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Mast cells undergo degranulation in response to various stimuli and rapidly release pre-formed medi-
ators present in secretory granules, leading to immediate-type allergic reactions. Mast cell degranulation
is commonly detected and quantified in vitro by measuring histamine or f-hexosaminidase released to
culture medium. However, this type of assay cannot monitor degranulation of individual cells in real
time, and it is not suitable for in vivo detection of degranulation. At the aim of real time imaging of mast

f\(/ley ":or‘fls" cell degranulation at single cell level, we here developed a fluorescent protein-based indicator of
D;gsra;eulation degranulation, designated immuno-pHluorin (impH). When expressed in mast cells, impH is located in
Exocytosis the membrane of secretory granules and non-fluorescent under homeostatic conditions while it turns
pH sensor fluorescent following degranulation, due to the pH change inside of granules during exocytosis. impH
VAMP-8 enabled us to detect polarized degranulation within one single cell when mast cells were stimulated via
Imaging the small area of cell surface. Transplantation of impH-expressing mast cells into mast cell-deficient mice

demonstrated that impH could function as a real-time indicator of degranulation in vivo. Thus, impH is a
useful tool for imaging of mast cell activation and degranulation in vitro and in vivo, and may be applied
for screening of reagents regulating mast cell degranulation.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Mast cells are a key player in innate and acquired immune re-
sponses, particularly in allergic reactions and protective immunity
against pathogens such as parasites [1,2]. In response to various
stimuli, mast cells release a series of effector molecules, including
histamine, serotonin, proteases, lipid mediators, cytokines and
chemokines [3—5]. Among them, histamine, serotonin and pro-
teases are pre-formed and stored in secretory granules of mast
cells, and released outside of cells rapidly after stimulation, known
as degranulation, leading to immediate-type allergic reactions. The
degranulation occurs by means of exocytosis of secretory granules,
distinct from so-called constitutive exocytosis of secretory vesicles
containing de novo synthesized cytokines and chemokines [3,6].

Abbreviations: impH, immuno-pHluorin; IgE, immunoglobulin E; TNP, 2,4,6-
trinitrophenol; OVA, ovalbumin; VAMP, vesicle-associated membrane protein;
SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor;
GFP, green fluorescent protein; RFP, red fluorescent protein.
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The phenomenon of mast cell degranulation has been commonly
detected and quantified in vitro by measuring histamine or f-
hexosaminidase released from activated mast cells [7]. While these
release assays are convenient and reliable, they cannot monitor the
incidence and extent of degranulation at single cell level, and are
not suitable for in vivo detection of mast cell degranulation.
Degranulation-associated change of mast cell morphology and
protease release can be detected at single cell level by light or
electron microscopic examination of tissue sections. However, this
methodology cannot be applied to real-time detection of degran-
ulation. Although recent studies have developed new methods to
detect and visualize mast cell degranulation in real time [8—10],
none of them has been applied to in vivo imaging, to our
knowledge.

Exocytosis is a process of cellular secretion in which substances
contained in vesicles are discharged from the cell through fusion of
the vesicular membrane with the outer cell membrane [11,12]. This
process is mediated by soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) proteins which are involved
in the membrane fusion [13]. Two types of SNARE exist, v-SNARE
present in the vesicular membrane and t-SNARE in the plasma
membrane, and docking of v-SNARE with t-SNARE leads to
discharge of vesicular content. Notably, during this process, pH
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inside of vesicles shifts from low to neutral. Taking advantage of
this pH shift, Miesenbdck et al. developed a technology to visualize
neurotransmission at the synapse of neurons that is mediated by
exocytosis of synaptic vesicles [14]. Structure-directed combinato-
rial mutagenesis of green fluorescent protein (GFP) enabled to
generate a pH-sensitive mutant, designated pHluorin, that is
invisible under 475-nm excitation in an environment of pH < 6 and
turns fluorescent at neutral pH. Thus, pHluorin can function as a pH
sensor. To localize pHluorin in synaptic vesicles of neurons,
pHluorin was fused to the C-terminal (luminal side) of vesicle-
associated membrane protein 2 (VAMP-2) that is a member of v-
SNARE and present in the membrane of synaptic vesicles [14]. This
hybrid protein, designated synapto-pHluorin, was shown to be
useful for visualization of exocytosis at the synapse of neurons [ 14].

