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Mast cells are implicated as detrimental players in inflammatory lung diseases, par-
ticularly asthma. Mast cells respond to activating stimuli by releasing a wide panel of 
pro-inflammatory compounds that can contribute profoundly to the pathology, and there 
is currently an unmet need for strategies that efficiently ameliorate harmful effects of mast 
cells under such conditions. Here, we sought to evaluate a novel concept for targeting 
human lung mast cells, by assessing the possibility of selectively depleting the lung mast 
cells by induction of apoptosis. For this purpose, we used lysosomotropic agents, i.e., 
compounds that are known to permeabilize the secretory granules of mast cells, thereby 
releasing the contents of the granules into the cytosol. Either intact human lung tissue, 
purified human lung mast cells or mixed populations of human lung cells were incubated 
with the lysosomotropic agents mefloquine or siramesine, followed by measurement 
of apoptosis, reactive oxygen species (ROS) production, and release of cytokines. We 
show that human lung mast cells were highly susceptible to apoptosis induced by this 
strategy, whereas other cell populations of the lung were largely refractory. Moreover, we 
demonstrate that apoptosis induced by this mode is dependent on the production of 
ROS and that the treatment of lung tissue with lysosomotropic agents causes a decrease 
in the release of pathogenic cytokines. We conclude that selective apoptosis of human 
lung mast cells can be accomplished by administration of lysosomotropic agents, thus 
introducing the possibility of using such drugs as novel therapeutics in the treatment of 
inflammatory lung disorders such as asthma.
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inTrODUcTiOn

Mast cells are innate immune cells, which reside in tissues that are exposed to the external environ-
ment, such as skin, intestine, and lung. They leave bone marrow as immature myeloid cells, migrate 
through blood to peripheral tissues where they mature (1). Mast cells are rich in lysosome-like orga-
nelles, denoted granules, that are filled with potent preformed compounds, such as histamine, sero-
tonin, serglycin proteoglycans, certain preformed cytokines (e.g., TNF), growth factors (e.g., VEGF), 

Abbreviations: NAC, N-acetylcysteine; BMMC, bone marrow-derived mast cells; ROS, reactive oxygen species.

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01645&domain=pdf&date_stamp=2017-11-27
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01645
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gunnar.pejler@imbim.uu.se
https://doi.org/10.3389/fimmu.2017.01645
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01645/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01645/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01645/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01645/full
http://loop.frontiersin.org/people/483345
http://loop.frontiersin.org/people/483340
http://loop.frontiersin.org/people/301775


2

Paivandy et al. Mast Cell Apoptosis

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1645

lysosomal enzymes, and proteases, the latter including tryptase, 
chymase and carboxypeptidase A3 (2). Upon activation, e.g., by 
IgE receptor (FcεRI) crosslinking, the contents of the granules are 
released to the exterior. Activated mast cells also produce several 
other compounds de novo, such as prostaglandins and leukot-
rienes, cytokines, and chemokines (3). The combined actions of 
all of these released compounds can cause a massive inflammatory 
reaction, with anaphylactic shock being a serious manifestation.

Although there is some evidence that mast cells have a ben-
eficial function in the host defense against parasitic and bacterial 
infection (4, 5), it is more widely recognized that they have a major 
detrimental impact in allergy and asthma. Therefore, there is a 
large need to identify therapeutic options that can be exploited 
for minimizing harmful effects of mast cells. Current available 
options for this purpose have in common that they target only a 
limited fraction of all of those mediators that mast cells secrete 
upon activation (6, 7). However, the total impact of mast cells 
on any pathological setting most likely represents a sum of the 
effects of each of the individual pro-inflammatory compounds 
that are released by mast cells. Hence, effective intervention with 
mast cell-related effects may require the simultaneous blockade 
of an extensive panel of mast cell-derived products, which can be 
difficult to achieve (6, 7). A conceivably more efficient strategy 
to accomplish a full blockade of the harmful events mediated by 
mast cells could, therefore, be to locally eliminate harmful mast 
cell populations altogether [discussed in Ref. (8)]. This should 
preferably be achieved by inducing apoptosis rather than necrosis 
to avoid the inflammatory side effects that accompany necrotic 
cell death.

