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Aims Neutrophil trafficking within the vasculature strongly relies on intracellular calcium signalling. Sustained Ca2þ influx
into the cell requires a compensatory efflux of potassium to maintain membrane potential. Here, we aimed to in-
vestigate whether the voltage-gated potassium channel KV1.3 regulates neutrophil function during the acute inflam-
matory process by affecting sustained Ca2þ signalling.

....................................................................................................................................................................................................
Methods
and results

Using in vitro assays and electrophysiological techniques, we show that KV1.3 is functionally expressed in human
neutrophils regulating sustained store-operated Ca2þ entry through membrane potential stabilizing Kþ efflux.
Inhibition of KV1.3 on neutrophils by the specific inhibitor 5-(4-Phenoxybutoxy)psoralen (PAP-1) impaired intracel-
lular Ca2þ signalling, thereby preventing cellular spreading, adhesion strengthening, and appropriate crawling under
flow conditions in vitro. Using intravital microscopy, we show that pharmacological blockade or genetic deletion of
KV1.3 in mice decreased neutrophil adhesion in a blood flow dependent fashion in inflamed cremaster muscle ven-
ules. Furthermore, we identified KV1.3 as a critical component for neutrophil extravasation into the inflamed perito-
neal cavity. Finally, we also revealed impaired phagocytosis of Escherichia coli particles by neutrophils in the absence
of KV1.3.

....................................................................................................................................................................................................
Conclusion We show that the voltage-gated potassium channel KV1.3 is critical for Ca2þ signalling and neutrophil trafficking

during acute inflammatory processes. Our findings do not only provide evidence for a role of KV1.3 for sustained
calcium signalling in neutrophils affecting key functions of these cells, they also open up new therapeutic approaches
to treat inflammatory disorders characterized by overwhelming neutrophil infiltration.
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1. Introduction

Acute inflammatory processes involve the recruitment of innate immune
cells from the intravascular compartment into affected tissues.
Neutrophils constitute the ‘first line of defense’ and their recruitment
follows a sequence of well-defined steps, starting with neutrophil tether-
ing and rolling along the inflamed endothelium.1 Interactions with the in-
flamed endothelium activates neutrophils, leading to deceleration up to
complete arrest.2 Following firm arrest, post-arrest modifications
strengthen neutrophil attachment to the inflamed endothelium and guide
the process of spreading, crawling, and subsequent transmigration
through the endothelial lining.1 Once neutrophils arrive at the site of in-
flammation, they combat invading pathogens and non-self-agents by gen-
eration of reactive oxygen species (ROS), release of granule contents,
phagocytosis, and NETosis to immobilize and destroy microbes.2

Besides their beneficial role in the defense against invading pathogens,
neutrophils also contribute to acute and chronic inflammatory disorders
as well as autoimmune diseases.3

Almost all key events during neutrophil recruitment and activation de-
pend on changes in intracellular calcium concentrations ([Ca2þ]i).

4 This
includes transition of neutrophil slow rolling to firm adhesion,5 cytoskel-
etal rearrangement,6 migration,7 phagocytosis, ROS production, and de-
granulation.8 Store-operated Ca2þ entry (SOCE) is the predominant
mechanism by which immune cells regulate changes in [Ca2þ]i.

9,10

Activation of G-protein coupled receptors and Fc receptors, and the en-
gagement of b2-integrins, P-selectin glycoprotein ligand 1 (PSGL-1), and
L-selectin (in humans) with their respective endothelial expressed
ligands induce downstream signalling cascades that result in the release
of Ca2þ stored in the endoplasmic reticulum (ER).4 Ensuing influx of ex-
tracellular Ca2þ via Ca2þ release-activated Ca2þ (CRAC) channels lo-
cated in the plasma membrane further increases [Ca2þ]i.

