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Introduction

Abstract

Mast cells are known to have a detrimental impact on a variety of pathological
conditions. There is therefore an urgent need of developing strategies that limit
their harmful effects. The aim of this study was to accomplish this by develop-
ing a means of inducing mast cell apoptosis. The strategy was to identify novel
compounds that induce mast cell apoptosis by permeabilization of their secre-
tory lysosomes (granules). As a candidate, we assessed mefloquine, an anti-
malarial drug that has been proposed to have lysosome-permeabilizing activity.
Mefloquine was added to mast cells and administered in vivo, followed by
assessment of the extent and mechanisms of mast cell death. Mefloquine was
cytotoxic to murine and human mast cells. Mefloquine induced apoptotic cell
death of wild-type mast cells whereas cells lacking the granule compounds ser-
glycin proteoglycan or tryptase were shown to undergo necrotic cell death, the
latter finding indicating a role of the mast cell granules in mefloquine-induced
cell death. In support of this, mefloquine was shown to cause compromised
granule integrity and to induce leakage of granule components into the cytosol.
Mefloquine-induced cell death was refractory to caspase inhibitors but was
completely abrogated by reactive oxygen species inhibition. These findings iden-
tify mefloquine as a novel anti-mast cell agent, which induces mast cell death
through a granule-mediated pathway. Mefloquine may thus become useful in
therapy aiming at limiting harmful effects of mast cells.

Abbreviations

AO, acridine orange; BMMC, bone marrow-derived mast cell; FBS, fetal bovine
serum; mMCP-6, mouse mast cell protease 6; PCMC, peritoneal cell-derived mast
cell; ROS, reactive oxygen species.

and Pejler 2014). When mast cells are activated appropri-
ately, they respond by degranulation, thereby releasing

Mast cells are tissue-resident hematopoietic cells of the
immune system (Metcalfe et al. 1997; Galli et al. 2005;
Gurish and Austen 2012). A striking feature of mature
mast cells is their remarkably high content of cytoplasmic
secretory granules, which are filled with a plethora of bio-
active compounds such as histamine, serotonin, serglycin
proteoglycans, lysosomal hydrolases, cytokines, and a num-
ber of different mast cell-specific proteases (Wernersson
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their contained secretory granule compounds. In addition,
mast cell activation leads to de novo synthesis and release
of numerous additional compounds such as prostaglan-
dins, leukotrienes as well as different cytokines and
chemokines (Galli et al. 2008). Altogether, mast cell acti-
vation can thus result in a massive release of a large vari-
ety of bioactive compounds, which collectively can
produce a strong inflammatory response. Accordingly,
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mast cells have been implicated as detrimental players in
numerous inflammatory disease settings, most notably in
allergic conditions but also in diverse other pathologies
including cancer, atherosclerosis, and inflammatory skin
disorders (Kalesnikoff and Galli 2008).

Based on the known harmful impact of mast cells on a
variety of pathological settings, there is currently a large
need for identifying novel strategies for targeting mast
cells or their products (Reber and Frossard 2014). Cur-
rently, various histamine receptor antagonists are being
exploited as therapeutics and there is also the possibility
to interfere with mast cell degranulation by using mast
cell “stabilizers” such as chromoglycate or ketitofen
(Reber and Frossard 2014). However, since mast cell acti-
vation is associated with release of pro-inflammatory
compounds both from preformed stores in granules and
from nongranule sources (from de novo synthesis), mere
blockade of degranulation might not be sufficient to pre-
vent mast cell-driven pathology. Moreover, even though
agents blocking effects of individual mast cell-derived
compounds can have beneficial effects (e.g., histamine
receptor antagonists), it is likely that the overall effect of
mast cells on any given pathological setting is a result of
combined effects of several different proinflammatory
compounds secreted by mast cells. Therefore, efficient
blockade of harmful mast cell-mediated events may
require a global intervention with mast cells, which
potentially could be achieved through induction of selec-
tive mast cell death (Karra et al. 2009). Ideally, mast cell
death should occur by apoptosis rather than necrosis,
since apoptosis occurs without inflammatory side effects
whereas necrosis is associated with substantial release of
proinflammatory alarmins (Edinger and Thompson 2004;
Elmore 2007; Taylor et al. 2008).