In this study, we sought to identify an efficient means of 
selectively eliminating human lung mast cells, with the implica-
tion of using such a strategy to block harmful mast cell-mediated 
activities in the context of asthma. To achieve selectivity for mast 
cells, it is essential that the method for inducing apoptosis is 
based on unique properties of mast cells, and we have previously 
hypothesized that a potential strategy for this purpose could be 
to take advantage of the unique content of secretory granules in 
mast cells. Since these are filled with enormous amounts of fully 
bioactive compounds, including proteases that potentially could 
trigger the apoptotic machinery, we reasoned that permeabi-
lization of the granules and consequent release of the granular 
contents to the cytosol could lead to apoptosis. Moreover, since 
mast cells have higher content of secretory granules than has 
any other cell type, we reasoned that apoptosis achieved by 
this strategy could show selectivity for mast cells vs. other cell 
types. As a proof of concept for this strategy, we have previously 
shown that granule permeabilization, by using “lysosomotropic 
agents,” i.e., agents that are known to permeabilize membranes of 
lysosome-like organelles (9, 10), have the ability to cause mast cell 
apoptosis (11–13). Here, we evaluated whether this concept can 
be used for inducing apoptosis of human lung mast cells and, if 
so, whether the adopted strategy shows selectivity for mast cells 
vs. other cell types populating human lungs. As a major tool for 
the study, we used mefloquine (Lariam), a drug that has wide 
spread use in the treatment of malaria and also has been shown 
to possess lysosomotropic activity (14). In addition, we assessed 
the effect of siramesine, a sigma-2 agonist that has been found to 

have lysosomotropic activity (15, 16). We show, in accordance 
with our hypothesis, that lysosomotropic agents efficiently and 
selectively induce apoptosis of human lung mast cells. Based on 
these findings, we propose that lysosomotropic agents potentially 
could be explored as therapeutics for lung diseases where mast 
cells contribute, e.g., asthma.

MaTerials anD MeThODs

reagents
Mefloquine and N-acetylcysteine (NAC) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). A stock solution of 50 mM 
mefloquine was prepared in dimethyl sulfoxide. This solution was 
further diluted using phosphate-buffered saline (PBS) to prepare 
the final working solution of mefloquine. Siramesine hydrochlo-
ride, a generous gift by Lundbeck A/S (Copenhagen, Denmark), 
was prepared as a stock solution of 1  mM in 10% HPBCD 
([2-hydroxypropyl]-beta-cyclodextrin) (Sigma-Aldrich) and 
subsequently diluted in PBS for the further use in experiments.

cell culture
Bone marrow-derived mast cells (BMMCs) from C57BL/6 
mice were generated as described (17). Cells that were at least 
four weeks old were used for experiments. Primary human lung 
smooth muscle cells (ATCC, Manassas, VA, USA) were cultured 
according to the manufacturer’s instructions.

lung Tissue samples and ethics
Tumor-free parts of lung tissue were obtained from patients 
undergoing surgical lung resection due to lung cancer. The tissues 
were immersed in DMEM containing GlutaMAX™ supplement 
and placed on ice immediately after surgical excision. Written 
informed consent was obtained from all patients, and the use of 
the patient samples for this study was approved by the Uppsala 
Regional Ethical Review Board (Dnr 2013/223).

immunohistochemistry and In Situ 
apoptosis assessment
Lung specimens (ranging from 1 to 4  g) were cut into equal-
sized pieces and placed in 6-well plates containing DMEM 
(Dulbecco’s Modified Eagle Medium) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS), 2 mM l-glutamine, 
100 U/mL penicillin, and 100 µg/mL streptomycin. The samples 
were incubated with mefloquine, siramesine, or vehicle (PBS) for 
20–24 h in a humidified 37°C incubator with 5% CO2. Treated tis-
sues were fixed in 4% formalin, embedded in paraffin and, 5 µm 
sections were cut. Sections were deparaffinized and boiled in a 
pressure cooker (Reveal Decloaker, Biocare Medical, Concorde, 
CA, USA). Background sniper (Biocare Medical) was used to 
block non-specific background staining. For mast cell detection, 
the sections were incubated with a monoclonal tryptase antibody 
(MAB1222, Millipore, Chemicon International Inc., Temecula, 
CA, USA) at 1/2,000 dilution overnight, followed by visualiza-
tion by applying the MACH 3 Mouse AP-Polymer Detection 
kit and Vulcan Fast Red Chromogen Kit 2 (Biocare Medical). 
The sections were counterstained with Mayer’s hematoxylin 
(Histolab, Gothenburg, Sweden). Incubation with mouse IgG 
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was used as negative control. For assessment of mast cell apop-
tosis in  situ, TUNEL-tryptase double staining was carried out 
using the ApopTag plus Peroxidase in Situ Apoptosis Detection 
Kit (Millipore, Billerica, MA, USA) and monoclonal tryptase 
antibody as described above.