10 Besides the
predominant CRAC channel Orai1, leukocytes express a variety of
other ion channels and receptors that contribute to changes in [Ca2þ]i,
among them transient receptor potential (TRP) channels and P2X recep-
tors.11,12 Also flux of other ions through respective ion channels contrib-
ute to Ca2þ signalling in leukocytes, e.g. efflux of potassium.11 Voltage-
dependent Kþ currents over the plasma membrane have been described
in human neutrophils,13 but could not be attributed to distinct ion chan-
nels so far.

The best-studied voltage-gated potassium channel in leukocytes is
KV1.3 (KCNA3), a member of the Shaker related subfamily forming tet-
rameric transmembrane, Kþ sensitive pores. In lymphocytes for exam-
ple, KV1.3 regulates gene transcription and cell proliferation.14 In recent
years, KV1.3 has attracted substantial scientific interest, since it is specifi-
cally up-regulated in activated effector memory T (TEM) cells,15 where it
is thought to be a promising target to treat T cell driven autoimmune dis-
eases.16,17 Recently, KV1.3 has also been reported to play a role in the
pathogenesis of atherosclerosis.18 In contrast, expression and function of
KV1.3 have not been directly addressed in neutrophils. Therefore, we set
out to investigate expression and potential function of KV1.3 in mouse
and human neutrophils. Using an electrophysiological whole-cell patch-
clamp approach and various in vivo and in vitro functional assays, we detect
KV1.3 expression in neutrophils and uncover KV1.3 as a key component
for sustained SOCE in neutrophils. Using KV1.3 deficient mice, we found
that loss of KV1.3 translates into impairment of various neutrophil effec-
tor functions including reduced neutrophil adhesion and extravasation,
as well as reduced phagocytosis.

2. Methods

2.1 Animals and study approval
Kcna3tm1Lys (KV1.3�/�) mice19 were purchased from Jackson Labora
tories and backcrossed into C57BL/6 WT mice. WT mice were obtained
from Charles River Laboratories (Sulzfeld, Germany). All mice were
housed at the Biomedical Center, LMU, Planegg-Martinsried, Germany.
Male and female mice (8–25 weeks old) were used for all experiments.
Animal experiments were approved by the Government of Oberbayern
(AZ.: ROB-55.2-2532.Vet_02-12-122, _02-15-229 and _02-18-22) and
carried out in accordance with the guidelines from Directive 2010/63/
EU. For in vivo experiments, mice were anaesthetized via i.p. injections
using a combination of ketamine/xylazine (125 mg kg-1 and 12.5 mg kg-1

body weight, respectively in a volume of 0.1 mL 8 g-1 body weight).
Adequacy of anaesthesia was ensured by testing the metatarsal reflex,
monitored throughout the experiment and refreshed every hour
(0.03 mL 8 g-1 body weight). All mice were sacrificed by cervical
dislocation.

2.2 Human blood sampling
Blood sampling from healthy volunteers was approved by the ethic com-
mittee from the Ludwig-Maximilians-Universität München, Munich,
Germany (Az. 611-15) and by the institutional review board protocol at
the University of California, Davis, USA (#235586-9) in agreement with
the Declaration of Helsinki. All volunteers signed a statement on written
consent prior to blood sampling.

2.3 Kv1.3 expression
Murine bone marrow-derived neutrophils were isolated with a neutro-
phil enrichment kit (STEMCELL Technologies), whereas human neutro-
phils were extracted from whole blood of healthy volunteer blood
donors using Polymorphprep (AXIS-SHIELD PoC AS). For confocal mi-
croscopy, isolated murine and human neutrophils were seeded on poly-
L-lysine (0.1%; Sigma-Aldrich) coated object slides (Ibidi), fixed with 2%
paraformaldehyde (PFA) and blocked with 2% BSA (Capricorn
Scientific) for 1 h. Cells were stained overnight (ON) at 4�C using a-
KV1.3 antibody (5 mg mL-1, rabbit-a-KV1.3; Alomone labs) recognizing an
extracellular domain of the potassium channel. Donkey-a-rabbit-
AlexaFluorVR 488 secondary antibody (5 mg mL-1, Invitrogen) was then
added for 1 h at room temperature (RT). Finally, cells were stained with
DAPI (Invitrogen) for 5 min at RT before embedding them in ProLong
Diamond Antifade mounting medium (Invitrogen). Samples were imaged
by confocal microscopy at the core facility Bioimaging of the Biomedical
Center with a Leica SP8X WLL microscope, equipped with a HC PL
APO 40x/1.30 NA oil immersion objective. Images were processed (in-
cluding removal of outliers and background subtraction in the 488 chan-
nel) using FIJI software.20