Various approaches have previously been used to induce
mast cell apoptosis (Karra et al. 2009). However, since
most proapoptotic pathways are ubiquitous among differ-
ent cell types, it has so far not been possible to identify a
cell death pathway that selectively targets mast cells. To
approach this problem, we have hypothesized that mast
cells potentially may be targeted by regimens that cause
permeabilization of their secretory granules. The rationale
behind this approach is that secretory granule permeabili-
zation will lead to the release of granule-localized com-
pounds including proteases into the cytosol where they
potentially may induce apoptosis by, for example, proteo-
lytic activation of latent proapoptotic factors or degrada-
tion of anti-apoptotic factors (Boya and Kroemer 2008;
Turk and Turk 2009). Moreover, since mast cells are
exceptionally rich in lysosome-like granules, we have
hypothesized that mast cells may be more sensitive to such
agents than are other cell types. Indeed, as a proof-of-principle
for this scenario, we showed that the lysosomotropic
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agents L-leucyl-i-leucine methyl ester and siramesine
induce mast cell death through a granule-mediated path-
way (Melo et al. 2011b; Spirkoski et al. 2012). However,
the mechanism of cell death in response to these agents
was not fully elucidated and, moreover, neither siramesine
nor L-leucyl-1-leucine methyl ester are approved for use in
humans. The aim of this investigation was therefore to
search for novel mast cell granule-permeabilizing agents
that are compatible with use in humans and to identify
the mechanism by which granule-permeabilizing agents
cause mast cell death. We show that mefloquine, an
approved anti-malarial drug that previously has been sug-
gested to have lysosomotropic activity (Ginsburg 1990;
Glaumann et al. 1992), has mast cell granule-permeabiliz-
ing activity and induces apoptotic death of mast cells.
Moreover, we show that mefloquine-induced cell death is
dependent on reactive oxygen species (ROS) production.

Materials and Methods

Reagents

Mefloquine, «-tocopherol and N-acetyl cysteine (NAC)
were purchased from Sigma-Aldrich (St. Louis, MO).
Mefloquine was prepared as a stock solution of 50 mmol/
L in dimethyl sulfoxide, and was subsequently diluted in
phosphate-buffered saline (PBS) for the further experi-
ments. Acridine orange (AO), E64d, Z-DEVD-FMK,
Z-VAD-FMK, Pefabloc SC, and Pepstatin A were from
Sigma-Aldrich (Steinheim, Germany). Polyclonal antibod-
ies to mouse mast cell protease 6 (mMCP-6) and car-
boxypeptidase A3 (CPA3) were as described (Rénnberg
and Pejler 2012). Fluorescently labeled donkey anti-rabbit
antibodies were purchased from Li-cor (Lincoln, NE).

Mice

Wild-type (WT) mice and mice lacking serglycin (Abrink
et al. 2004) or the tryptase mMCP-6 (Shin et al. 2008)
were on C57BL/6] genetic background. All animal experi-
ments were approved by the local ethical committee
(Uppsala, Sweden).

Cell culture

Mouse bone marrow-derived mast cells (BMMCs) from
either WT, mMCP-6 '~ or serglycin ™/~ mice were pre-
pared and cultured as described (Ronnberg and Pejler
2012). Peritoneal cell-derived mast cells (PCMCs) were
generated according to the method described (Malbec et al.
2007). Human mast cell line-1 (HMC-1), a kind gift from
the Mayo Foundation for Medical Education and Research,
was cultured under conditions described previously (Melo

© 2014 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



A. Paivandy et al.

et al. 2011a). Human cord blood-derived mast cells
(CBMCs) were obtained from normal deliveries at Uppsala
University hospital. Mononuclear cells were separated by
centrifugation on Ficoll-Paque. CD34" mononuclear cells
were enriched using the MACS column separation and
were seeded in StemPro-34 serum-free medium (Gibco/
Invitrogen, Carlsbad, CA) supplemented with StemPro-
Nutrient Supplement (Gibco/Invitrogen), recombinant
human IL-6 (10 ng/mL) and stem cell factor (100 ng/mL),
10% fetal bovine serum (FBS), 50 pug/mL streptomycin
sulfate, 60 pug/mL penicillin G, 2 mmol/L 1r-glutamine.
Recombinant human IL-3 (1 ng/mL) was added only
during the Ist week. Cells were kept at 37°C in 5% CO,-
balanced air and the medium was replaced once a week.
After 4 weeks, mast cells were identified by enzyme-histo-
chemical staining for tryptase. The human breast cancer cell
line, MDA-MB-231, was kindly provided by Ludwig Insti-
tute for Cancer Research (Uppsala, Sweden). The cells were
propagated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 50 pg/mL strepto-
mycin sulfate, and 60 ug/mL penicillin G. Human Embry-
onic Kidney 293 cells (HEK-293) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated FBS, 2 mmol/L r-glutamine, 60 ug/mL
penicillin G, and 50 ug/mL streptomycin. Primary human
dermal fibroblast neonatal cells (HDFn) were cultured in
Dulbecco’s modified Eagle’s medium containing 5% heat-
inactivated FBS, 2 mmol/L 1-glutamine, 60 pg/mL penicillin
G, and 50 pug/mL streptomycin. The U-937 cell line isolated
from histiocytic lymphoma was cultured in RPMI 1640 —
GlutaMAX™-1 supplemented with 5% heat-inactivated
FBS, 60 pug/mL penicillin G, and 50 ug/mL streptomycin.

Cell viability assessment

The cytotoxicity of mefloquine was examined by the Cell
Titer-Blue® Reagent cell viability assay (Promega-Invitro-
gen, Carlsbad, CA) as described previously (Spirkoski et al.
2012). To test the effect of different protease inhibitors on
cell death, BMMCs were preincubated with a panel of
inhibitors including E-64d (20 pumol/L), Z-DEVD-FMK
(20 pmol/L), Z-VAD-FMK (20 pumol/L), Pepstatin A
(50 umol/L), and Pefabloc SC (0.1 mmol/L), 30 min prior
to mefloquine treatment. After 24 h, cell death was
assessed. Moreover, to test the effect of different antioxi-
dants on cell death, BMMCs were preincubated with o-
tocopherol (0.4 mmol/L) or NAC (8 mmol/L), 2 h prior
to mefloquine treatment. After 8 h, cell death was assessed.

