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Abstract

The role of ion channels is largely unknown in chemokine-induced migration in non-excitable
cells such as dendritic cells. Here, we examined the role of KCa3.1 and chloride channels in
lymphatic chemokines-induced migration of dendritic cells. The amplitude and kinetics of
CCL19/21-induced Ca?* influx were associated with CCR7 expression levels, extracellular free
Ca?* and CI, and independent of extracellular K*. Chemokines, CCL19 and CCL21, and KCa3.1
activator, 1-EBIO, induced plasma membrane hyperpolarization and K* efflux, which was
blocked by TRAM-34, suggesting that KCa3.1 carried larger conductance than the inward CRAC.
Blockade of KCa3.1, low CI™ in the medium, and low dose of DIDS impaired CCL19/CCL21-
induced Ca2* influx, cell volume change, and DC migration. High doses of DIDS completely
blocked DC migration possibly by significantly disrupting mitochondrial membrane potential. In
conclusion, KCa3.1 and chloride channel are critical in human DC migration by synergistically
regulating membrane potential, chemokine-induced Ca2* influx, and cell volume.

Introduction

Dendritic cells (DCs) serve as principal antigen presenting cells and considered as initiators
of the immune response in allergic asthma [1, 2]. Migration of DCs is meticulously
governed by chemokines in a concentration, time and space-dependent manner [1].
Chemokine receptors expressed at different stages of maturating DCs drive the mobilization
of selective DCs based on their maturation stage and type [1]. However, role of ion-channels
in the chemokine-induced migration of DCs is largely unknown. DC migration to the
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secondary lymph organ is indispensible for the subsequent T helper cell-mediated adaptive
immunity [3]. Upon antigen loading, activated DCs rapidly upregulate chemokine receptor 7
(CCRY) expression and acquire the ability to migrate to afferent lymphatics and draining
lymph nodes [4] where lymphatic chemokine ligands, CCL19 and CCL21 are highly
expressed [1, 5]. Based on current knowledge, entry of mature DCs to lymphatics and
homing to draining lymph nodes are entirely dependent on CCR7-mediated directional
migration [1, 4, 6] although semaphorins may also mediate DC entry to lymphatics [7].
Migrating DCs display high flexibility characterized by frequent shape/volume change and
asymmetric cytoskeleton in order to adapt to the complex local anatomic structures [8, 9],
which is putatively achieved by highly dynamic material exchange between intracellular
compartment and extracellular matrix through aquaporin or ion-channels [10]. Unlike the
ion-channels in excitable cells that normally generate large amplitude of rectified current,
the electrophysiological properties of the ion-channels in immune cells are usually different
and poorly characterized. Thus, the significance of ion-channels in the function of immune
cells has long been neglected.

One of most extensively studied ionic activities is the chemokine-induced Ca2* mobilization
and subsequent Ca2* influx. Activation of CCR7, a G protein-coupled receptor (GPCR),
triggers entire migratory machinery in DC migration to draining lymph nodes [11]. Similar
to most of the Gai type GPCRs, CCR7 activates phospholipase C (PLCg), which in turn,
cleaves membrane lipids phosphatidylinositol 4,5-bisphosphate (PIP,) into membrane
diacylglycerol (DAG) and cytosolic inositol 1, 4, 5 triphosphate (IP3). The latter triggers the
Ca?* release from endoplasmic reticulum (ER) lumen, a major intracellular Ca2* stores,
followed by a transient Ca2* influx carried by calcium release-activated calcium channel
(CRAC), as shown in mouse bone marrow-derived DCs [12, 13]. In human monocyte-
derived DCs, however, no considerable Ca2* influx was observed following the Ca%*
mobilization [14, 15]. The molecular identity and activation mechanisms of CRAC are
unclear. Single transmembrane protein, STIM, has been identified as a putative sensor for
ER Ca?* depletion [16], while calcium release-activated calcium channel protein 1 (Orail)
is thought to be the candidate molecules for CRAC [17, 18].

Cell migration is dependent on a precisely integrated calcium signaling network which
contains both spatial and temporal information [19]. A higher concentration of calcium has
been observed in the trailing edge of migrating eosinophils in contrast to a lower
concentration in the leading edge [20], while more recently, Wei and colleagues [21] have
described active Ca2* microdomains at the leading lamella of migrating cells. Although it is
controversial as to whether or not calcium signal is indeed a part of the cell migration
machinery due to lacking of identified pathways [22], most of the recent evidence has
supported an indispensable role of Ca2* in chemotaxis since the depletion of extracellular
calcium or blockade of intracellular calcium mobilization always abolishes the cell
migration [10, 23].