Surface expression of KV1.3 was additionally assessed by flow
cytometry. Therefore, isolated human neutrophils were stained with a
FITC conjugated rabbit-a-KV1.3 antibody (5 mg mL-1, Alomone labs),
or respective isotype control (5 mg mL-1, eBioscience), fixed (BD
lysing solution), and resuspended in 1% BSA/PBS. Cells were analysed
using a CytoFlex S flow cytometer (Beckmann Coulter) and FlowJo soft-
ware. Neutrophils were defined as CD66bþ/CD15þ population (clone
G10F5 or HI98, respectively, both mouse-a human, 5 mg mL-1,
BioLegend).
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2.4 Patch-clamp of isolated human
neutrophils
Human neutrophils were isolated from whole blood of five different
healthy volunteer donors using EasySep neutrophil enrichment kit
(STEMCELL Technologies) and resuspended in HBSS buffer [containing
0.1% of glucose, 1 mM CaCl2, 1 mM MgCl2, 0.25% BSA, and 10 mM
HEPES (Sigma-Aldrich), pH7.4]. Purity of isolated cells was determined
by flow cytometry (CD66bþ/CD15þ population; clone G10F5 or HI98,
respectively, both mouse-a human, clone HI98, 5 mg mL-1, BioLegend).
Cells with a purity over 98±0.5% (mean±SEM) were used for experi-
ments. Cells were seeded on poly-D-lysine-coated coverslips and sub-
jected to patch-clamp experiments in whole-cell configuration as
follows: cells were clamped at a holding potential of -80 mV intermitted
by repeated 200 ms voltage steps from -80 toþ40 mV using a 10 mV in-
terval applied every 30 s. Current maxima atþ40 mV were used for the
calculation of Kv1.3 current amplitudes. Currents were normalized to
cell size as current densities in pA/pF. Capacitance was measured using
the automated capacitance cancellation function of the EPC-10 (HEKA,
Harvard Bioscience). Patch pipettes were made of borosilicate glass
(Science Products) and had resistance of 2–3.5 MX. Kv1.3 currents were
inhibited with 10 nM 5-(4-Phenoxybutoxy)psoralen (PAP-1). Standard
extracellular solution contained: 140 mM NaCl, 2.8 mM KCl, 2 mM
MgCl2, 1 mM CaCl2, 10 mM HEPES, and 11 mM glucose (pH 7.2,
300mOsm). Intracellular solution contained: 134 mM KF, 2 mM MgCl2,
1 mM CaCl2, 10 mM HEPES, and 10 mM EGTA (pH 7.2, 300mOsm).
Solutions were adjusted to 300mOsm using a Vapro 5520 osmometer
(Wescor Inc.). PAP-1 (10 nM) was either added to the bath solution at
least 15 min prior to electrophysiological recordings, or directly applied
via an application pipette using constant pressure (Lorenz
Messgerätebau).