Staining of acidic compartments

BMMGCs (0.5 x 10° cells/mL) were either treated with
10 umol/L of mefloquine for 24 h or left untreated.

© 2014 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Thereafter, cells were incubated with AO (5 pug/mL) for
15 min at 37°C and then rinsed 3 times with PBS supple-
mented with bovine serum albumin (BSA; 100 pug/mL).
Finally, triplicates of 100 uL of cell suspension were trans-
ferred to a 96-well plate and fluorescence intensity was
determined with excitation at 485 nm and emission at
650 nm using a microplate reader (Infinite M200-
TECAN, Mannedorf, Switzerland).

Cytosolic extract preparation

Cytosolic extracts were prepared using digitonin extrac-
tion as described (Melo et al. 2011b).

Cysteine cathepsin-like activity
measurement

Cysteine cathepsin-like activity was measured using chro-
mogenic peptide substrate Z-Phe-Arg-AMC (Bachem,
Bubendorf, Switzerland) (Melo et al. 2011b).

Western blot analysis

Western blot analysis was carried out as described previ-
ously (Rénnberg and Pejler 2012), using 500-fold dilu-
tions of the antibodies towards mMCP-6 and CPA3,
respectively. Membranes were incubated overnight with
primary antibody; incubation with secondary antibody
was performed for 1 hour.

Measurement of ROS

BMMGCs (0.5 x 10° cells) were preincubated with or
without NAC (8 mmol/L) in a 24-well plate for 2 h.
Next, cells were either left untreated or treated with
20 umol/L of mefloquine. After 30 min of incubation,
cells were washed with PBS and incubated with 5 umol/L
CM-H,DCFDA (Life Technologies, Carlsbad, CA) in PBS
at 37°C in dark for 30 min. Finally, cells were washed
and resuspended in PBS followed by analysis with a FAC-
Scan® flow cytometer (BD Biosciences, San Jose, CA).
Data analysis was performed using the FlowJo software
(TreeStar Inc., Ashland, OR).

In vivo effect of mefloquine

Eight- to 10-week-old female mice (C57BL/6]) were trea-
ted with intraperitoneal injections of PBS (control group)
or 10 or 30 mg ' kg ' day ' of mefloquine for 4 consec-
utive days. One day after the last injection, mice were
killed using isoflurane and peritoneal lavage fluid, ear
skin, trachea and tongues were collected. The treatment
with mefloquine did not induce weight loss in compari-
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son with nontreated animals, indicating that mefloquine
did not adversely affect animal welfare. Total peritoneal
cells were counted and cytospin slides were prepared. Col-
lected tissues were paraffin-embedded and sectioned.
Cytospin slides were stained with May-Grilinwald/Giemsa,
whereas the tissue sections were stained with toluidine
blue. Peritoneal cells were stained with antibodies against
surface markers and were subjected to flow cytometric
analysis.

Flow cytometry and monoclonal antibodies

Apoptotic and necrotic cell death was assessed by Annex-
in V/propidium iodide (PI) staining using an Annexin
V-FITC apoptosis detection kit (BD Biosciences) according
to the manufacturer’s instructions. Stained cells were ana-
lyzed using a FACScan® flow cytometer, and data analysis
was performed using the FlowJo software. For in vivo
experiments, peritoneal cell suspensions were preincubat-
ed with anti-CD16/CD32 mAb (2.4G2) and then stained
with monoclonal antibodies against: Gr-1 (RB6-8C5),
CD3 (17A2), CD4 (GK1.5), CD8b (eBioH35-17.2), CD19
(ebio1D3), B220 (RA3-6B2), c-kit (2B8), CD1lc (N418),
F4/80 (BM8), CD45 (30-F11), and Siglec-F (E50-2440).
Antibodies were from either BD Biosciences or eBio-
science. Stained cells were analyzed using a LSR II flow
cytometer (BD Biosciences), and data analysis was
performed using the FlowJo software.

Confocal microscopy

BMMCs (0.5 x 10° cells) were incubated with or without
10 or 20 umol/L of mefloquine. After 3 h of incubation
at 37°C, 1 uL of LysoTracker stock solution (1 mmol/L,
Life Technologies, Carlsbad, CA) was added followed by
1 h incubation at 37°C in dark. After washing, cells were
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resuspended in DMEM media and aliquots of 100 uL
were dropped into round areas (prepared using liquid-
repellent slide marker pen) on microscopic glasses, fol-
lowed by confocal microscopy analysis as described
(Garcia-Faroldi et al. 2013).