CCRY activation-induced Ca%* mobilization and influx exert substantial impact on overall
calcium signal in two aspects: (i) it modulates the spatial and temporal dimensions of the
Ca?* signals necessary for cell migration, and (ii) asymmetrical exposure to chemokine
gradient causes polarized CCR7 activation and leads to localized IPs-induced Ca?*
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mobilization. Moreover, CCR7 undergoes desensitization or internalization to prevent
constant activation of CCR7 [24], which sets the pace for intracellular calcium oscillation in
a concerted manner. Secondly, the transient increase in intracellular Ca2* leads to the
activation of a number of calcium-activated ion channels, and possibly voltage-dependent
channel if cell membrane potential is altered. These ion channels not only help to maintain a
negative cell membrane potential through charge compensation mechanism to allow optimal
calcium influx, they also potentially contribute to various cellular functions. Therefore, the
simultaneous ion flows carried by multiple channels are far more complex than CRAC
activity alone.

We have recently reported that intermediate conductance calcium-activated potassium
channel, KCa3.1, is expressed in immunogenic and regulatory mouse lung DCs [25, 26] and
is actively involved in DC migration to lymphatic chemokines by modulating CCL19/
CCL21-induced Ca?* influx [27]. In fact, KCa3.1 is expressed in almost all types of immune
cells, including T cell [28], macrophage [29] and mast cells [30], and plays a key role in
calcium-dependent cell activities such as migration [30-33], particularly under pathological
conditions when calcium signaling is highly active. However, no in-depth investigation has
been conducted to reveal the mechanisms by which KCa3.1 regulates human DC migration.
The speculation for the mechanism of KCa3.1 in cell migration includes cell volume
regulation, orchestrating membrane resting potential to maintain the Ca2* fluctuation, and
regulating rearrangement of the actin cytoskeleton [10].

We have also demonstrated that chloride channel is involved in monocyte migration [34],
but no information is available as to if chloride flux occurs and serves as a regulating factor
during chemokine-induced calcium influx. VVolume sensitive chloride channel CLC3 is
involved in neutrophil [35] migration, but the detailed underlying mechanism still has not
yet been deciphered [36]. Moreover, chloride and potassium channels might work in concert
with each other [37] in order to achieve the optimal volume change in cell migration [10]. In
fact, the optimal regulation is usually accomplished by synergistic ion flow activity carried
by multiple channels.

In the present study, we aimed to dissect the identity and direction of the ion flow during
CCR7-induced Ca2* influx and examined the role of these activities in the context of DC
migration in response to lymphatic chemokines.

Materials and Methods

Preparation of human dendritic cells

The research was in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). Informed consents, as approved by the Institutional Review Board
of Creighton University, were obtained from healthy volunteers prior to blood draw.
Dendritic cells were prepared from human peripheral mononuclear cells (PBMCs), as
described previously [38]. Peripheral venous blood from healthy volunteers with EDTA was
added into the equal volume of HBSS, and layered over Histopaque-1077 (Sigma, St Louis,
MO). Mononuclear cells were separated by density gradient centrifugation at 1,500 rpm for
15 minutes without brake at room temperature. The interface layer between plasma and
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Histopaque layers, containing PBMCs, was collected with Pasteur pipette and transferred to
another tube. PBMCs were then incubated with FcR blocking reagent (Miltenyi Biotec,
Auburn CA) and anti-CD14 conjugated magnetic beads (Miltenyi Biotec, Auburn CA), and
positively sorted using AutoMACS (Miltenyi Biotec, Auburn CA) under the program
“Possel”. The CD14* cell fraction (>93% purity) was cultured in 6-well suspension culture
plate for 6 days at 1 x 10%/ml in RPMI-1640 culture medium supplemented with 10% FBS
in the presence of 50ng/ml GM-CSF (PeproTech, Rocky Hill, NJ) and 20ng/ml IL-4
(200-04, PeproTech, Rocky Hill, NJ) to achieve immature DCs. Maturation of the DCs was
achieved with 1ug/ml LPS (L2755, from Escherichia coli 0128:B12), 100ug/ml ovalbumin
(Sigma, St Louis, MQ), and 25ng/ml TNF-a (PeproTech, Rocky Hill, NJ) into cell culture
on day 7. The cells were harvested 48 hours after the addition of maturation stimuli cocktail.

RNA Isolation, Reverse Transcription and RT-PCR

The total RNA was isolated from mature DCs using the Trizol reagent (Sigma, St. Louis,
MO) method, and quantified with Nanodrop (Thermo scientific, Rockford, IL). First-strand
cDNA synthesis was done using 1y g total RNA with oligo dT (1p g), 5 X reaction buffer,
MgCl,, dNTP mix, RNAse inhibitor and Improm Il reverse transcriptase as per Improm Il
reverse transcription kit (Promega, Madison, WI). Following the first strand synthesis, Real-
Time PCR was done using 8ut | cDNA, 10u | SYBR green PCR master mix (BioRad
Laboratories, Hercules, CA) and forward and reverse primers (10picomol/u I) (Integrated
DNA Technologies, San Diego, CA, USA) using a Real-Time PCR system (CFX96, BioRad
Laboratories, Hercules, CA). The primers sequences used were GAPDH, 5’-
GGGAAGGTGAAGGTCGGAGT-3’; Reverse-5’-TTGAGGTCAATGAAGGGGTCA-3’;
KCNN4 (gene for KCa3.1), Forward-5’-AGCTGAAGAACTGGGTATGAGGCT-3’;
Reverse-5’-AGCAGAG GCTGGTGAGTTACACTT-3’; 18S, Forward-5’-
TCAACTTTCGATGGTAGTCGCCGT-3’; Reverse-5’-
TCCTTGGATGTGGTAGCCGTTTCT-3’. The specificity of the primers was analyzed by
running a melting curve. The PCR cycling conditions used were 5 min at 95°C for initial
denaturation, 40 cycles of 30s at 95°C, 30s at 55°C (depending upon the primer annealing
temperatures) and 30s at 72°C. Each real-time PCR was carried out using 4 individual
samples in duplicates and the threshold cycle values were averaged. Analysis of data was
done using the Bio-Rad CFX manager software. The results were normalized against
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 18S.