2.5 Calcium signalling in human and
murine neutrophils
Human neutrophils were isolated from whole blood of healthy volun-
teers using EasySep neutrophil enrichment kit. Isolated cells were sus-
pended in HBSS with 0.1% HSA at 106 cells mL-1 and treated with
macrophage-1 antigen (Mac-1) blocking antibody (clone M1/70;
BioLegend) prior to perfusion. PAP-1 (10 nM) or vehicle pre-treated
cells were then incubated with 1 mM Rhod-2 AM (ex/em: 552/581;
Thermo Fisher Scientific) with or without Thapsigargin (Thermo Fisher
Scientific) for 20 min at RT in the dark. For static adhesion assays neutro-
phils were placed into a 48-well plate and allowed to settle for 60 s prior
to addition of 1.5 mM calcium containing media for 3 min. Additionally,
cells were stimulated by addition of 10 nM CXCL8 (Shenandoah) for
2 min. For investigation of cellular Ca2þ signalling under flow conditions
microfluidic devices were designed to have four independent flow chan-
nels to analyse multiple conditions per coverslip (dimensions: 60 mm �
2 mm� 8 mm). Circular glass coverslips (35 mm diameter) were treated
with Piranha solution (one part concentrated sulphuric acid and one part
30% hydrogen peroxide) for 20 min followed by treatment with acetone
for 2 min. Coverslips were then dipped in 2% 3-aminiopropyltriethoxysi-
lane (Fisher Scientific) in acetone for 5 min. Once dry, Protein A/G
(Fischer Scientific) was covalently attached to the aminosilinated surface
using a bis(sulfosuccinimidyl) substrate crosslinker (Pierce Thermo
Scientific) ON. Afterwards, coverslips were coated with recombinant
human (rh)ICAM-1 (Fc chimera; 5 mg mL-1; R&D Systems), CBR LFA1/2
LFA-1 antibody (20 mg mL-1; BioLegend) for 1 h, washed with PBS and
blocked with 1% Casein (Pierce Thermo Scientific) for 15 min.

Neutrophils pre-treated with Rhod-2 AM and Thapsigargin were per-
fused into the device at 0.1 dyne cm-2 and allowed to rest for 60 s prior
to shear ramping up to 2 dyne cm-2 in 1.5 mM calcium containing media
via a syringe pump (Cellix Ltd). Images were taken (1 fps) once neutro-
phils had settled in the 48 well plate or microfluidic device using a Nikon
Eclipse TE2000-S microscope (20� phase contrast air objective;
0.45 NA) equipped with a 16-bit digital CMOS camera (Andor ZYLA)
with NIS Elements imaging software. All images were analysed using FIJI
Software.

Changes in [Ca2þ]i in bone marrow-derived WT and KV1.3�/� neu-
trophils were analysed using a single-cell imaging system of TillPhotonics
and Fura-2-based ratiometric spectrometry. Cells were seeded on poly-
D-lysine-coated coverslips and loaded with Fura-2 AM (5 mM) for
35 min at 37�C in HBSS. Cells were washed to remove unbound dye
and transferred into Naþ-Ringer solution (140 mM NaCl, 1–5 mM
CaCl2, 2.8 mM KCl, 1 mM MgCl2, 10 mM HEPES NaOH, 11 mM glucose,
pH 7.4). Neutrophils were identified visually by light microscopy (phase
contrast) and region of interest were set using TILLvision software 4.0.
After establishing a baseline, cells were stimulated with Thapsigargin
(2 mM). Fura-2 ratios (F340nm/F380nm) were calculated as quotient of
detected fluorescence intensities at 510 nm in response to 340/380 nm
excitation.

2.6 Neutrophil spreading and detachment
To study neutrophil spreading, rectangular borosilicate glass capillaries
(0.2�2.0 mm; CM Scientific) were coated with rhE-selectin (CD62E Fc
chimera; 5 mg mL-1; R&D Systems), rhICAM-1 (4 mg mL-1; R&D
Systems), and rhCXCL-8 (10 mg mL-1; Peprotech) for 3 h at RT and
blocked with 5% casein ON at 4�C. Isolated human neutrophils
(Polymorphprep) were incubated with PAP-1 (10 nM) or vehicle and ap-
plied into the flow chamber with a shear stress level of 1 dyne cm-2 using
a high-precision syringe pump (Harvard Apparatus). To avoid interaction
of the cells with the Fc part of the recombinant proteins, cells were incu-
bated with hFc-block (human TruStain FcX; BioLegend) for 5 min at RT
before being introduced into the chambers. Spreading behaviour of the
cells was observed and recorded with a Zeiss Axioskop2 (equipped with
a 20� water objective, 0.5 NA and a Hitachi KP-M1AP camera) and
VirtualDub. Cell shape changes were quantified using FIJI software, analy-