extraction and Preparation of lung cells
Human lung tissues were digested using the Human Tumor 
Dissociation Kit and the gentleMACS Octo Dissociator (all from 
Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer’s instructions. Tissue residues were removed using 
a 70-µm cell strainer followed by centrifugation at 300 × g for 
8 min at 4°C. Red blood cells were lysed using Red Blood Cell 
Lysis Solution (Miltenyi Biotec). The number of viable cells was 
determined by trypan blue exclusion using a hemocytometer. 
Extracted lung cells were resuspended in DMEM containing 
GlutaMAX™ supplement (Product No. 10564–011, Life 
Technologies, Carlsbad, CA, USA), 10% heat-inactivated FBS, 
100 U/mL penicillin, 100 µg/mL streptomycin and 1 × MEM non-
essential amino acids and were subsequently seeded in 24-well 
plates at a concentration of 0.5 × 106 cells/well. The cells were then 
incubated with mefloquine or PBS in a humidified 37°C incubator 
with 5% CO2 and the cytotoxicity of mefloquine was examined by 
flow cytometry. For experiments shown in Figures 2C,D, after 
removal of red blood cells, c-kit+ lung cells were separated using 
anti c-kit-coated magnetic beads (Miltenyi Biotec) and a MACS 
column. Purified c-kit+ lung cells were seeded and treated with 
mefloquine or PBS as described above.

Monoclonal antibodies, Flow cytometry, 
and apoptosis evaluation
Mixed populations of human lung cells (obtained after mechani-
cal and enzymatic digestion of lung specimens) were stained with 
fluorochrome-conjugated monoclonal antibodies against the fol-
lowing surface markers: CD4 (RPA-T4), CD8 (RPA-T8), CD14 
(M5E2), CD19 (HIB19), CD45 (HI30), c-kit (104D2), FcεRI 
(AER-37), and CD326 (EBA-1). The antibodies were from BD 
Biosciences (Franklin Lakes, NJ, USA) or BioLegend (San Diego, 
CA, USA). To evaluate apoptosis/necrosis, mixed populations 
of human lung cells, human lung c-kit+ cells or primary human 
lung smooth muscle cells were treated with PBS or mefloquine 
and then stained with Annexin V (BD Biosciences, Franklin 
Lakes, NJ, USA) and DRAQ7™ (Biostatus Ltd., Shepshed, UK). 
To determine the effect of NAC on cell death, extracted lung 
cells were pre-incubated with or without NAC (8 mmol/L) for 
2 h and subsequently treated with mefloquine or PBS for 24 h. 
The cells were stained for mast cell surface markers and Annexin  
V/DRAQ7 and analyzed on a LSR II or LSR Fortessa flow cytom-
eter (BD Biosciences), and data analysis was performed using the 
FlowJo software (TreeStar Inc., Ashland, OR, USA). In all flow 
cytometry analyses, doublet cells were excluded.

Measurement of reactive Oxygen  
species (rOs)
Extracted lung cells were treated with mefloquine or PBS for 1 h. 
The cells were washed with PBS and incubated for 30 min with 

5 µM CM-H2DCFDA (Life Technologies, Carlsbad, CA, USA) in 
PBS at 37°C in dark. After washing, the cells were stained with 
monoclonal antibody against human c-kit and subsequently 
analyzed for ROS production by flow cytometry.

cell Visualization
Human lung c-kit+ (sorted by magnetic-activated cell sorting) 
and/or c-kit+ FcεRI+ cells (sorted by fluorescence-activated cell 
sorting) were cytospun onto glass slides (Shandon Cytospin 2) 
and allowed to dry overnight. The cells were stained with toluidine 
blue (Sigma-Aldrich) using a standard protocol. Tryptase activ-
ity was detected by incubation of cytospin slides with a solution 
of 10 mM Z-Gly-Pro-Arg 4-methoxy-2-naphtylamine in 0.5 M 
Tris–HCl (pH 7.5) and 5  mg/mL Fast Garnet GBC sulfate salt  
(all from Sigma-Aldrich).