Western blot

Mature DCs were lysed using RIPA buffer (Sigma St Louis MO) for 20 min supplemented
with protease inhibitor cocktail (Sigma, St Louis MO) at 4°C. Homogenates were
centrifuged for 10 min at 12,000xg at 4°C. Protein quantification was performed on the
supernatant with bicinchoninic acid (BCA) assay kit (Sigma, St. Louis, MO). The
colorimetric signal was read using EnSpire Multimode Plate Reader (PerkinElmer, Waltham
MA). Protein was then denatured at 95°C for 5 min in Laemmli-SDS sample buffer
containing p-mercaptoethanol. Equal amounts of protein (20ug) were loaded into each lane
of acrylamide SDS-PAGE gel and resolved at 120V constant. Gels were transferred onto
nitrocellulose membrane (Bio-Rad) at 400 mA constant for 1 hr at 4°C, and membranes
were blocked in blocking buffer (PBS containing 0.5% Tween and 5% milk). Blots were
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incubated in primary polyclonal rabbit anti-KCa3.1 antibody (Abcam, MA) at 1:1000
dilution over night at 4°C, and rinsed 4 times followed by incubation with HRP-conjugated
goat anti-rabbit 1gG secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) at
1:1000 dilution for 120 min at room temperature. After being washed, blots were developed
with SuperSignal West Dura Extended Duration Substrate Kit (Thermo Scientific, Rockford,
IL). Densitometric analysis was performed directly from the blotted membrane using UVP
Biolmaging system (UVP Inc, Upland, CA).

Measurement of intracellular Ca2* and K*

To measure intracellular Ca2* levels, DCs were loaded with 5uM indo-1 in calcium-free
PBS at 37°C incubator with 5% CO, for 45 min and then suspended at 1 x 10%/ml in L15
medium containing 2mM Ca2*, Ca2*-free PBS, low CI~, Na*-free, or K*-free isotonic
solutions. The indo-1 fluorescence was excited at 354 nm with a UV laser. The ratios of the
fluorescence at wavelength of 390nm versus 530nm (bound indo-1/free indo-1) was
recorded and calculated to indicate the intracellular Ca?* levels. To measure intracellular K*
levels, DCs were loaded with 1uM PBFI in original cell culture at 37 °C incubator with 5%
CO, for 90 minutes. The PBFI fluorescence was excited at 354 nm with a UV laser and the
fluorescence emission at 530 nm was recorded to indicate intracellular K* levels. In all the
assays, baseline fluorescence signal was recorded for about 90 seconds by a FACSAria flow
cytometer (BD, San Jose, CA) prior to addition of CCL19, CCL21, or KCa3.1 opener 1-
EBIO. In blockade assays, DCs were pre-treated with 2uM TRAM-34 for 6 hours or
1-100uM DIDS for 2 hours prior to dye loading. All controls were treated with same volume
of the vehicle or saline.

Measurement of cell and mitochondrial membrane potential

Chemotaxis

Cell membrane potential was measured using a fluorescence dye DiBAC,(3) that can be
detected by flow cytometry. DCs were loaded with 1 mM DiBAC,4(3) in original cell culture
at 37 °C incubator with 5% CO, for 30 min. A blue laser (488 nm) was used for excitation
and the signal acquisition for emission fluorescence was set at wavelength of 530 nm. A
MitoProbe JC-1 assay kit was used to measure mitochondrial membrane potential as per
manufacturer’s protocol. The cells were double-stained with JC-1 and annexin V-APC
(eBioscience, San Diego, CA). Depolarization was indicated by a fluorescence emission
shift from green (529 nm) to red (590 nm) or decrease in red fluorescence at emission
wavelength of 575 nm.

assay

DCs were pre-treated with 2uM TRAM-34 for 6 hours or 10uM - 100uM DIDS for 2 hours
before being loaded into the Transwell plates. The control DCs were treated with same
amount of vehicle DMSO. The chemotaxis in response to 100ng/ml CCL19 and CCL21
(PeproTech, Rocky Hill, NJ) with the presence or absence of 2uM TRAM-34 or 10uM -
100uM DIDS were examined using a Transwell system as described previously [26]. The
cells were counted with a Coulter Counter (Beckman Coulter, Brea CA). The chemotactic
index, a measure of the specificity of migration, was calculated and normalized as follows:
(number of cells migrating to chemokines) / (number of cells that migrated to medium
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alone). All the cell medium, low Cl=solution, and Ca2*-free PBS containing 2mM EGTA
were supplemented with 4% FBS.