sing cell perimeters, circularity (4p ½Area�
Perimeter½ �2) and solidity ( ½Area�

½Convex Area�).

To investigate the resistance of neutrophils against increasing shear
forces, m-slides VI0.1 (Ibidi) were coated with rhE-selectin, rhICAM-1,
and rhCXCL8, as described above. Isolated human neutrophils were
resuspended in HBSS, blocked with hFc-block for 5 min at RT and incu-
bated with PAP-1 (10 nM) or vehicle. A total of 106 cells mL-1 were in-
troduced into the chamber and allowed to settle for 3 min before flow
was started. First, 1 dyne cm-2 was applied for 1 min to remove non-at-
tached cells and debris using HBSS and a high-precision syringe pump
(Harvard Apparatus). The number of adherent cells FOV-1 was counted
and set to 100%. Flow rates were then increased every 30 s and the frac-
tion of remaining cells was counted at the end of each time interval.
Experiments were conducted on a ZEISS, AXIOVERT 200 microscope,
equipped with a ZEISS 10x objective [NA: 0.25] and a SPOT RT ST
Camera (Diagnostic Instruments, Inc.). MetaMorph software was used
to generate time laps movies for later analysis.

2.7 b2 Integrin activation
b2 Integrin activation assay was performed as previously described.21

Briefly, PAP-1 (10 nM) or vehicle pre-incubated isolated human
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neutrophils were stimulated with CXCL8 (10 nM) in the presence of ei-
ther mouse-a-human KIM127 (InVivo, 10 mg mL-1) or mouse a-human
mAB24 (Hycult Biotech, 10 mg mL-1) antibody for 5 min at 37�C in HBSS.
Stimulation was stopped by adding ice-cold FACS lysing solution (BD
BioScience). Cells were analysed by flow cytometry (CytoFlex S) and
FlowJo software. Neutrophils were defined as CD15þ/CD66bþ popula-
tion. To assess overall surface expression of b2 integrins, cells were addi-
tionally stained with mouse a-human CD11a (clone HI111, 5 mg mL-1,
BioLegend) and mouse a-human CD11b antibody (clone ICRF44, 5 mg
mL-1, BioLegend).

2.8 Phagocytosis
Heparinized human whole blood pre-treated with PAP-1 (10 nM) or ve-
hicle and murine whole blood from WT and KV1.3-/- mice was incubated
with Escherichia coli bio particles (pHrodo Green E. coli BioParticle
Phagocytosis Kit, Thermo Fisher Scientific) for 30 min at 37�C.
Phagocytosis was stopped and cells were fixed according to the manu-
facturer’s protocol. As control, whole blood was incubated for 30 min at
4�C. Samples were analysed using a Beckman Coulter Gallios flow cy-
tometer and Kaluza Flow analysis Software (Beckman Coulter). Ly6Gþ

and CD15þ/CD66bþ positive populations were defined as neutrophils,
respectively.

For confocal microscopy, phagocytosis was stopped by putting E. coli
particles-treated whole blood on ice. Neutrophils were isolated (on ice)
using EasySep neutrophil enrichment kit. Cells were then seeded on
poly-L-lysine (0.1%; Sigma-Aldrich) coated object slides (Ibidi), fixed with
2% PFA washed and stained with DAPI (Invitrogen) for 5 min at RT be-
fore embedding them in ProLong Diamond Antifade mounting medium
(Invitrogen). Samples were imaged by confocal microscopy at the core
facility Bioimaging of the Biomedical Center with a Leica SP8X WLL mi-
croscope, equipped with a HC PL APO 40�/1.30 NA oil immersion ob-
jective. Images were processed (including removal of outliers and
background subtraction) using FIJI software.