In the present study, at the aim of real time imaging of mast cell
degranulation at single cell level, we reconstructed synapto-
pHluorin so as to optimally visualize mast cell degranulation.
pHluorin was fused to VAMP-8 in place of VAMP-2 to localize the
resulting protein, designated immuno-pHluorin (impH), in the
secretory granule membrane of mast cells. We demonstrated that
impH can be used as a useful tool for real time imaging of mast cell
degranulation not only in vitro but also in vivo.

2. Material and methods
2.1. Mice

C57BL/6j (CLEA Japan), KitW=sMW-sh (15| and Fcer1ig~/~ [16]
mice were maintained under specific-pathogen-free conditions in
our animal facilities. All animal studies were approved by the
Institutional Animal Care and Use Committee of Tokyo Medical and
Dental University (Permit Number: 0150056A).

2.2. Construction of the expression vector for immuno-pHluorin
(impH)

The Vamp8 cDNA with deletion of the stop codon was inserted
into the 5’ end of the pHluorin gene in the pCI vector (a kind gift
from Dr. Gero Miesenbock, University of Oxford [14]). The VAMP-8-
pHluorin fragment isolated from the pCI vector was inserted into
the EcoRI and Sall sites of pIRES2-DsRed-Express2 vector (Clontech)
to obtain pVAMP-8-pHIuorin-IRES2-DsRed-Express2. For retrovial
infection, the VAMP-8-pHIuorin-IRES2-DsRed-Express2 fragment
was inserted into pMSCV-IRES-GFP vector at Xhol and Notl sites to
obtain pMSCV-VAMP-8-pHluorin-IRES2-DsRed-Express2.

2.3. Preparation, transfection and activation of bone marrow-
derived mast cells

Bone marrow-derived mast cells (BMMCs) were prepared as
described previously [17]. BMMCs were transfected with pVAMP-8-
pHluorin-IRES2-DsRed-Express2 plasmid vector using the Super
Electroporator NEPA21 (NEPA GENE). To establish stable trans-
fectants, BMMCs were infected with retroviruses of pMSCV-VAMP-
8-pHluorin-IRES2-DsRed-Express2 or mock vector. DsRed-
Express2 (RFP)-expressing cells were sorted by using FACSAria II
(BD) to isolate transfectants. Purity of sorted cells was >95%. For
induction of degranulation, BMMC transfectants were first sensi-
tized with 2,4,6-trinitrophenol (TNP)-specific Ig (IGEL-b4) and
then activated by incubating with 300 ng/ml of TNP-conjugated
ovalbumin (TNP-OVA) or control OVA. In some experiments, IgE-
sensitized BMMC transfectants were incubated with TNP-OVA-
conjugated beads (3 um diameter) [18] that had been attached to
the surface of bottom glass in culture dish by using Cell-Tak (BD).

2.4. B-hexosaminidase release assay

The assay was performed as described previously [18]. The
percentage of degranulation was calculated using the following
formula: %B-hexosaminidase release = the activity in supernatant/
the activity in supernatant plus cell lysate.

2.5. Microscopic and flow cytometric analyses

For staining of secretory granules, BMMC transfectants were
cytospined on a slide, stained with May-Griinwald Giemsa, and
examined under the light microscope. For cell surface staining,
cells were incubated with biotinylated anti-FceRlo. (MAR-1) (eBio-
science), pacific blue-labeled anti-CD117, and APC-labeled strepta-
vidin (Biolegend), followed by flow cytometric analysis with FACS
Canto II (BD) and Flow]Jo (TreeStar).

2.6. Confocal microscopic analysis

For cytoplasmic staining, BMMC transfectants mounted on
silane-coated glass slides (Muto Pure Chemicals, Tokyo, Japan) were
fixed with 4% paraformaldehyde and permeabilized with ice cold
methanol and 0.1% TritonX-100, followed by blocking with Protein
block (Dako) containing 0.05% saponin (Sigma-Aldrich). Treated
cells were incubated with mouse anti-serotonin (Dako), rabbit anti-
GFP or mouse anti-GFP, rabbit anti-VAMP-3 or rabbit anti-SNAP23
(abcam), followed by staining with Alexa Fluor 555-labeled goat
anti-mouse IgG or Alexa Fluor 647-labeled goat anti-rabbit IgG
(Invitrogen). For staining of nucleus, DAPI (DOJINDO) was added
during the secondary antibody incubation. For cell surface staining
of CD63, BMMC transfectants were preincubated with unlabeled
anti-CD63 (Biolegend) for masking preexisting CD63 on the cell
surface. Twenty minutes after allergen stimulation, cells were
stained with PE-labeled anti-CD63 (Biolegend) and anti-GFP anti-
bodies. All samples were acquired with an A1R confocal laser
scanning microscope (Nikon) and analyzed with NIS-Elements and
Imaris software.

