefloquine, we sought to determine whether the absence of ser-
glycin affects the course of mefloquine-induced cell death. Live confocal im-
aging revealed that both WT and SG™ mast cells start to express cell death
markers (Annexin V and DRAQ?7) after incubation with mefloquine; however,
Annexin V/DRAQ?7 positivity appeared with a delay in SG™~ mast cells com-
pared to their WT counterparts. Similarly, when cell death was assessed in
response to mefloquine by flow cytometry, a higher proportion of viable mast
cells were found in cultures of SG™~ mast cells than their WT counterparts at
any given time point tested. Altogether, these data indicate that the absence of
serglycin causes a delay in mast cell death induced by lysosomotropic chal-
lenge.

Given that ROS production in response to lysosomotropic challenge of mast
cells was found to take place within granules, the role of ROS in inducing
granule membrane damage and the potential impact of granule acidity on this
process was explored. In accordance with its previously shown granule-
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permeabilizing effect, mefloquine caused a dramatic drop in granule acidifi-
cation and a substantial increase in the level of granular tryptase (mMCP6)
present in the cytosol. Of note, preincubation of mast cells with the potent
ROS-inhibitor NAC did not prevent the drop in granule acidity and had a par-
tial inhibiting effect on the release of granular mMCP6 to the cytosolic com-
partment in response to mefloquine. More strikingly, inhibition of granule
acidification by BAF profoundly blocked the translocation of mMCP6 into the
cytosol. The inhibitory effect of BAF was not limited to inhibition of granule
permeabilization. In fact, pretreatment of mast cells with BAF completely
abolished the mefloquine-induced ROS production and also prevented cell
death. Collectively, these data show that granule acidification is essential for
mediating granule permeabilization, ROS production and cell death in re-
sponse to lysosomotropic challenge.

To identify the origin(s) of ROS generated in mast cells upon lysosomotropic
challenge, lysosomal iron and NADPH oxidase activity were investigated as
potential candidate sources of ROS in the present context. Pretreatment of
mast cells with an iron chelator (DFO), but not with a NADPH oxidase inhib-
itor (apocynin), significantly blocked ROS generation in mefloquine-chal-
lenged mast cells. This suggests that lysosomal iron is a major source of ROS
in mast cells exposed to mefloquine. This finding, and the fact that SG™~ mast
cells produced less ROS than WT mast cells in response to mefloquine,
prompted us to investigate the possibility of serglycin being involved in the
storage of redox active metal ions. In this context, measurement of cellular
concentrations of Fe, Cu, Mg and Zn in WT and SG™ mast cells revealed that
a significantly lower concentration of Fe is present in SG™~ mast cells. This
observation is in favor of the notion that serglycin may be involved in storage
of iron in mast cell granules, likely through electrostatic interactions of nega-
tively charged serglycin proteoglycans with iron cations as previously pro-
posed®*®.

To further delineate the downstream signaling events involved in mefloquine-
induced oxidative stress, ROS production in mast cells treated with a panel of
inhibitors of candidate pathways was evaluated. Preincubation of mast cells
with an inhibitor of MEK1/2 (U0126), but not inhibitors of either tryptase
(Nafamostat), NFkB, Akt (MK2206), AP-1 (SR11302) or P38 MAP kinase
(SB203580), significantly blocked mefloquine-induced ROS production.
These data show that the ERK1/2 MAP kinase signaling pathway contributes
to ROS production.

Proteomic analysis of WT and SG™~ mast cells before and after treatment with
mefloquine revealed that the levels of granzyme B in naive cells are signifi-
cantly higher in WT mast cells compared to their SG™~ counterparts. Moreo-
ver, upon exposure to mefloquine, the level of granzyme B was downregulated
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in WT mast cells, but was unaffected in SG™~ cells. Based on this data and the
known pro-apoptotic function of granzyme B>’ we evaluated the potential
impact of granzyme B on ROS production in response to lysosomotropic chal-
lenge using a specific granzyme B inhibitor. Intriguingly, preincubation of
mast cells with the granzyme B inhibitor blocked ROS production under these
conditions, demonstrating that granzyme B has a key role in the ROS produc-
tion following lysosomotropic challenge of mast cells.