Statistical analysis

All calculations were done using the Microsoft Office
Excel 2010 software with QI Macros SPC Software
(KnowWare International Inc., Denver, CO) for Excel.
Statistical differences between groups were assessed using
unpaired Student f-test or one-way analysis of variance
(ANOVA) followed by Fisher’s least significant difference
(LSD) post hoc test (two-sided P-value of less than 0.05
was considered significant). The data are presented as
mean + SEM. All graphs were prepared using GraphPad
Prism 4.0 (GraphPad software Inc., San Diego, CA). The
results shown are from individual experiments, represen-
tative of at least 2 experiments.

Results

Mefloquine is cytotoxic for mast cells

Mefloquine is an approved and widely spread drug used
for the treatment of malaria. Earlier investigations have
suggested that its mechanism of action may involve per-
meabilization of the parasite’s lysosomes, that is, the
drug has lysosomotropic activity (Ginsburg 1990). Since
mast cells are exceptionally rich in lysosome-like secre-
tory granules (“secretory lysosomes”), we reasoned that
mefloquine might be cytotoxic for mast cells by inducing
permeabilization of their lysosome-like secretory gran-
ules. To evaluate this possibility, we first added mefloqu-
ine at various concentrations to mouse BMMCs and

(A) -~ BMMC (WT) (B)
— 100 -# BMMC (Serglycin-/-) 1004
Q —_ WT
X -+ BMMC (mMCP6-/-) = -~ A
| = PCMC (WT) ; 75 -=- Serglycin—/-)
E 75 £ —~ mMCP6-/-)
3 - CBMC i
S A -o- HMC-1 K]
S 50 S 50
3 3
8 254 O 254
T T T T 0 J J T
0 5 10 20 40 0 24 48 72
Mefloquine (pmol/L) Time (h)

Figure 1. Mefloquine has cytotoxic activity on mast cells. (A) Concentration response of the effect of mefloquine on murine bone marrow-
derived mast cells (BMMCs) (WT, serglycin—/— and mMCP-6—/—), peritoneal cell-derived mast cells (PCMCs), human cord blood-derived mast
cells (CBMCs) and human mast cell line-1 (HMC-1). Cell viability was measured after 24 h of treatment. (B) Time course of mefloquine-induced
cell death. BMMCs (WT, serglycin—/— or mMCP-6—/—) were treated with 10 pmol/L mefloquine and cell viability was determined at the indicated
time points. Results are expressed as % cell survival (mean + SEM, n = 3) in comparison with nontreated control cells.
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Table 1. ICsq values for the cytotoxic effect of mefloquine on differ-
ent cell types.

Cell type1 ICs0 (umol/L)
BMMC (WT) 88 + 19
BMMC (Serglycin~") 8.4+ 0.9
BMMC (mMCP6~'") 74406
PCMC 3.0+ 04
HMC-1 142 £ 0.6
CBMC 16.9 +£ 0.3
U-937 12.2 £ 0.7
HEK-293 19.7 £ 0.2
MDA-MB-231 40.1 £ 2.5
HDFn 18.2 + 1.26

Data are displayed as mean + SEM.

"BMMC, bone marrow-derived mast cells; HMC-1, human mast cell
line 1; CBMC, cord blood-derived mast cells; PCMC, peritoneal cell-
derived mast cells; U-937, macrophage-like cell line; HEK-293, human
embryonic kidney 293 cells; MDA-MB-231, human breast cancer cell
line; HDFn, human dermal fibroblast neonatal cells.

assessed cell viability after 24 h. As seen in Figure 1A,
mefloquine induced cell death of BMMCs with an ICsq
value of ~9 umol/L (Table 1). At a concentration of
10 umol/L, time course experiments revealed ~80% cell
death after 24 h (Fig. 1B), and an increasing extent
of cell death after prolonged incubation (Fig. 1B).
BMMCs are commonly used for studies of mast cell
function, but are considerably less granulated than fully
mature mast cells found in vivo. Since our hypothesis
was that mefloquine-induced cell death might occur via
a granule-mediated pathway, we reasoned that fully
mature mast cells, that is, with a higher density of gran-
ules, could be more sensitive to mefloquine than are
BMMCs. To address this possibility, we incubated me-
floquine with fully mature PCMCs (Malbec et al. 2007)
and monitored cytotoxicity. Indeed, as shown in Fig-
ure 1A and in Table 1, PCMCs were markedly more
sensitive to mefloquine than were BMMCs, with an 1Cs,
value of ~3 umol/L. Mefloquine was also cytotoxic for a
HMC-1 and for CBMCs, although with lower efficiency
than for BMMCs and PCMCs. However, it should be
noted that both HMC-1 and CBMCs display a low
extent of granule maturation, which possibly could
explain their lower sensitivity to mefloquine. Mefloquine
has previously been shown to have cytotoxic activity on
MDA-MB-231 breast cancer cells (Sharma et al. 2012)
but, as seen in Table 1, the drug was considerably less
efficient on MDA-MB-231 cells than on mast cells.
Moreover, human fibroblasts (HDFn), HEK-293 cells
and U-937 cells were markedly less sensitive to mefloqu-
ine than were the fully mature mast cells (Table 1).
Together, these data indicate that mast cells are highly
sensitivity to mefloquine.
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Mefloquine induces apoptotic cell death in
mast cells but necrosis in mast cells lacking
a serglycin-tryptase axis