Data processing and statistical analysis

Results

Data was processed and analyzed using Flowjo and GraphPad (GraphPad Software, La Jolla
CA) and (Tree Star, Ashland OR). Values are expressed as means + 95% confidence
intervals unless otherwise indicated. The statistical analysis was performed using One-way
ANOVA with Bonferroni’s corrections for multiple group comparisons. A value of p<0.05
was considered significant.

CCR7 expression levels correlate with the amplitude of chemokine-induced CaZ* increase

A combination of LPS, ovalbumin, and TNF-a induced a remarkable upregulation in CCR7
expression. As shown in Fig 1A, mature human DCs expressed significantly higher levels of
CCRY than immature DCs. Accordingly, lymphatic chemokine, CCL19, induced
significantly greater chemotaxis in mature DCs than immature DCs (Fig 1B). Since CCR7 is
a G-protein coupled receptor, its activation will lead to intracellular Ca2* mobilization from
endoplasmic reticulum (ER) via PLC-IP5 pathway, possibly followed by Ca2* influx carried
by store-operated calcium entry [14]. As expected, greater amplitude of Ca2* influx was
observed in mature DCs than in immature DCs within 15-20 seconds after the addition of
1uM CCL19 or CCL21 (Fig 1C). Thus, these findings demonstrate a correlation between
CCRY expression levels, the degree of chemokine-induced migration, and the amplitude of
chemokine-induced Ca2* influx. Additionally, the cell membrane texture, intracellular
organelles, and cytoskeleton appeared to undergo re-organization (Fig 1D), as indicated by
the simultaneous decrease in side scatter upon CCL19/CCL21-induced Ca2* influx. The
decrease in side scatter took place almost simultaneously as Ca2* influx occurred (Fig 1D),
while the decrease in forward scatter (average cell size) had a 100-150 seconds delay (Fig
1E). The values of the decrease in forward scatter indicate a decrease in the average cell size
of the mature DCs following CCL19/CCL21 stimulation (Fig 1E).

CaZ* influx is the major component of chemokine-induced intracellular Ca2* increase and
not dependent on extracellular K*

Previously reported CCL19/CCL21-induced Ca2* increase was mainly attributable to
intracellular mobilization but not Ca2* influx in monocyte-derived DCs [14]. In order to
confirm that the Ca?* influx is a major component of CCL19/CCL21-induced intracellular
Ca?* increase, calcium assay was performed with mature DCs suspended in Ca2*-free PBS.
As shown in Fig 2A, CCL19/CCL21 did not induce large amplitude of intracellular Ca2*
increase in the absence of extracellular Ca?*, indicating that the increase in Ca2* is primarily
from extracellular medium. Additionally, depletion of extracellular K* and blockade of
inward K* conductance with CsCl did not affect the amplitude and kinetics of CCL19/
CCL21-induced Ca2* influx (Fig 2B), suggesting that extracellular K* and inward K*
conductance did not affect the properties of chemokine-induced Ca%* influx.
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K* efflux during Ca2* influx is carried by KCa3.1

We further examined if an outward K* conductance occurs concurrently with Ca2* influx as
a part of charge compensation mechanism because cationic Ca2* influx tends to cause cell
membrane depolarization by counteracting negative charge within intracellular
compartment. Interestingly, CCL21-induced Ca?* influx always led to cell membrane
hyperpolarization (Fig 3A) but not depolarization in mature DCs, as measured by membrane
potential dye DiBAC,4(3). This strongly suggests that a greater outward cationic or inward
anionic conductance was activated simultaneously to counteract the inward Ca%*
conductance leading to a net result of hyperpolarization. We then used K*-specific
fluorescence dye, PBFI, to monitor the kinetics of intracellular K* levels and observed that
CCL21 also induced synchronized decreases in intracellular K* levels (Fig 3B) concurrently
with Ca2* influx, suggesting that K* efflux was triggered by CCR7 activation. This CCL21-
induced K* efflux was blocked by KCa3.1 blocker, TRAM-34 (Fig 3B). Additionally,
addition of KCa3.1 opener 1-EBIO led to an instantaneous membrane hyperpolarization in
DCs (Fig 3C), consistent with the manifestation of a cationic efflux. These findings further
suggest that the K* efflux is, at least in part, carried by KCag3.1. The quantitative real-time
PCR and Western blot for the expression of KCa3.1 confirmed the KCa3.1 mRNA (Fig 3D)
and protein (Fig 3E) expression, respectively, in mature DCs.