Collectively, Paper III presents mast cell secretory granules as major sites for
ROS production, identifies lysosomal iron as the main source for ROS pro-
duction and demonstrates a role of ERK1/2 MAP kinase signaling pathway
and granzyme B in ROS production in response to lysosomotropic challenge.
Importantly, we found that granule acidification plays a central role in ROS
generation and in the pro-apoptotic response triggered downstream of secre-
tory granule permeabilization.
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Concluding remarks and future perspectives

Mast cells are currently gaining increased attention for their detrimental roles
in orchestrating the inflammatory responses in numerous pathological condi-
tions. Therefore, mast cells are emerging as major targets for therapeutic in-
tervention in mast cell-associated diseases, including asthma. The therapeutic
options that are available today to counteract the harmful activities of mast
cells have certain limitations® "', For example, they generally target only
a limited fraction of all of those mediators that mast cells secrete upon activa-
tion, or they are effective mainly when IgE-mediated pathways are the major
cause of mast cell activation in a disease setting. However, the total impact of
mast cells on any pathological setting most likely represents the sum of the
effects of all the individual mediators that are released by mast cells, not only
via IgE-mediated pathways, but also via numerous other IgE-independet path-
ways>>. Therefore, to be able to effectively counteract mast cell-related activ-
ities, the simultaneous blockade of an extensive panel of mast cell-derived
mediators, regardless of the pathways mediating the mast cell activation, can
be difficult to achieve'*” ', A conceivably more efficient strategy to accom-
plish a full blockade of the harmful events mediated by various mast cell me-
diators could, therefore, be to locally eliminate harmful mast cell populations
altogether by inducing cell death (discussed in '*°). However, induction of
mast cell death should preferably be achieved by inducing apoptosis rather
than necrosis to avoid the adverse inflammatory effects that accompany ne-
crotic cell death. Furthermore, in order to avoid undesired side effects, it is
essential to develop a selective strategy that causes minimal apoptosis in cells
other than mast cells.

In this thesis we evaluated a novel concept for selective induction of apoptosis
in mast cells through a granule-mediated pathway. More specifically, we
demonstrate that mefloquine, an approved antimalarial drug with previously
proposed lysosomotropic properties, causes secretory granule permeabiliza-
tion and induces apoptosis of mast cells through induction of oxidative stress.
Figure 5 illustrates our current understanding of the mechanisms involved in
ROS production and cell death induced in mast cells exposed to mefloquine.
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Figure 5. Overview of a suggested mechanism by which mefloquine induces gran-
ule membrane permeabilization and apoptosis in mast cells. (1) Accumulation of
mefloquine inside the granules. Mefloquine, a weakly basic compound, can in its
unprotonated form passively diffuse through the mast cell plasma and granule mem-
branes. In the acidic interior of granules, mefloquine becomes protonated and can no
longer pass through the membrane, thus accumulating inside the granules. (2) Gran-
ule membrane permeabilization. When the mefloquine concentration reaches a cer-
tain threshold, mefloquine acquires detergent-like properties and induces granule
membrane damage and permeabilization. (3) Induction of oxidative stress within
granules. Hydrogen peroxide (H20z) freely diffuses into the granules. In the granules,
the acidic pH and the presence of free iron, possibly caused by the degradation of iron-
containing proteins (e.g., ferritin), promote the oxidation of iron and the generation of
ROS molecules such as hydroxyl radicals (HO") via Fenton-type reactions. The elec-
trostatic interaction between negatively charged serglycin and cationic iron likely par-
ticipates in maintaining the iron pool within mast cell granules, thus contributing to
the generation of ROS. The generated ROS cause further destabilization of granule
membranes leading to the release of many granule components into the cytosol.
Granzyme B also participates in induction of ROS production upon exposure to mef-
loquine. (4) Release of granule contents into the cytosol. Due to the granule perme-
abilization, granule contents (e.g., fully active proteases in complex with serglycin,
ROS and iron) enter the cytosol. (5) and (6) Induction of apoptosis. Mefloquine-
induced granule permeabilization and the subsequent translocation of the granule con-
tents to the cytosol induce apoptosis manifested by phosphatidylserine externalization
and DNA degradation. The mast cell proteases, such as tryptase and granzyme B, may
participate in apoptosis in response to mefloquine. Abbreviations: BAF, bafilomycin-
Al; DFO, deferoxamine mesylate; Gnz B, granzyme B; NAC, N-acetylcysteine;
ROS, reactive oxygen species.
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Although our observations reveal limited mefloquine cytotoxicity toward cell
types other than mast cells, we anticipate that this approach can be further
optimized in order to introduce an additional level of selectivity toward mast
cells. This can be achieved, for example, by developing a liposome-based sys-
tem for targeted delivery of lysosomotropic agents to mast cells. For this pur-
pose, mefloquine, as a candidate lysosomotropic agent, can be packed within
nanosized lipid particles, e.g., liposomes, followed by conjugation of lipo-
somes with the c-kit ligand, i.e., SCF (Figure 6). Of note, c-kit expression is
largely restricted to mast cells among mature cell populations present in most
tissues. Furthermore, when other c-kit-expressing cell types are present in a
given tissue, their abundance and surface level of c-kit are often considerably
lower than those of mast cells. In line with this notion, a recent study demon-
strated that in healthy individuals and patients with COPD, mast cells consti-
tute the majority of c-kit" cells in the lung, and that the expression level of c-
kit is distinctly higher in mast cells in comparison to other less abundant c-kit"
cells found in the lung”®. Based on the facts described above, targeting
through the SCF—c-kit axis has the potential to provide additional selectivity
for mast cells.
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Figure 6. A potential strategy for targeted delivery of lysosomotropic agents to
mast cells. SCF-conjugated liposomes that are loaded with a candidate lysosomo-
tropic agent (e.g., mefloquine) can be internalized by mast cells through endocytosis.
Once inside the mast cells, the lysosomotropic agent will be released (by the action of
lysosomal enzymes) and accumulated within the granules. As a result, granule perme-
abilization will be induced leading to mast cell apoptosis.
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Interestingly, with recent advances in the field of nanotechnology and nano-
medicine, it has become possible to significantly enhance the selectivity of
liposomes for their target cells by employing a dual-receptor targeted ap-
proach®’. Such an approach minimizes non-selective targeting and toxicity
because it provides an enhanced cellular uptake of liposomes by cells express-
ing both target receptors whilst it offers minimal uptake by cells that do not
simultaneously express both receptors®’. In this regard, it is conceivable that
development of a dual-receptor targeted liposomes, for example using ligands
to c-kit and FceRI (non-cross-linking), may provide a highly selective ap-
proach for delivery of lysosomotropic agents to mast cells.