2.9 Neutrophil crawling in vitro
m-Slides VI0.1 (Ibidi) were coated with a combination of rmE-selectin
(CD62E Fc chimera; 20 mg mL-1; R&D Systems), rmICAM-1 (ICAM-1 Fc
chimera; 15 mg mL-1; R&D Systems), and rmCXCL1 (15 mg mL-1;
Peprotech) for 3 h at RT and blocked with 5% casein (Sigma-Aldrich)
ON at 4�C. Bone marrow-derived neutrophils from KV1.3�/� and WT
mice were isolated (EasySep neutrophil enrichment kit) and matured in
RPMI 1640 (Sigma-Aldrich) supplemented with 20% WEHI-3B-condi-
tioned medium ON at 37�C. Cells were resuspended in HBSS, intro-
duced into the chambers and allowed to settle and adhere for 3 min
until flow was applied (2 dyne cm-2) using a high-precision syringe pump
(Harvard Apparatus). Experiments were conducted on a ZEISS,
AXIOVERT 200 microscope, provided with a ZEISS 10� objective [NA:
0.25], and a SPOT RT ST Camera. MetaMorph software was used to
generate time laps movies for later analysis. 20 min of neutrophil crawl-
ing under flow were analysed using FIJI software [MTrackJ22 and
Chemotaxis tool plugins (Ibidi)].

2.10 Paxillin phosphorylation
Paxillin phosphorylation was investigated as previously described.23

Briefly, bone marrow-derived murine neutrophils (2�106 cells) were
seeded on rmICAM-1 (15 mg mL-1) coated wells for 10 min. Cells were
stimulated with rmCXCL1 (10 nM) for 20 min at 37�C, lysed with lysis

buffer [containing 150 mM NaCl, 1% Triton X-100 (Applichem), 0.5%
Sodium deoxycholate (Sigma-Aldrich), 50 mM Tris–HCl pH 7.3 (Merck),
2 mM EDTA (Merck) supplemented with protease (Roche), phospha-
tase inhibitors (Sigma-Aldrich) and 1xLaemmli sample buffer] and boiled
(95�C, 5 min). Cell lysates were resolved by SDS–PAGE and electropho-
retically transferred onto PVDF membranes. After subsequent blocking
(LI-COR blocking solution), membranes were incubated with the follow-
ing antibodies for later detection and analysis using the OdysseyVR CLx
Imaging System and Image Studio software: rabbit a-mouse p-Paxillin
(Tyr118) rabbit a-mouse Paxillin (both CellSignaling), goat-a-mouse
IRDye 680RD, and goat-a-rabbit IRDye800CW-coupled secondary
antibodies.

2.11 Murine cremaster muscle
experiments
Intravital microscopy of the mouse cremaster muscle was performed as
previously described.24 Briefly, WT or KV1.3�/� mice received an intra-
scrotal (i.s.) injection of rmTNF-a (500 ng R&D Systems) to induce an
acute inflammation in the cremaster muscle. 2 h after induction of inflam-
mation, the carotid artery of anaesthetized mice was cannulated for later
blood sampling (ProCyte Dx; IDEXX Laboratories) and the cremaster
was muscle dissected. Intravital microscopy was conducted on an
OlympusBX51 WI microscope, equipped with a 40� objective
(Olympus, 0.8 NA, water immersion objective) and a CCD camera
(KAPPA CF 8 HS). Post-capillary venules were recorded using VirtualDub
software for later analysis. Rolling flux fraction, number of adherent cells
mm-2 was counted and vessel diameter and vessel length were deter-
mined off-line using FIJI software. During the entire observation period,
the muscle was superfused with thermo-controlled bicarbonate buffer
as described earlier.25 Centreline blood flow velocity in each venule was
measured with a dual photodiode (Circusoft Instrumentation). One
group of WT mice received an i.s. injection of PAP-1 (90 mg/mouse;
Sigma-Aldrich), or vehicle (Ctrl) 1 h prior to TNF-a treatment. After mi-
croscopy, cremaster muscles were removed, fixed in 4% PFA solution,
and stained with Giemsa (Merck) to calculate the number of perivascular
neutrophils. Neutrophils were discriminated from other leukocyte sub-
populations on the basis of the shape of cell nuclei and granularity of the
cytosol. The analysis of transmigrated leukocytes was carried out at the
core facility Bioimaging of the Biomedical Center with a Leica DM2500
microscope, equipped with a 100� objective (Leica, 1.4 NA, oil immer-
sion) and a Leica DMC2900 CMOS camera.