KCa3.1is involved in DC migration and CCL19/CCL21-induced Ca2* influx

Functional impact of KCa3.1 blockade in the context of CCL19/CCL21-induced DC
migration was examined. As shown in Fig 4A, treatment with KCa3.1 specific blocker,
TRAM-34 (2uM), for 6 hours partially blocked CCL19/CCL21-induced Ca2* influx
characterized by a significant decrease in the influx amplitude. There was no identifiable
delay in intracellular Ca2* recovery. Area under the curve (AUC), an indicator for overall
Ca?* loading upon chemokine-induced CCR?7 activation, was also significantly decreased by
TRAM-34 treatment (Fig 4B). Functionally, mature DCs treated with TRAM-34 (2uM) for
6 hours demonstrated impaired migration in response to 100ng/ml CCL19 or CCL21 (Fig
4C). Notably, TRAM-34 treatment did not depolarize mitochondrial membrane but slightly
increased mitochondrial membrane potential as measured by JC-1 staining, indicating that
the mitochondria-mediated cell metabolism was not negatively affected (Fig 4D). This is
also consistent with the report showing low or no toxicity of TRAM-34 [31, 39].

Effect of TRAM-34 on KCa3.1 expression

To examine if the migration of mature DCs was due to change in the KCa3.1 expression
following TRAM-34, mRNA transcripts of KCa3.1 were examined in mature DCs treated
with TRAM-34. Amplification curve in log phase (Fig 5A) and sharp melt peak indicated
the specific amplification of KCa3.1 and the housekeeping gene, 18S (Fig 5B). There was
no statistically significant difference in the mRNA levels of KCa3.1 in mature DCs without
TRAM-34 and mature DCs with TRAM-34 treatment (2uM) for 2 hours or 6 hours (Fig
5C), suggesting no effect of TRAM-34 on KCa3.1 gene regulation.
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Chloride and KCa3.1 channel affect chemokine-induced cell volume change, Ca2* influx,
and DC migration

Apart from outward K* conductance, CCL19/CCL21-induced Ca%* influx might be
accompanied by other ion-channel activity as a downstream event of CCR7 activation or
increased intracellular calcium signaling. We next examined the role and activity of CI~
using CCL21 as a stimulus. Replacement of extracellular CI~ with Na* gluconate did not
affect the occurrence of Ca2* influx but led to a decrease in flux amplitude (Fig 6A) and
elevated baseline Ca2* levels. Interestingly, low CI~ prevented cell volume decrease induced
by CCL21, as indicated by forward scatter values (Fig 6B). The same effect was also
observed in TRAM-34-treated mature DCs (Fig 6B). Furthermore, CCL21 still induced
membrane hyperpolarization in the absence of extracellular CI~ (Fig 6C). Functionally,
however, the DC migration was impaired (Fig 6D) in the absence of extracellular CI~ (CI7/
gluconate replacement) but is still more than that of Ca2* depletion in the medium.
Collectively, these data suggest that CI~ might be a part of charge compensation during Ca2*
influx and extracellular CI~ and KCa3.1-carried K* efflux are important for CCL21-induced
cell volume decrease.

Blockade of chloride channel abolishes Ca2* influx and DC migration

The treatment of the cells with a chloride channel blocker, DIDS (1-100uM) completely
abolished CCL19/CCL21-induced Ca?* influx (Fig 7A-upper panel) and chemotaxis (Fig
7B) at all doses (1-100puM). DIDS at 1uM blocked the CCL19-induced cell size decrease
(Fig 7A-lower panel) but did not alter mitochondrial membrane potential (Fig 7C).
However, higher dose of DIDS caused permanent cell shrinkage and CCL19 was not able to
induce cell size change (Fig 7A-lower panel). This remarkable blocking effect appeared to
be due to severe disruption of mitochondrial membrane potential towards depolarization, as
indicated by JC-1 staining (Fig 7C). Interestingly, the cells with depolarized mitochondrial
membrane did not bind to annexin V, a specific cell surface marker binding to
phosphatidylserine during early apoptosis (Fig 7D). This suggests that these cells experience
metabolic depression but not apoptosis at the time of measurement.

Discussion

We have demonstrated the expression of KCa3.1 channel and its positive role in modulating
lymphatic chemokine-induced Ca2* influx, cell volume change, and migration in human
DCs. Most importantly, we for the first time, report that the calcium mobilization
simultaneously triggers multiple ion flows including Ca%*, K*, and possibly CI~ in human
DCs. The initial transient rise in Ca2* signal temporally coupled the Ca2*-activated channels
into one synergistic complex leading to favorable changes for cell migration: change in cell
size/volume, cytoskeleton re-organization and polarization, and optimized temporal and
spatial dynamics of calcium loading. The desensitization and internalization of CCR7
prevent constant activation of its downstream signaling [24], which sets up the pace for the
rhythmic firing of chemokine-induced ion channel activity in regard to DC migration to
chemokine gradient. Thus, these ion-channel activities are indispensable for DC migration.
Furthermore, the fluorescent ion indicators make it possible to isolate a directional ion flow
without having to alter the membrane integrity and internal ionic composition as normally
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patch clamping does, which renders a big advantage over the conventional
electrophysiological approach.