Microscopic image analysis
All images were captured using a Nikon Eclipse 90i microscope 
(Nikon, Melville, NY, USA) and NIS Elements AR 3.2 64-bit 
software (Nikon) at original magnifications of 20× or 40×.

elisa
Lung tissue specimens were prepared and incubated with either 
mefloquine, siramesine, or PBS as described before (see 
Immunohistochemistry and In Situ Apoptosis Assessment). After 
6 h, supernatants were collected for measurement of VEGF and 
IL-6 by ELISA. The ELISA kits for human VEGF and IL-6 were 
both from Sigma-Aldrich. The ELISA measurements were carried 
out according to the instructions provided by the manufacturer.

statistical analysis
In figures representing two groups, statistical differences between 
groups were assessed using unpaired, two-tailed Student’s t-test. 
In figures with more than two groups, one-way ANOVA with 
post hoc Tukey’s multiple comparison test was used to determine 
statistical significance between groups. All graphs were prepared 
and statistics calculated using GraphPad Prism 7.0 (GraphPad 
software Inc., San Diego, CA, USA). A P-value of less than 0.05 
was considered significant.

resUlTs

Mefloquine and siramesine reduce  
Mast cell numbers in human lung  
Tissue In Situ
To assess the effect of lysosomotropic agents, mefloquine and 
siramesine, on human lung mast cells, specimens were obtained 
from the non-tumor parts of lung tissue dissected during lung 
cancer surgery. These tissue specimens were incubated in cul-
ture medium containing either mefloquine (20 µM), siramesine 
(20  µM) or PBS as control. After 24 h of incubation, the lung 
specimens were sectioned and subsequently stained for tryptase 
to identify mast cells; tryptase is a major component of the secre-
tory granules of human lung mast cells of both MCT and MCTC 
subtypes (18). As depicted in Figure  1, there was a profound 
reduction in the number of tryptase+ mast cells in the lung 
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FigUre 1 | Mefloquine and siramesine reduce the number of mast cells in 
human lung tissues. Human lung specimens were incubated in media 
containing 20 µM of mefloquine, siramesine, or phosphate-buffered saline 
(PBS; as vehicle) for 24 h. Cross sections of the lung specimens were then 
prepared and immunostained for tryptase followed by nuclear counterstaining 
with Mayer’s hematoxylin to evaluate the number of lung mast cells.  
(a) Quantification of the number of lung tryptase+ mast cells (n = 5–10; 
representative of two independent experiments/two donors). The graphs 
show mean ± SEM (****P < 0.0001). (B) Representative images of lung 
sections showing the reduction in the number of tryptase+ mast cells  
(arrows) in the presence of mefloquine or siramesine.
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tissues after treatment with either mefloquine or siramesine in 
comparison with vehicle-treated tissues. Of note, there was no 
sign of tissue destruction caused by mefloquine or siramesine 
treatment. Hence, these results show that both mefloquine 
and siramesine efficiently reduce the number of mast cells in 
human lung tissue in situ. Of these compounds, mefloquine is 
an approved drug (for malaria treatment) whereas siramesine 
is reported to be safe in humans (19) but not approved for clini-
cal use. In the continuation of this study, we therefore focused 
primarily on mefloquine, the rationale being that this approved 
compound has a higher potential (than siramesine) of becoming 
rapidly adapted to clinical usage.

Mefloquine induces apoptotic cell Death 
in human lung Mast cells
Next, we sought to determine the mechanism underlying the 
reduction of mast cell numbers in lung tissues incubated with 
mefloquine. For this purpose, we first double stained mefloquine-
treated and control lung tissue sections for tryptase and with 
TUNEL, the latter is an assay that detects apoptotic cells. As seen 
in Figure  2A (left panel), mast cells (tryptase+) in the control 
sections were generally TUNEL-negative, i.e., have a non-stained 
(blue) nucleus. By contrast, a large fraction of the mast cells in 
mefloquine-treated lung tissues were TUNEL-positive, i.e., their 
nuclei showed brown staining that is characteristic of TUNEL-
positivity (Figure 2A; right panel). Quantification of these data 
showed that the treatment with mefloquine caused a substantial 
and significant decrease in the number of viable mast cells 
(tryptase+/TUNEL−) accompanied by a significant increase in the 
number of apoptotic mast cells (tryptase+/TUNEL+) (Figure 2B; 
left panel). By contrast, non-mast cells were minimally affected 
by the mefloquine treatment (Figure 2B; right panel), suggesting 
that mefloquine shows selectivity for mast cells.