To address the mechanism of cell death in response to
mefloquine, we stained mast cells with Annexin V and PI.
As shown in Figure 2, mefloquine treatment resulted in
the appearance of cell populations that were either Ann-
exin V'/PI~ (apoptotic) or double Annexin V/PI-positive
(necrotic). However, the single Annexin V-positive popu-
lation dominated over the double positive cells, indicating
that mefloquine induces predominantly apoptotic cell
death in mast cells. Previous studies have suggested that
serglycin, a proteoglycan that is abundant in mast cell
granules, and tryptase, the latter a serine protease that is
stored in complex with serglycin, can have an impact on
the mechanism of cell death in mast cells (Melo et al.
2012). To assess the role of these compounds in mefloqu-
ine-induced cell death, we incubated WT, serglycinfl -
and tryptase (mMCP-6)"'" mast cells with mefloquine
followed by Annexin V/PI staining. These experiments

"~ mast cells

showed that WT, serglycin™'~ and tryptase
showed approximately equal sensitivity to mefloquine-
induced cell death (Table 1, Figs. 1A and B, 2). How-
ever, the mechanism of cell death differed profoundly,
with WT cells predominantly dying by an apoptotic
mechanism whereas cells lacking either serglycin or tryp-

tase died to a larger extent by necrosis (Fig. 2).

Mefloquine-induced mast cell death
is caspase independent

To further clarify the cell death mechanism in response to
mefloquine, we investigated the effect of caspase inhibi-
tion. However, caspase inhibition did not prevent cell
death in response to mefloquine (Fig. 3). Moreover,
broad-spectrum inhibitors of either cysteine proteases
(E64d) or aspartic acid proteases (Pepstatin A) had no
significant effect on cell death. Similarly, a broad-spec-
trum inhibitor of serine proteases (Pefabloc SC) did not
prevent cell death in response to mefloquine. However, in
agreement with the marked effect of tryptase (a serine
protease) in promoting apoptotic vs. necrotic cell death
(see Fig. 2), serine protease inhibition caused a marked
deviation from apoptotic to necrotic cell death (Fig. 3).

Mefloquine causes granule permeabilization
in mast cells

Previous studies have suggested that mefloquine may
have lysosomotropic activity on Plasmodium (Ginsburg
1990), and we therefore reasoned that mefloquine could
have an analogous effect on mast cells, that is, to cause
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Figure 2. Mefloquine induces apoptotic mast cell death. Samples of 0.5 x 10° bone marrow-derived mast cells (BMMCs) (WT, serglycin—/— and
mMCP-6—/—) were cultured in the presence or absence of 20 umol/L of mefloquine. (A) After 8 h incubation, cells were collected and cell death
was assessed by Annexin V/PI staining and flow cytometry analysis. The Annexin V™/PI~ population corresponds to viable cells whereas Annexin
V*/PI~ and Annexin V*/PI* populations represent apoptotic and necrotic cells, respectively. (B) Representative dot plots showing Annexin V/PI
staining of non- and mefloquine-treated WT, serglycin—/— and mMCP-6—/— mast cells. Data represent means of duplicates + SEM. **P < 0.01;

*P < 0.05. AnnV, Annexin V.

permeabilization of their lysosome-like secretory granules.
To assess this possibility, we first incubated untreated and
mefloquine-treated mast cells with AO. AO is a dye that
localizes to acidic compartments (such as secretory gran-
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ules) and produces strong fluorescence when acidic com-
partments intact, but loses fluorescence upon
compromised integrity of acidic compartments. As
depicted in Figure 4A, incubation of mast cells with

are
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Figure 3. Mefloquine-induced cell death in bone marrow-derived mast cells (BMMCs) is caspase-independent. BMMCs (0.5 x 10° cells) were
preincubated with or without a panel of inhibitors 30 min before addition of mefloquine. After 8 h incubation with 20 umol/L of mefloquine, cell
viability assessment was performed. Data are displayed as mean £ SEM (n = 3). ***P < (0.0001; UNT, untreated; MQ, mefloquine; PesA,
pepstatin A; Pef, Pefabloc SC; MQ, mefloquine. Inhibitors were used at the following concentrations: E-64d (20 umol/L), Z-DEVD-FMK (20 umol/
L), Z-VAD-FMK (20 umol/L), Pepstatin A (50 umol/L) and Pefabloc SC (0.1 mmol/L).