We also confirmed that Ca2* influx is the major component of CCL19/CCL21-induced
intracellular CaZ* increase relative to Ca2* release from ER in human monocyte-derived
DCs, but the small amplitude of intracellular Ca2* mobilization triggers the subsequent CaZ*
influx. Additionally, we did not observe that CCL19/CCL21-induced Ca2* influx was
dependent on PGE2, as reported by Scandella and colleagues [14], possibly due to the
different maturation stimuli applied and the lack of evidence for CCR7 expression levels in
PGE2-treated monocyte-derived DCs in their studies. Nevertheless, since Ca?* mobilization
is the downstream signaling event of CCRY7 activation, it is likely that CCR7 expression
levels could be the major determinant for the Ca2* mobilization from intracellular stores and
the subsequent Ca2* influx, as shown by our data.

Several lines of evidence supported the notion that KCa3.1 was involved in DC migration to
lymphatic chemokines in this study: the co-expression of CCR7 and KCa3.1, CCR7
activation-induced Ca2* influx carried by CRAC and K* efflux carried by KCa3.1, Ca2*
dependency of KCa3.1 activation, and 1-EBIO-induced membrane hyperpolarization in
human DCs. The blockade of KCa3.1 by TRAM-34 not only largely disrupted the temporal
coupling between KCa3.1 and Ca2* influx; it also prevented the chemokine-induced cell
shrinkage. All these subsequently impaired CCR7-induced chemotaxis. However, sustained
opening of KCa3.1 will disrupt the coupling between Ca2* influx and calcium-activated
potassium channel, and thus impairs temporal dynamics of calcium signal necessary for cell
migration. This is evident by the fact that 1-EBIO reduces migration rate in transformed
renal epithelial cells [33]. Expression data showed that TRAM-34 does not affect KCa3.1
expression in mature DCs, and is only involved with the functional aspects of the channel.

Indeed, only a small increase in intracellular Ca2* is required to activate KCa3.1 and allow
for K* efflux and higher intracellular Ca2* levels ease the KCa3.1 activation [39, 40], which
counteracts the depolarizing effect of Ca2* influx. The net result of a CCR7 activation-
induced Ca2* influx is membrane depolarization provided that no other ion channel is
involved. However, if K* efflux couples with Ca2* influx temporally, the overall
consequence could be either depolarization or hyperpolarization, depending on the kinetics
and conductance of the involved calcium and potassium channels. Our findings are
supported by a recent report stating that store-operated Ca?* influx leads to cell membrane
hyperpolarization in human monocyte-derived macrophages, and the outward cationic
current is carried by KCa3.1 [41]. Although CRAC is highly Ca?* selective, it has an
extremely small unitary conductance for Ca2* [42]. The estimated conductance of CRAC is
0.2pS in Jurkat E6-1 human leukemic T cells [43] versus a conductance of 12pS for KCa3.1
in Chinese hamster ovary cells [40]. Therefore, it is reasonable to speculate that KCa3.1
carries a significantly larger conductance than CRAC so that an “over charge compensation”
leads to membrane hyperpolarization in DCs. Nonetheless, we still cannot rule out the
involvement of voltage-dependent potassium channel (K, and potentially other non-
selective cation channels in this process. However, the activation of K,, channel relies on cell
membrane depolarization. If K, channels were expressed in DCs, it might serve as a backup
mechanism in the absence of sufficient KCa3.1 conductance when sustained Ca2* influx
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causes cell membrane depolarization. Since KCa3.1 channels are not sensitive to voltage
stimulation, they seem to be perfectly designed to maintain the resting membrane potential
in non-excitable cells, such as DCs.

TRAM-34 is a small molecule and highly specific blocker of KCa3.1 that does not affect
cytochrome p450 [39]. However, since the binding site is located on the cytosolic side of
KCa3.1 channel, the optimal blocking effect requires relatively long incubation in cell
culture to allow for its transmembrane diffusion. The TRAM-34 has low toxicity and only
causes minimal or no apoptosis or necrosis [31, 44], which is also demonstrated in this
study. In our preliminary studies, intratracheal administration of TRAM-34 (up to 5 uM) did
not induce any apparent toxicity. None-the-less, additional studies on the potential toxicity
or adverse effects of TRAM-34 on KCa3.1 blocking would strengthen the therapeutic
potential of TRAM-34. If the in vitro findings on the role of KCa3.1 in DC migration from
this study are confirmed in an in vivo study under inflammatory condition, TRAM-34 could
be a potential drug to target KCa3.1 in the treatment of allergic airway inflammation.

The CI~ could be an element in charge compensation mechanism during Ca2* influx because
chloride influx will lead to cell membrane hyperpolarization. It is commonly believed that
CI~ efflux facilitates cell shrinkage [45]. In our study, replacement of extracellular CI~
affected the amplitude of Ca2* influx and baseline CaZ* levels. However, the CI~
replacement did not abolish membrane hyperpolarization, suggesting that it is not
dispensable for charge compensation. The potassium efflux per seis able to counteract
depolarizing Ca?* influx. However, CI~ replacement prevented the CCL21-induced cell
shrinkage, indicating the critical role of chloride in cell volume regulation. It is reasonable to
speculate that a poor shape/size change led to impaired chemotaxis in response to CCL21 in
the absence of extracellular CI™. In fact, because the difference between intracellular and
extracellular CI~ concentrations is not very prominent, the actual CI~ flow might be highly
dynamic to cope with the cell volume dynamics. Of note, the KCa3.1 blocker, TRAM-34,
also prevented the CCL21-induced cell shrinkage, suggesting a synergistic effect carried out
by both CI~ and K* on cell volume change.