The effect of mefloquine on human lung mast cells was 
further evaluated by a flow cytometry-based approach that 
enables a quantitative distinction between apoptotic and necrotic 
cell death. For this, lung specimens were mechanically and 
enzymatically digested to extract the lung cells. Among cells of 
human lung, mast cells express high levels of c-kit on their surface  
(20, 21). Thus, to purify mast cells, c-kit+ cells were selected from 
extracted lung single cell suspensions, using magnetic cell sorting 
enrichment. The c-kit+ cells were then treated with mefloquine or 
PBS followed by flow cytometry-based analysis of the cell death 
mechanism using Annexin V and DRAQ7 staining. As controls, 
mouse BMMCs were also assessed. In agreement with our previ-
ous results (12), treatment of BMMCs with mefloquine mainly 
resulted in appearance of apoptotic cells (Annexin V+/DRAQ7−), 
whereas a minor fraction of the cells showed signs of necrotic cell 
death (Annexin V+/DRAQ7+) (Figure 2C; right panel). Similarly, 
the majority of the mefloquine-treated human lung c-kit+ cells 
were found to be apoptotic rather than necrotic (Figure  2C; 
left panel), reinforcing that mefloquine predominantly triggers 
apoptotic cell death of human lung mast cells.

To confirm that the selection based on c-kit expression results 
in purification of mast cells, the purified c-kit+ cells were stained 
with toluidine blue staining and for tryptase activity. Indeed, a 
substantial fraction of the c-kit+ lung cells stained positively with 
toluidine blue and for tryptase activity, indicating that they rep-
resented a population of enriched mature mast cells (Figure 2D).

Mefloquine has no adverse effect  
on Other immune or structural cells  
of the lung
Next, we implemented an experimental strategy where the rela-
tive extent of cell death of the individual cell types present in the 
human lung can be studied. To this end, mixed cell suspensions 
were prepared by mechanical and enzymatic digestion of the 
human lung specimens and were treated with mefloquine or PBS. 
Individual cell types were then identified by flow cytometry and 
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FigUre 2 | Mefloquine induces apoptotic cell death in human lung mast cells. Human lung specimens were incubated with mefloquine (Mef; 20 µM) or phosphate-
buffered saline (PBS) for 20 h. TUNEL-tryptase double staining was performed on cross sections of the lung biopsies followed by nuclear counterstaining with Mayer’s 
hematoxylin. (a) Representative images of lung sections showing the reduction in the number of viable mast cells (TUNEL−/tryptase+, blue nucleus with pink 
cytoplasm, arrows) and increase in the number of apoptotic mast cells (TUNEL+/tryptase+, brown nucleus with pink cytoplasm, arrowheads). The inserts in panel A 
show enlarged images of viable (left) or apoptotic (right) mast cells. (B) Percentage of viable (TUNEL−/tryptase+) and apoptotic mast cells (TUNEL+/tryptase+) (left 
panel, n = 20; representative of two independent experiments/two donors) and percentage of viable (TUNEL−/tryptase−) and apoptotic non-mast cells (TUNEL+/
tryptase−) (right panel, n = 4; representative of two independent experiments/two donors) in the lung tissue after treatment with PBS or mefloquine. Results are shown 
as mean ± SEM (****P < 0.0001). (c) Mixed human lung cells were prepared by mechanical and enzymatic treatment of lung specimens and c-kit+ cells were enriched 
by magnetic-activated cell sorting. Human lung c-kit+ cells or murine cultured mast cells [bone marrow-derived mast cells (BMMCs); used as controls] were treated 
with mefloquine (20 µM) or PBS for 24 h. Cells were stained with Annexin V and DRAQ7 and cell death was assessed by flow cytometry. Representative dot plots in 
panel (c) display the Annexin V/DRAQ7 staining of human lung c-kit+ cells (left) and BMMCs (right) after treatment with PBS or mefloquine. The results in panel (c) are 
representative of two independent experiments (two donors and two BMMC cultures). (D) Representative images of human lung c-kit+ cells stained with toluidine blue 
(left) and for tryptase activity (right panel). (e) Mixed human lung cells were prepared and incubated with PBS or mefloquine (10 µM) followed by assessment of cell 
death by flow cytometry. Representative dot plots in panel (e) demonstrate the gating strategy used to identify lung mast cells (Lin− c-kit+ FcεRI+) and Annexin  
V/DRAQ7 staining after treatment with PBS or mefloquine. (F) Quantification of viable (Annexin V−/DRAQ7−), apoptotic (Annexin V+/DRAQ7−), and necrotic (Annexin 
V+/DRAQ7+) Lin− c-kit+ FcεRI+ mast cells (n = 4; representative of four independent experiments/four donors). Data are presented as mean ± SEM (*P < 0.05, 
**P < 0.01). (g) Lin− c-kit+ FcεRI+ cells were sorted and collected onto cytospin slides and subsequently stained with toluidine blue or for tryptase activity.
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their extent of cell death was evaluated by Annexin V/DRAQ7 
staining. Human lung mast cells were thereby identified as being 
negative for expression of lineage markers CD4, CD8, CD19, 