2.7. Real time imaging of mast cell degranulation in vitro and
in vivo

IgE-sensitized BMMC transfectants were plated on poly-L-
lysine-coated dishes (MatTek) in Tyrode's buffer. Live cell imaging
was performed in a humidified stage-top CO, incubator (37 °C, 5%
CO,), and images were recorded for 30 min, starting 1 min before
the treatment with reagents (300 ng/ml TNP-OVA or control OVA,
50 mM NH4Cl or 500 nM bafilomycin A1), by using Nikon A1R laser
scanning confocal microscope. NIS-elements, Volocity and Imaris
software were used for acquisition and analysis of images. For
in vivo imaging of degranulation, impH-expressing BMMC trans-
fectants derived from wild-type or Fcerlg™~ mice were transferred
into Kit"V~s"W=sh mice by intradermal injection (1 x 10° cells in
10 ul PBS per injection) in the ear skin. Four weeks after mast cell
reconstitution, intravital imaging of passive cutaneous anaphylaxis
was performed as described previously [18].

3. Results

3.1. Construction of a pH sensor suitable for visualization of mast
cell degranulation

Previous study reported that synapto-pHluorin could illuminate
the degranulation of a rat basophil/mast cell line RBL-2H3, in
addition to visualization of neurotransmission [ 14]. To evaluate this
system in a more physiologically relevant setting, we examined the
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degranulation of mast cells generated from mouse bone marrow
cells in culture with IL-3, known as BMMCs, in place of RBL-2H3
cells. It turned out that as many as 40% of synapto-pHluorin-
expressing BMMC transfectants displayed fluorescent spots even
without any stimulation (data not shown). This unexpected finding
prompted us to develop a better pH sensor to visualize mast cell
degranulation. Among the VAMP family members, mast cells ex-
press VAMP-2, 3, 7 and 8 at high levels [19,20]. BMMCs generated
from VAMP-8-deficient mice showed attenuated release of sero-
tonin, cathepsin D, and B-hexosamidase [19], indicating the crucial
contribution of VAMP-8 to the mast cell degranulation. In contrast,
BMMCs derived from mice deficient for VAMP-2 or 3 appeared to
degranulate normally [19]. Based on these observations, we
generated a VAMP-8-containing construct, designated immuno-
pHluorin (impH), in that pHluorin is fused to VAMP-8 at its C-ter-
minal (luminal) end (Fig. 1A).

Confocal microscopic examination of impH-expressing BMMC
transfectants revealed that impH stained with anti-GFP was co-
localized with serotonin, but barely with VAMP-3 located in
secretory vesicles or SNAP23 present in the plasma membrane
(Fig. 1B). Thus, impH proteins were located mainly in secretory
granules of BMMC transfectants, in accordance with the expression
profile of native VAMP-8 [20]. May-Griinwald Giemsa staining
detected no apparent anomaly in the number and size of basophilic
granules in BMMC transfectants (Fig. 1C), and the level of high-
affinity IgE receptor FceRI remained unaffected by the expression
of impH (Fig. 1D). Moreover, when stimulated with IgE plus anti-
gens, impH-expressing BMMC transfectants degranulated to an
extent comparable to that observed in control BMMCs, as assessed
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by B-hexosamidase release assay (Fig. 1E). Thus, the expression of
impH did not seem to alter the degranulation process in BMMCs.