The findings by the blocking of chloride channel provided information as to the general
effect of chloride channel deficiency since the blockers for a specific subtype of chloride
channel is not available. DIDS completely abolished the cell migration and Ca2* influx. We
observed that lower dose (1uM) seemed to only impair cell volume change and Ca2* influx
without affecting mitochondrial function. Higher doses (10-100uM) caused remarkable
cellular changes including permanent cell shrinkage, irresponsiveness to chemokine
stimulation, and cease of chemotaxis, which can be explained by highly depolarized
mitochondrial membrane potential in DIDS-treated DCs. These effects are probably
mediated by different anion channel expressed on plasma and mitochondrial membrane.
Mitochondrial membrane potential is normally maintained at very negative levels by proton
pump [46, 47], and serves as the driving force of proton movement for ATP production in
the respiratory chain. Since DIDS has inhibitory effect on a broad range of anion channels,
the identity of the ion channels that accounted for mitochondrial potential disruption is
unclear but likely relate to anion/proton antiporter activity. Previously reported DIDS-
sensitive CI7/H* antiporter in plasma membrane and lysosome [48-50], if expressed on DC
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mitochondria, could be one of the putative mechanisms by which cells maintain its negative
mitochondrial membrane potential. More in-depth studies are needed to clarify the
molecular identity of the responsible ion channels and to delineate the underlying
mechanisms. Metabolic depression is the direct consequence of mitochondrial membrane
depolarization. As a result, all ATP-dependent cell activities were ceased including the
GPCR downstream pathways.

In conclusion, our data suggest that CaZ* influx is the major source of CCL19/CCL21-
induced intracellular Ca2* increase. Potassium channel, KCa3.1, positively regulates the
amplitude of CLL19/CCL21-induced Ca?* influx, cell volume, and chemotaxis. Plasma
membrane and mitochondrial chloride channel activity is required for chemokine-induced
cell volume change and maintaining regular mitochondrial membrane potential. Our
findings decipher the mechanisms underlying in the migration of DCs and may help to tailor
the therapy for allergic airway inflammation in asthma.
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EGTA Ethylene glycol tetraacetic acid

ER Endoplasmic Reticulum

FACS Fluorescence-activated cell sorting

GAPDH glyceraldehyde-3-phosphate dehydrogenase
GM-CSF Granulocyte macrophage colony-stimulating factor
GPCR G-Protein Coupled Receptor
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HRP Horseradish peroxidase
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KCa3.1 Intermediate-conductance Calcium-activated Potassium Channel
Kv Voltage-dependent potassium channel

LPS Lipopolysaccharide

MQAE N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide
ORAI 1 Calcium release-activated calcium channel protein 1
PBFI Potassium-binding benzofuran isophthalate
PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PGE2 Prostaglandin E2

PIP2 Phosphatidylinositol 4,5-bisphosphate

PLC Phospholipase C

RIPA Radioimmunoprecipitation assay buffer

RPMI Roswell Park Memorial Institute

SDS Sodium dodecyl sulfate

STIM Stromal interaction molecule

TNF Tumor necrosis factor

TRAM-34 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole
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Figure 1. CCR7 expression and CCL19/CCL21-induced cellular changes
A, CCR7 expression in DCs matured with LPS, OVA and TNF-a cocktail as compared to

immature DCs. B, Chemotaxis in response to CCL19 in immature and mature DCs. C,
intracellular Ca?* Kinetics: Ca2* mobilization and influx in response to CCL19 and CCL21
in immature and mature DCs. Stimuli were added at 90 sec. D, CCL19/CCL21 decreased the
side-scatter in mature DCs suggesting some intracellular reorganization. E, forward scatter
also decreased in the matured DCs with CCL19/CCL21 stimulation suggesting a decrease in
the cell size. Data are representatives of 3 independent experiments.
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Figure 2. Extracellular cations and CCL19/CCL21-induced intracellular Ca2* increase
CCL21 (1ug/ml) was added at 90 sec. A, intracellular Ca?* Kinetics: Ca2* mobilization and

influx in response to CCL19 (left panel) and CCL21 (right panel) in the presence of L15
medium or Ca2*-free PBS in mature DCs. B: intracellular Ca2* Kinetics: Ca2* mobilization
and influx in response to CCL19 (left panel) and CCL21 (right panel) in the presence of L15
medium, or K*-free (CsCl,) solution. Data are the representatives of 3 independent
experiments.
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Figure 3. CCL21-induced K* efflux is carried by KCa3.1
A, kinetics of plasma membrane potential: in response to CCL21. CCL21 (1pg/ml) was