and CD14 (Lin−) and positive for c-kit and FcεRI (Figure 2E). 
Monocytes/macrophages were identified as CD14+ and T/B 
lymphocytes as CD4+ CD8+ CD19+ cells, respectively. Epithelial 
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cells were identified as (CD45− CD326+). No cell surface markers 
specific for the airway smooth muscle cell population are to date 
available. To study the effect of mefloquine on this population, we 
therefore used purified primary human lung smooth muscle cells.

Similar to the purified c-kit+ lung cells, Lin− c-kit+ FcεRI+ 
mast cells present in the mixed lung cell suspensions underwent 
apoptosis after treatment with mefloquine (Figures  2E,F). To 
verify that this strategy identifies mast cells, sorted human lung 
Lin− c-kit+ FcεRI+ cells were stained with toluidine blue+ and for 
tryptase activity. As shown in Figure 2G, the sorted Lin− c-kit+ 
FcεRI+ cells stained positively both with toluidine blue and for 
tryptase activity, confirming that the gating strategy employed 
identifies mast cells. These data further support that human lung 
mast cells are sensitive to mefloquine and undergo apoptosis in 
response to this lysosomotropic agent. By contrast, mefloquine 
at concentrations that were cytotoxic for mast cells in this setting 
had no significant cytotoxic activity toward CD14+ or CD4+ CD8+ 
CD19+ cells, i.e., monocytes/macrophages or T/B lymphocytes, 
respectively (Figures  3A–C). Moreover, mefloquine treatment 
did not induce cell death in epithelial cells (CD45− CD326+) 
(Figures 3D,E) or in primary human lung smooth muscle cells 
(Figures 3F,G), both of which representing major structural cells 
of the lung. Taken together, these data show that mefloquine has 
limited adverse effects on lung cell populations other than mast 
cells, i.e., mefloquine shows selectivity for mast cells.

Mefloquine-induced Oxidative stress is 
the Major cause of Mast cell apoptosis
Next, we addressed the mechanism of cell death in response to 
lysosomotropic agents such as mefloquine. In a previous study, we 
showed that treatment of murine cultured mast cells (BMMCs) 
with a lysosomotropic agent caused the production of ROS and 
that the production of ROS had a central role in the induction of 
cell death (12). To investigate the impact of ROS on cell death in 
human lung mast cells exposed to lysosomotropic agents, mixed 
human lung cells were treated with mefloquine followed by flow 
cytometric analysis of ROS production using a fluorescent probe, 
CM-H2DCFDA. This analysis showed that treatment of the human 
lung cells with mefloquine induced significant ROS production 
in lung mast cells (c-kit+ cells) (Figures 4A,B). Moreover, treat-
ment of the cells with NAC, a ROS scavenger, blocked apoptotic 
cell death induced by mefloquine (Figures 4C,D). Hence, these 
data suggest that ROS production plays an essential role in the 
pathway leading to mast cell death in response to lysosomotropic 
agents.