3.2. Real-time imaging of mast cell degranulation

In a homeostatic setting, impH proteins expressed in secretory
granules of BMMC transfectants were invisible (non-fluorescent)
under confocal fluorescent microscopy with 488-nm excitation.
When transfectants were treated with NH4Cl that increases pH
inside of acidic vesicles including secretory granules, many green
patches appeared inside of the cell within 5 min (Fig. 2A). This was
also the case when transfectants were treated with bafilomycin A1l
(Fig. 2A). Thus, the pH shift toward neutral in secretory granules
resulted in the enhanced fluorescent intensity of impH, suggesting
the potential of impH as an indicator of mast cell degranulation in
that the luminal pH in secretory granules shifts from 5.0 to 7.4 along
with exocytosis [21]. Indeed, when IgE-sensitized BMMC trans-
fectants were stimulated with the corresponding antigen TNP-OVA,
relatively large, green fluorescent patches became detectable near
the cell edge within 10 min while such fluorescent patches were
not detected when they were incubated with control antigen OVA
(Fig. 2B). Three-dimensional, reconstructed picture showed that
the vast majority of green fluorescent patches were on or close to
the cell surface (Fig. 2C and Supplementary video 2). Furthermore,
cell surface staining of stimulated BMMC transfectants with anti-
GFP and anti-CD63 antibodies demonstrated the co-localization
of impH and a typical degranulation marker CD63 (Fig. 2D). These
observations suggested that the fluorescence of impH faithfully
reflects the exocytosis of secretary granules, namely degranulation,
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Fig. 1. Construction of impH and characterization of impH-expressing mast cells. (A) Strategy of impH construction. (B) impH transfectants of BMMCs were intracellularly stained
with indicated antibodies in different colors as shown. Yellow dots in merged images indicate the co-localization of green- and red-labeled proteins. (C) May-Griinwald Giemsa
staining of impH or control (mock)-transfected BMMCs. Bars represent 5 um. (D) FceRI expression on impH or control-transfected BMMCs. Gray histograms indicate control staining
with isotype-matched antibody. (E) impH or control-transfected BMMCs were sensitized with TNP-specific IgE, then incubated for 1 h with TNP-OVA or control OVA, and subjected
to the B-hexosaminidase release assay (mean + SE, n = 3). Data shown in A-E are representative of at least three independent experiments with similar results. N.S., no significant

difference.
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Fig. 2. Functional characterization of impH and real-time imaging of mast cell degranulation. (A) impH-expressing BMMCs (stained in red due to DsRed expression) were treated for
30 min with NH,4Cl, bafilomycin A1 or control PBS, and subjected to confocal microscopic examination with 488-nm excitation. Bars represent 5 um. (B and C) impH-expressing BMMCs
were sensitized with TNP-specific IgE and then stimulated with TNP-OVA or control OVA. In B, live cell images were recorded under confocal fluorescent microscope at indicated time
points. In C, 3D reconstruction of a z-stack of confocal images taken at 10 min post-stimulation with TNP-OVA is shown. (D) IgE-sensitized impH-expressing BMMCs were pre-treated
with unlabeled anti-CD63 antibody to mask pre-existing CD63 on the cell surface, and then stimulated with TNP-OVA or control OVA. Ten minutes after stimulation, cells were fixed
and stained with anti-CD63 (in red) and anti-GFP (in green) to detect newly emerged CD63 and impH, respectively, on the surface. Representative single optical sections and merged
image are shown. Data shown in A-C are representative of at least three independent experiments with similar results. (E) Schematic presentation of impH localization and fluorescent
status in the process of degranulation. ImpH fluorescence is quenched by the intraluminal acidic pH of secretory granules (SG). During degranulation, granules fuse with the plasma
membrane, leading to exposure of the granule lumen to the neutral pH of extracellular environment and therefore switching on impH fluorescence.

in mast cells as illustrated in Fig. 2E.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.bbrc.2016.09.100.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.bbrc.2016.09.100.

3.3. Application of impH to the study on mast cell biology

One of the advantages using impH is that the degranulation of
individual mast cells can be analyzed, in contrast to the p-hex-
osamidase release assay. In addition, the polarity of the degranu-
lation event, if any, within one single cell could be detected by using
the impH system. To explore this possibility, IgE-sensitized BMMC
transfectants were incubated with TNP-OVA-conjugated beads
with a 3 pm diameter, in place of soluble TNP-OVA. Under confocal
microscopy, green fluorescent patches were detected almost
exclusively in the cell surface areas contacted with beads (Fig. 3),
suggesting that cross-linking of FceRI molecules expressed on a
certain part of cell surface might induce the degranulation in that
area rather than the whole parts of mast cells.