added at 90 sec. (The figure is a representative of 6 independent experiments using CCL21
or CCL19 as stimulus) B, Kinetics of plasma membrane potential in response to KCa3.1
opener/activator, 1-EBIO. The 1-EBIO was added at 90 seconds with final concentration of
500mM and led to membrane hyperpolarization indicated by a decreased fluorescence
intensity of DiBAC4(3). (The figure is a representative of 3 independent experiments) C,
CCL21 (1pg/ml) was added at 90 sec to controls or 2uM TRAM-34-treated mature DCs and
intracellular K* kinetics was recorded as indicated by PBFI fluorescence intensity over the
time. The figure is a representative of 3 independent experiments. D, mMRNA expression
KCa3.1 by quantitative real-time PCR (n=3) E, Western blot of KCa3.1 protein expression
in mature DCs (n=3).
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Figure 4. KCa3.1 modulates CCL19/21-induced Ca2* influx and migration in mature DCs
A, CCL21 or CCL19 (1 pg/ml) was added at 90 sec to controls or 2uM TRAM-34-treated

mature DCs. Intracellular Ca2* kinetics were measured by indo-1 fluorescence over the
time. B, The overall calcium loading indicated by the area under the curve (AUC) in control
and 2uM TRAM-34-treated mature DCs in the context of CCL19/CCL21-induced Ca2*
mobilization and influx (n=5, *p<0.05, paired student t-test). C, DC migration to CCL19/
CCL21 with the presence/absence of KCa3.1 blocker TRAM-34 as measured by Transwell
(n=6, *p<0.05). Final concentration of chemokines and blocker: CCL19, 100ng/mL;
CCL21, 100ng/mL; TRAM34, 2uM. D. Mitochondrial membrane potential as indicated by
red fluorescence (575 nm) of JC-1 staining. Mitochondrial membrane potential disrupter,
CCCP (carbonyl cyanide 3-chlorophenylhydrazone) serves as controls. The figure is a
representative of three independent experiments.
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Figure 5. TRAM-34 does not change KCa3.1 expression in mature DCs
Mature DCs were treated with 2uM TRAM-34 for 2 and 6 hours. A, Amplification curve (in

log phase) showed the cycles at which KCa3.1 and 18S were amplified. B, Melt peak
indicated the formation of specific products corresponding to KCa3.1 and 18S. C, No
statistical change was observed in the mMRNA levels of KCa3.1 in mature DCs without
TRAM-34 and mature DCs with TRAM-34 treatment (2uM) for 2 hours or 6 hours (n=3,
*p<0.05).
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Figure 6. Extracellular Cl-modulates CCL21-induced cell volume change, Ca2* influx, and

chemotaxis

CCL21 was added at 90 sec. A, Intracellular Ca2* kinetics in response to CCL21 (1 pg/ml)
in the presence/absence of extracellular CI~ in mature DCs. B, Kinetics of average cell size
of mature DCs in response to CCL21 (1ug/ml) in the presence/absence of extracellular CI™
and in the presence of TRAM-34 treatment for 6 hours, indicated by forward scatter values
over the time. C, Kinetics of membrane potential in response to CCL21 (1pg/ml) in the

absence of extracellular CI~ (Cl7/gluconate replacement) as indicated by DiBAC4(3)

fluorescence over the time. D, Chemotaxis in response to 100 ng/ml CCL21 in medium
containing 2mM EGTA, and medium in the presence and absence of CI~.

Transl Res. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shao et al.

Page 23

>
w

E3 Control

DIDS 100uM
100K

S0k ccL19

DIDS 10uM DIDS 10 mM ke

DIDS 1uM E3 DIDS 100 mM ql
Control

Ca?* Indo-1 390/530

DIDS 500uM
M DS 100uM
3 [ oiDs 10uM
Zeo W 0DS 1M

| Vainomycin
0 B contol

- - - o ]

0 oo 200 30 0@ w0 10t 10 o e
. JC-1575 nm nnexin-

cctis  Time (sec)

Figure 7. DIDS abolishes CCL19/CCL21-induced Ca2* influx and migration in mature DCs
A, mature DCs were treated with various concentrations of DIDS (0, 1, 10, 100uM) were

used to measure CCL19/CCL21-induced intracellular Ca?* mobilization and influx
indicated by indo-1 fluorescence (upper panel) and cell size change indicated by forward
scatter values (lower panel) over the time. CCL19/CCL21 was added at 90 seconds. B,
mature DCs were treated with various concentrations of DIDS (0, 10, 100uM) for 2 hours
and the chemotaxis were examined with Transwell (n=3, ***<0.001, error bars indicate
SEM). Final chemokine concentration; CCL19, 100ng/mL; CCL21, 100ng/mL. C.
Mitochondrial membrane potential as indicated by red fluorescence (575 nm) of JC-1
staining. Valinomycin, a potassium channel ionophore, was used as a positive control for
depolarization. D, Expression of annexin-V in DIDS-treated mature DCs. The figures are a
representative of three independent experiments.
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