3 A il B

= (A) -~ WT 0Z2 ®)

3 = Serghycin-/~ = 2 X 25

s ~ mMCPe--  F T T 20

? 25 15

@ b 8

S 25 4 10

o © O

= T2 5 5

o N© 3 o4 y . . g : —
4 18 24 = "0 60 120 180 240 300 360 420
Time (h) Time (min)

Mefloquine (uM): 0

(D)
mMCP-6 — ‘ bt

pro-CPA3 —p
CPA3 —p

Time (min): 0 30 60 90 120 150 180 300 420

Figure 4. Mefloguine causes secretory granule permeabilization in mast cells. (A) Bone marrow-derived mast cells (BMMCs) (WT, serglycin—/— or
mMCP-6—/—; 0.5 x 10° cells) were cultured in the absence or presence of 10 umol/L mefloquine for the time periods indicated, followed by
staining with AO. Results are expressed as % fluorescence in comparison with nontreated control cells (mean & SEM, n = 3). (B) Z-Phe-Arg-AMC-
cleaving activity present in the cytosol after treatment of BMMCs (10° cells) with 10 umol/L mefloquine. After addition of mefloquine, cytosolic
extracts were prepared at the time points indicated and were analyzed for Z-Phe-Arg-AMC-cleaving activity. (C) BMMCs (10° cells) were treated
with the indicated concentrations of mefloquine. After 3 h of incubation, cells were stained with LysoTracker (green) to visualize acidic
compartments and nuclei were visualized by DAPI staining (Red). (C) BMMCs (10° cells) were treated with 10 umol/L mefloquine. At the time
points indicated, cytosolic extracts were prepared and subjected to western blot analysis for presence of granule proteases (MMCP-6 and CPA3).
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mefloquine resulted in rapid loss of AO fluorescence, in
agreement with lost integrity of secretory granules. Fur-
ther, staining of cells with LysoTracker, a dye that prefer-
entially localizes to lysosome-like organelles, produced the
expected granular staining in untreated cells (Fig. 4C).
However, LysoTracker staining was abrogated upon incu-
bation of mast cells with mefloquine, that is, in agreement
with compromised secretory granule integrity (Fig. 4C).
In contrast, mefloquine treatment did not induce any
detectable reduction in Nonyl-AO fluorescence, indicating
that mitochondrial damage in response to mefloquine
was minimal (data not shown). To verify that mefloquine
caused secretory granule disruption, we prepared cytosolic
extracts from untreated and mefloquine-treated cells and
assayed them for activity towards Z-Phe-Arg-AMC, a sub-
strate that is commonly used to detect lysosomal cysteine
cathepsin activity (Ivanova et al. 2008). As mast cell gran-
ules are rich in cysteine cathepsins (Wernersson and
Pejler 2014), we thus expected that mefloquine, if acting
by granule permeabilization, would cause release of
cysteine cathepsin activity into the cytosolic compartment.
Indeed, mefloquine caused a rapid and biphasic release
of Z-Phe-Arg-AMC-cleaving activity into the cytosol
(Fig. 4B). In further agreement with a granule-permeabi-
lizing effect, mefloquine treatment caused the release of
granule-specific proteases (tryptase [mMCP-6] and car-
boxypeptidase A3 [CPA3]) into the cytosol (Fig. 4D).
Similar to the release of Z-Phe-Arg-AMC-cleaving activ-
ity, the release of tryptase and CPA3 into the cytosolic
compartment occurred in a biphasic manner. Impor-
tantly, the loss of AO fluorescence and LysoTracker stain-
ing, as well as appearance of granular proteases in the
cytosol, was seen at considerably earlier time points than
profound loss of cell viability (see Fig. 1B). Together,
these data indicate that mefloquine causes disruption of
mast cell secretory granules, thereby causing the release of
granule-localized compounds into the cytosol.

Mefloquine-induced mast cell death
depends on ROS generation

The results depicted above indicated that mefloquine-
induced mast cell death occurs independently of caspases
and a range of other proteases. To search for alternative
mechanisms in the execution of cell death, we assessed
the contribution of ROS. Incubation of mast cells with
mefloquine caused a marked increase in staining with a
fluorescent ROS probe 30 min after addition of mefloqu-
ine, indicating that ROS are generated during mefloqu-
ine-induced mast cell death (Fig. 5A and B). When
assessing ROS levels at 1 h after mefloquine addition,
ROS levels were similar (data not shown). To assess the
contribution of ROS in the actual execution of cell death,
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we treated mast cells with mefloquine in the presence of
either of the ROS scavengers a-tocopherol or NAC. As
seen in Figure 5B,
whereas NAC had a profound inhibitory activity on me-

a-tocopherol was without effect

floquine-induced cell death. In fact, in the presence of
NAGC, cell viability in mefloquine-treated cells was indis-
tinguishable from that of nonmefloquine-treated control
cells (NAC-treated only). In further agreement with a role
of ROS production in mefloquine-induced mast cell
death, NAC was shown to inhibit the elevation of ROS
levels in response to mefloquine (Fig. 5A). Together, these
data indicate that ROS production is a major cause of
mast cell death in response to mefloquine.