The degranulation of mast cells in vivo has been indirectly

demonstrated by Evans blue dye leakage elicited by mast cell-
derived histamine. To explore the possible application of the
impH system in vivo, we reconstituted the ear skin of mast cell-
deficient KitW—sMWW-sh mjce with impH-expressing BMMCs

Fig. 3. Detection of polarized degranulation within one single cell in response to
stimulation restricted to the small area of cell surface. impH-expressing BMMCs were
sensitized with TNP-specific IgE and then incubated with TNP-OVA-conjugated beads,
in place of soluble TNP-OVA. Here shown are three representative images of activated
cells taken under confocal microscope 10 min after the start of incubation. White ar-
rows indicate TNP-OVA-conjugated beads. Data shown are representative of three
independent experiments and a representative data is shown. Bars represent 5 pm.
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Fig. 4. Real-time imaging of mast cell degranulation in vivo. impH-expressing wild-type (upper panels) or FcRy-deficient (lower panels) BMMCs were subcutaneously transplanted
into ears of Kit"W~"W-sh mjce. Recipient mice were intradermally sensitized with TNP-specific IgE, and then challenged with an intravenous injection of TNP-OVA to induce passive
cutaneous anaphylaxis. Live cell images were recorded under confocal fluorescent microscope at indicated time points. Data shown are representative of three independent ex-

periments. Bars represent 10 pm.

generated from either wild-type or FceRI-deficient Fcerlg~/~ mice.
Transferred BMMCs were intradermally sensitized with TNP-
specific Ig to make them ready for inducing passive cutaneous
anaphylaxis. Intravital imaging analysis of the ear skin detected the
appearance of green fluorescent patches in wild-type but not FceRI-
deficient BMMCs within 10 min after intravenous administration of
TNP-OVA (Fig. 4 and Supplementary video 3), suggesting that impH
can be a powerful tool to visualize mast cell degranulation in vivo.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.bbrc.2016.09.100.

4. Discussion

Histamine or f-hexosaminidase release assay has been
commonly used for measuring mast cell degranulation [11].
Although this assay is simple and convenient for evaluating
degranulation of mast cells as a whole, it cannot monitor the
behavior of individual cells in real time. Fluorescent dye-mediated
monitoring of intracellular Ca®* is a powerful tool for visualizing
cellular activation at single cell level [9]. Nevertheless, cellular
stimulation inducing Ca®* flux does not necessarily result in mast
cell degranulation. Some stimuli such as IL-33 and LPS induce
cytokine production without any degranulation in mast cells [3,22].
Therefore, the Ca®* sensor is not an ideal indicator of mast cell
degranulation. In the present study, we developed impH, a secre-
tory granule-resident pH sensor that becomes fluorescent along
with mast cell degranulation. The establishment of impH enabled
us to perform real time imaging of mast cell degranulation not only
in vitro but also in vivo.

VAMP family members can be involved in exocytosis of both
secretory granules and secretory vesicles [13]. Importantly, BMMCs
derived from VAMP-8-deficient mice showed unimpaired secretion
of cytokines such as TNFa, when stimulated with IgE plus allergens,
in contrast to attenuated degranulation [19,20]. This is consistent
with the finding that the majority of TNFa-positive vesicles are not
co-localized with VAMP-8-containing vesicles [20]. In accordance
with these observations, stimulation of impH-expressing BMMCs
with IL-33 or LPS induced no detectable fluorescence of impH (data
not shown), in contrast to the IgE plus allergen stimulation.
Therefore, the switching-on of impH fluorescence in activated mast
cells appears to reflect exocytosis of secretory granules rather than
secretory granules, faithfully reflecting degranulation.

We demonstrated in this study that impH can be used to identify
the exact site of degranulation within one single cell. When IgE-
sensitized mast cells were incubated with small, allergen-
conjugated beads, impH fluorescence was detected almost exclu-
sively at the mast cell-bead contact site, suggesting the polarization
of degranulation determined by the site of activation signal input.
This phenomenon seems reminiscent of synapse formation in T
cell-dendritic cell or natural killer cell-target cell interface, and
might play an important role in the attack of mast cells directed to
pathogens such as parasites, as suggested [8]. We also demon-
strated in the present study that impH can be used in vivo imaging
of mast cell degranulation. Therefore, the establishment of engi-
neered mice expressing impH only in mast cells in future study may
facilitate to study such in vivo interaction of mast cells with path-
ogens or allergens in real time. Moreover, the impH technology
could be applied for in vitro screening and in vivo evaluation of
reagents that regulate mast cell degranulation.

Note added in proof

Since submission of the manuscript, the study using the VAMP-
8/pHluorin fusion protein similar to our immuno-pHIluorin has
been published (Wilson et al.: Rab11 regulates the mast cell exo-
cytic response. Traffic, http://dx.doi.org/10.1111/tra.12418, Epub
ahead of print), in that the exocytosis of the RBL-2H3 cell line was
examined in vitro.)
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