lysosomotropic agents reduce VegF and 
il-6 levels in human lung Tissue
Mast cells are known to be the source of multiple cytokines 
and growth factors with pathogenic roles in the context of 
inflammatory lung diseases (3). For example, mast cells are 
major producers of VEGF and IL-6, both of which having the 
potential to contribute significantly to the pathology of inflam-
matory disorders, e.g., asthma (22–24). In order to investigate if 
treatment with lysosomotropic drugs can suppress the levels of 

these compounds in lung tissue, we used ELISA. As shown in 
Figure 5A, incubation of lung tissue specimens with mefloquine 
or siramesine resulted in decreased levels of VEGF in superna-
tants recovered from lung tissue specimens. The treatment with 
either mefloquine or siramesine also caused a significant reduc-
tion of IL-6 levels (Figure 5B). Hence, exposure of lung tissue to 
lysosomotropic agents has the potential to suppress the levels of 
mast cell-expressed pathogenic cytokines.

DiscUssiOn

Mast cells are currently emerging as major detrimental players in 
inflammatory lung diseases, in particular allergic asthma. There is 
now vast clinical documentation supporting that mast cells con-
tribute profoundly to the pathology of asthma (25–28). Moreover, 
asthmatic patients have increased numbers of lung mast cells, 
especially in locations such as the airway smooth muscle layer, 
lung epithelium, and alveolar parenchyma (25, 29, 30). Of note, 
the abnormal accumulation of mast cells in these lung compart-
ments has been associated with enhanced asthma symptoms  
(25, 30–32). In addition to allergic asthma, mast cells have also 
been implicated in other types of lung pathologies, such as idi-
opathic pulmonary fibrosis and COPD (33, 34). Interestingly, 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 were found (35) and mast 
cells have been shown to contribute in a major way to several 
symptoms associated with experimentally induced allergic airway 
inflammation (35). Furthermore, studies on mice have suggested 
that mast cells and their products can contribute in models of 
lung fibrosis (36) and COPD (37, 38).

Taken together, there is, therefore, a large interest in develop-
ing novel therapeutic regimens for these types of diseases, in 
which lung mast cells are targeted. Currently, available therapies 
for this purpose include the usage of antihistamines, leukotriene 
receptor antagonists, mast cell stabilizers, and anti-IgE therapy (6, 
7). However, neither of these treatment options is capable of sup-
pressing the full panel of events mediated by mast cells, i.e., only 
a fraction of all of the mediators that are secreted by mast cells is 
blocked by these treatment options. There is, therefore, a need for 
more efficient strategies to prevent harmful mast cell actions, and 
we have reasoned that this could potentially be achieved by selec-
tively and locally inducing mast cell apoptosis. If successful, such 
a strategy would have the capacity to abrogate the production 
and secretion of the full panel of pathogenic compounds in tissue 
mast cells, in this way efficiently interfering with the detrimental 
impact of mast cells on inflammatory conditions. Here, we show 
that efficient and selective apoptosis of mast cells can be induced 
by exposure of either intact lung tissue specimens, purified lung 
mast cells or lung mast cells present in mixed cell suspension to 
lysosomotropic agents. Furthermore, we demonstrate that treat-
ment of mixed human lung cells with mefloquine triggered an 
oxidative stress in lung mast cells, which was evident by enhanced 
ROS production. Here, the mefloquine-induced ROS production 
was found to be the major cause of mast cell apoptosis because 
pre-incubation of mixed human lung cells with NAC, a ROS 
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FigUre 3 | Mefloquine has no adverse effect on non-mast cell populations of the lung. Mixed human lung cells were prepared by mechanical and enzymatic 
treatment of lung specimens and were incubated with mefloquine (10 µM) or phosphate-buffered saline (PBS) for 24 h and then stained with antibodies 
recognizing the indicated surface markers. Subsequently, cell death was evaluated by flow cytometry. (a) Representative dot plots showing gated human lung 
CD14+ cells (monocytes/macrophages) and CD4+ CD8+ CD19+ cells (T/B lymphocytes). (B,c) Quantification of viable (Annexin V−/DRAQ7−), apoptotic (Annexin 
V+/DRAQ7−), and necrotic (Annexin V+/DRAQ7+) human lung CD14+ (B) or CD4+ CD8+ CD19+ (c) cells (n = 4; representative of two independent experiments/two 
donors). (D,e) Human lung epithelial cells (CD45− CD326+) were gated (D) and the percentage of viable, apoptotic, and necrotic cells were determined by flow 
cytometry (e) (n = 3; representative of two independent experiments/two donors). (F,g) Primary human lung smooth muscle cells were incubated with mefloquine 
or PBS as described above and cell death was evaluated by flow cytometry (n = 3; representative of two independent experiments). All data are presented as 
mean ± SEM.
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FigUre 5 | Treatment of human lung biopsies with mefloquine and/or 
siramesine reduces the levels of VEGF and IL-6. Human lung biopsies were 
incubated with 20 µM of mefloquine or siramesine or phosphate-buffered 
saline (PBS) for 6 h. Levels of (a) human VEGF and (B) IL-6 were measured 
in the supernatants by ELISA (n = 3; representative of two independent 
experiments/two donors). Results are presented as mean ± SEM (*P < 0.05, 
**P < 0.01, ****P < 0.0001).