Mefloquine causes mast cell death in vivo

In order to assess whether mefloquine can induce mast
cell death in vivo, we injected mice intraperitoneally with
mefloquine at either 10 or 30 mg ' kg ' day™' for
4 days, and then quantified the numbers of peritoneal
mast cells and other peritoneal cell populations. In agree-
ment with the in vitro analysis, mefloquine induced a
reduction in the peritoneal mast cell population as judged
both by flow cytometry analysis (Fig. 6A) and staining of
cytospin slides with May-Griinwald/Giemsa (Fig. 6B).
Mefloquine additionally caused a moderate but significant
reduction in the total lymphocyte population. In contrast,
no significant effect on the populations of peritoneal mac-
rophages or neutrophils was seen (Fig. 6A), although
there was a trend towards a reduction in the neutrophil
populations. To assess if mefloquine has systemic effects
on mast cell populations distant from the site of adminis-
tration, we stained sections from ear skin, tongue and tra-
chea of non- and mefloquine-treated mice for mast cells.
However, mefloquine treatment did not reduce the mast
cell numbers in any of these tissues (shown for ear skin;
Fig. 6C); the latter notion was also confirmed by quantifi-
cation of the data showing no statistically significant dif-
ference in mast cell counts of ear tissue from non- versus
mefloquine-treated animals (not shown). Hence, mefloqu-
ine has local cytotoxic activity on mast cells in vivo.

Discussion and Conclusions

This study introduces mefloquine as a novel anti-mast cell
agent showing efficiency both in vitro and in vivo. More-
over, we show that mefloquine is more cytotoxic towards
mast cells than towards a number of other cell types. It
should, however, be noted that the extent of selectivity is
relatively modest when comparing the sensitivity of
BMMCs with the other cell types tested (up to ~4-fold).
On the other hand, when assessing the sensitivity of fully
mature mast cells (PCMCs) with those of the other cell

© 2014 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 5. Mefloquine-induced mast cell death is dependent on ROS production. (A) Histogram showing ROS generation (measured with the
fluorescent ROS probe Carboxy-H,DCFDA) after 30 min incubation of BMMCs (0.5 x 10° cells) with 20 umol/L of mefloquine in the presence or
absence of N-acetyl cysteine (NAC). Dashed lines represent untreated cells whereas solid lines represent mefloquine-treated cells in the absence
(left panel) or presence of NAC (right panel). (B) Quantification of the reactive oxygen species (ROS) production after 30 min incubation of
BMMCs (0.5 x 10° cells) with 20 umol/L of mefloquine in the presence or absence of NAC. Data represent the geometric mean of carboxy-
H,DCFDA fluorescence intensity for each sample. (C) The effect of the antioxidants a-tocopherol or NAC on cell viability. BMMCs (0.5 x 10°
cells) were preincubated with or without a-tocopherol (0.4 mmol/L) or NAC (8 mmol/L). After 2 h incubation, cells were either left untreated or
treated with 20 umol/L of mefloquine for 8 h. The experiments were performed in triplicate; the bars represent mean + SEM. **P < 0.01. UNT,

untreated; a«-Toco, a-tocopherol; MQ, mefloguine.

types included in the study, the extent of selectivity was
considerably higher (up to ~10-fold). When administering
mefloquine in vivo, we noted a significant reduction in
the peritoneal mast cell populations, while macrophages
were not affected. However, there was also a moderate
reduction in the lymphocyte population at high doses of
mefloquine and a trend towards a decrease in the perito-
neal neutrophil population. Possibly, the latter observa-
tions could be in line with previous reports (Thong et al.
1979; Labro and Babin-Chevaye 1988).

Mefloquine is an established, approved drug for the
treatment of malaria that has been used widely for many
decades. This study thus introduces a novel use of this
drug. The potential therapeutic implications for this new
activity of mefloquine are manifold. Potentially, mefloqu-
ine may be useful as a therapeutic option in various

© 2014 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

pathologies where mast cells are implicated, including
allergic asthma and various inflammatory skin diseases. It
is important to emphasize that, while mefloquine had
potent cytotoxic activity on mast cells at the site of
administration, we did not see any systemic effect of the
drug under the conditions employed. This suggests that
mefloquine may be primarily useful for topical adminis-
tration in order to ablate local mast cell populations. This
could in fact be an advantage, since a systemic ablation of
mast cells at multiple sites of the body could result in
unwanted side effects such as impaired host defense
towards various infectious agents whose clearance may be
mast cell-dependent (Marshall 2004).

Having identified a cytotoxic effect of mefloquine on
mast cells, a major focus of the present investigation was
to investigate its mechanism of action, one important
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Figure 6. Mefloquine depletes mast cell populations in vivo. Mice (n =6) were injected i.p. with PBS (control) or mefloquine (10 or
30 mg~" kg~" day~", in PBS) for 4 consecutive days. After 4 days of treatment, mice were sacrificed and peritoneal lavage fluid and ear skin
tissue were collected. (A) Quantification of peritoneal cell populations after staining with antibodies against surface markers: CD45% c-kit* (mast
cells); CD45* CD11c™ F4/80" (macrophages); CD45* CD11c™ F4/80~ SiglecF~ Gr-1"9" (neutrophils); CD45* CD19* B220* CD3* CD4* CD8*
(lymphocytes). (B) Representative cytospin slides showing May-Griinwald/Giemsa staining of peritoneal cells obtained from mice either untreated
or treated with mefloquine as indicated. Arrows indicate mast cells. (C) Representative ear skin tissue sections stained with toluidine blue. Tissue
sections were obtained from mice treated with PBS or mefloquine as indicated. Arrows indicate mast cells. MQ, mefloquine.