The findings presented in this thesis introduce the possibility of using lysoso-
motropic agents to ameliorate mast cell-mediated detrimental effects in the
context of asthma. To provide proof-of-principle for this notion, it would be
interesting to further evaluate the effect of mefloquine on various asthma fea-
tures such as AHR, eosinophilic inflammation, increased mucus production
and tissue remodeling in a relevant animal model of asthma. For this purpose,
rodents such as mice or guinea pigs can be employed as models. Mice are
widely used for modelling respiratory inflammatory diseases due to their ad-
vantages including relatively low associated costs, well-characterized immune
system, as well as availability of reagents and various genetically-modified
animals**’. Despite these advantages, most studies that have demonstrated
promising therapeutic outcomes in mouse asthma models have not success-
fully transferred well to the clinic or to the treatment of asthmatics®*'. This
might be explained, at least partly, by physiological and anatomical differ-
ences between mouse and human airways and lungs**'. By contrast, guinea
pigs have several key similarities to humans with regard to the airways and
lungs, which make them useful in asthma research. These similarities are
mainly related to the quantity and localization of mast cells in the airways and
lungs, the repertoire of mediators released by mast cells, the airway anatomy
and branching, the anatomy and function of airway smooth muscle (i.e., its
response to contractile and relaxant agonists) and the presence of early- and
late-phase asthmatic airway reactions to allergen, which are attributed largely
to the actions of histamine and cysteinyl leukotrienes through their respective
receptors®**?*, These similarities suggest that, compared to mouse, guinea pig
might represent a more clinically relevant animal model, to assess the poten-
tial anti-mast cell therapeutic effect of mefloquine in the context of asthma.

It is worth emphasizing that the main lysosomotropic agent evaluated in this
thesis, i.e., mefloquine, is approved and safe for use in humans. Hence, if mef-
loquine is found to have anti-mast cell therapeutic effects in a small animal
model of asthma, it can be adapted for clinical use in a near future. For the
purpose of treating asthma, we envisage that it is preferable to only deplete
mast cells locally in the airways and lungs to avoid potential side effects of
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depleting mast cells at other tissue locations. Thus, in order to establish mef-
loquine for use in humans locally in airways, it is necessary to assure that this
drug is safe for administration into the airways, for example by examining its
safety in large animals such as pigs. Ultimately, if these experiments show
that mefloquine is safe for administration into the airways, this will set the
stage for initiation of a small-scale clinical trial in humans.

Separate investigations by our group have revealed that other lysosomotropic
agents that are cytotoxic for mouse mast cells?" 22, namely siramesine and
LLME, efficiently reduce the number of human skin mast cells ex vivo via
induction of selective apoptosis of these cells**?*®. Thus, we envision that the
concept of using lysosomotropic agents to diminish mast cell-mediated proin-
flammatory impacts can be extended to broader clinical settings other than
inflammatory Iung diseases. These include, but are not limited to, inflamma-
tory skin diseases such as atopic dermatitis, cutaneous mastocytosis and pso-
riasis. Lastly, future attempts to find and evaluate other lysosomotropic agents
with mast cell cytotoxic effect might lead to the identification of agents with
higher killing efficacy and selectivity toward mast cells. Ideally, this would
allow minimizing the potential side effects of the candidate lysosomotropic
agent and improve its safety for clinical therapeutic use.
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