FigUre 4 | Oxidative stress induced by mefloquine is a major cause of mast 
cell apoptosis. (a,B) Mixed human lung cells were prepared by mechanical 
and enzymatic treatment of lung specimens and treated with phosphate-
buffered saline (PBS) or mefloquine (20 µM) for 1 h. Next, c-kit+ cells were 
gated (a) and the reactive oxygen species (ROS) levels were quantified using 
the fluorescent ROS probe CM-H2DCFDA (B). The bars in panel (B) 
represent mean ± SEM of the geometric mean fluorescence intensity (gMFI) 
for the CM-H2DCFDA (*P < 0.05) (n = 2; representative of two independent 
experiments/two donors). (c,D) Mixed human lung cells were pre-incubated 
with or without N-acetylcysteine (NAC) (8 mmol/L) for 2 h, followed by 
treatment with mefloquine (20 µM) or PBS for 24 h. Lin− c-kit+ FcεRI+ mast 
cells were gated (c) and the percentage of viable (Annexin V−/DRAQ7−), 
apoptotic (Annexin V+/DRAQ7−) and necrotic (Annexin V+/DRAQ7+) mast cells 
were determined (D) (n = 2; representative of three independent 
experiments/three donors). Data are presented as mean ± SEM (*P < 0.05, 
**P < 0.01).
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scavenger, inhibited mast cell apoptosis in response to meflo-
quine. These results are in agreement with our previous findings, 
which showed that increased ROS production is responsible for 
murine BMMC death upon exposure to mefloquine (12).

Mast cells can contribute to the pathology of inflammatory 
lung diseases, for example, through production and secretion of 
several growth factors and cytokines. VEGF and IL-6 are among 
these compounds that have been linked to asthma pathology 
(22–24). VEGF is a growth factor with potent angiogenic activity 
that is elevated in asthma and was shown to promote vascular 
remodeling, permeability, and chemotaxis of inflammatory cells 
(39–42). Moreover, increased levels of IL-6 in serum, bronchoal-
veolar lavage fluid, and sputum have been found in asthmatics 
(43–46). Interestingly, we found that treatment of human lung 
tissues with lysosomotropic agents (mefloquine and siramesine) 
suppressed the concentrations of VEGF and IL-6.

As an extension of the findings presented here, we may 
envision the usage of lysosomotropic agents in the treatment 
of inflammatory conditions of the lung where mast cells are 
known to contribute to the pathology. In particular, we foresee 
that this type of compounds may be useful in asthma therapy, 
as an inhalation treatment. Potentially, such agents could be 
useful both during exacerbations to counteract harmful effector 

functions of mast cells, but also between asthma attacks to sup-
press the harmful mast cell populations residing in the airway 
epithelium (29) and smooth muscle layer (25). In this context, it 
is important to note that one of the lysosomotropic compounds 
used in this study, i.e., mefloquine, is an approved drug and that 
the second lysosomotropic agent used, siramesine, has been 
shown to be safe for use in humans (19). It would, therefore, be 
feasible to adapt these compounds to clinical usage in a relatively 
near future. In support of a potential usefulness of mefloquine 
as an anti-mast cell agent, previous experiments performed in 
mice have suggested that mefloquine selectively targets mast 
cells in vivo (12).
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