question being to determine if mefloquine-treated mast
cells undergo apoptotic or necrotic cell death. As judged
by Annexin V/PI staining, mefloquine-treated mast cells
showed clear signs of apoptotic cell death. This was an

important finding in the context of the potential clinical
use of the drug, since apoptotic cell death occurs without
an inflammatory component while necrotic cell death is
associated with extensive release of harmful proinflammatory
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alarmins from dying cells (Edinger and Thompson 2004).
In agreement with this notion, we did not see any signs
of inflammation when assessing the effect of mefloquine
in vivo. Interestingly, while WT cells predominantly
underwent apoptotic cell death, mast cells lacking either
serglycin or tryptase died to a large extent by necrosis in
response to mefloquine. The latter is in agreement with
previous findings showing that a serglycin-tryptase axis is
an important regulator of apoptotic versus necrotic cell
death in response to various other types of cell stress
(Melo et al. 2011b, 2012; Spirkoski et al. 2012). More-
over, since both serglycin and tryptase are exclusively
located to the mast cell granules, their extensive impact
on cell death in response to mefloquine indicates that
granules and their contained substances are important
players in mefloquine-induced cell death. In line with
this, we demonstrate that mefloquine induces mast cell
granule permeabilization, as shown by compromised
granule integrity and by the release of granule-contained
proteases into the cytosol. An important observation was
that 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
argues against that the granule permeabilization is a sec-
ondary effect of cell death, and is instead compatible with
granule permeabilization being an important step in the
mechanism of mefloquine-induced cell death. Taken
together, these data thus suggest that mefloquine induces
mast cell death via a pathway involving secretory granule
permeabilization. Interestingly, treatment of malaria
patients with mefloquine has been associated with adverse
effects such as urticaria and pruritis (Smith et al. 1999).
A plausible explanation for such clinical conditions may
be therefore be that mefloquine induces cell death of mast
cells leading to release of mast cell mediators. On the
other hand, since our data indicate mefloquine predomi-
nantly induces apoptotic cell death in mast cells, it is
likely that most of the mast cell remnants are phagocy-
tosed by macrophages as a part of the normal apoptotic
process, thus minimizing release of mast cell mediators.
The exact mechanism responsible for the execution of
cell death in response to mefloquine is intriguing. Since
mefloquine-treated mast cells showed clear signs of apop-
tosis we considered it likely that caspase activation contrib-
uted to cell death. However, caspase inhibition did not
preserve cellular viability, arguing against a role of caspases
in the execution of cell death. An alternative scenario
would be that the various proteases that are located in the
granules, that is, cysteine cathepsins, aspartic acid proteases
or serine proteases, may contribute to cell death, based on
the known contribution of these types of proteases to cer-
tain types of cell death (Boya and Kroemer 2008; Turk and
Turk 2009) and on our observed release of granule-local-
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ized proteases into the cytosol of mefloquine-treated mast
cells. However, inhibition of these protease types failed to
rescue mast cells from mefloquine-induced cell death, sug-
gesting that granule-localized proteases do not contribute
substantially to the execution of cell death. Notably
though, although not rescuing cells from cell death, serine
protease inhibition caused a dramatic shift in the mode of
cell death from apoptosis to necrosis. The latter finding is
clearly in line with the role of tryptase (a serine protease)
in promoting apoptotic versus necrotic cell death, and sug-
gests that tryptase inhibition was the main explanation for
the impact of serine protease inhibition on mast cell death.

As an alternative mechanism of cell death in response
to mefloquine we considered the possibility that ROS
generation is involved, based on the known contribution
of ROS generation to apoptosis in various settings (Mates
et al. 2012; Sinha et al. 2013). Indeed, our data suggest
that ROS generation has a key role in the induction of
cell death in response to mefloquine. Intriguingly, the
lipophilic ROS scavenger o-tocopherol did not rescue
mast cells from mefloquine-induced cell death whereas
essentially complete blockade of cell death was seen when
administering the hydrophilic ROS scavenger NAC, a
finding that is in agreement with a recent report showing
that mefloquine-induced cell death of prostate cancer
PC3 cells is inhibited by NAC (Yan et al. 2013). Although
the implication of this observation is not entirely clear,
it is notable that a-tocopherol is typically an effective
inhibitor of mitochondrial ROS generation (Majima et al.
2011; Cesen et al. 2013; Quast et al. 2013). Hence, the
lack of effect of a-tocopherol on ROS generation in
response to mefloquine may suggest that the generation
of cytotoxic ROS occurs in a compartment outside of the
mitochondria and, consequently, that mitochondrial dam-
age is not the prime cause of mast cell death in response
to mefloquine. Interestingly, recent studies have indicated
that ROS generation in response to certain types of agents
can occur in compartments other than the mitochondria,
including lysosomes (Kubota et al. 2010; Denamur et al.
2011). Hence, it is possible that the cytotoxic ROS that
are generated in mefloquine-treated mast cells arise from
a compartment outside of the mitochondria, for example
from the secretory granules.

In summary, this study identifies the anti-malarial drug
mefloquine as a novel anti-mast cell agent that induces
mast cell death through a pathway involving granule per-
meabilization and ROS generation.
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