2.12 Neutrophil adhesion in vitro
Flow chamber assays were carried out as previously described.24

Shortly, rectangular borosilicate glass capillaries (0.04�0.4 mm;
VitroCom) were coated as mentioned above. Whole blood was col-
lected from anaesthetized KV1.3�/� and WT mice via the heparinized ca-
rotid artery catheter and perfused through flow chambers at a shear
stress level of 2.7 dyne cm-2 using a high-precision syringe pump
(Harvard Apparatus). Movies were recorded with an OlympusBX51 WI
microscope, equipped with a 20� objective (Olympus, 0.95 NA, water
immersion objective) and a CCD camera (KAPPA CF 8 HS) and
VirtualDub software. Number of adherent leukocytes/field of view
(FOV) was quantified after 6 min of blood perfusion. Whole blood of
some KV1.3�/� and WT mice was additionally incubated with PAP-1
(10 nM) for 5 min at RT before flow chamber perfusion.
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2.13 TNF-a induced peritonitis
Analysis of neutrophil extravasation into TNF-a stimulated peritoneum
was carried out as previously described.26 WT or KV1.3�/� mice were
stimulated with an i.p. injection of rmTNF-a (500 ng) for 6 h. Mice were
sacrificed and a peritoneal lavage performed using 7 mL of ice-cold PBS.
Cells were collected, stained, and analysed by flow cytometry (CytoFlex
S) and FlowJo software. CD45þ/CD11bþ/GR-1þ/CD115- cells were de-
fined as neutrophils (all rat a-mouse 5 mg mL-1, BioLegend, clones: CD45:
30-F11, CD11b: M1/70, CD115: AFS98, Gr-1: RB6-8C5).

2.14 Statistics
Data are presented as mean±SEM, as cumulative distribution, or repre-
sentative images/traces, as depicted in the figure legends. Group sizes
were selected based on previous experiments. Data were analysed and
illustrated using GraphPad Prism 7 software (GraphPad Software).
Statistical tests were performed according to the number of groups be-
ing compared. For pairwise comparison of experimental groups, an un-
paired Student’s t-test and for more than two groups, a one-way or two-
way analysis of variance (ANOVA) with either Tukey’s (one-way
ANOVA) or Sidak’s (two-way ANOVA) post-hoc test were carried out,
respectively. P-values <0.05 were considered statistically significant and
indicated as follows: *P<0.05; **P<0.01; ***P<0.001.

3. Results

3.1 Kv1.3 regulates sustained calcium entry
in human neutrophils
To test for expression of KV1.3 on neutrophils, confocal microscopy and
flow cytometry were carried out with human neutrophils isolated from
healthy donors. Both approaches revealed expression and localization of
KV1.3 on the plasma membrane of neutrophils (Figure 1A and B). To as-
sess functionality of KV1.3 on neutrophils, we performed electrophysio-
logical experiments using a whole-cell patch-clamp approach. KV1.3
channels on isolated human neutrophils were activated with a 10 mV
step protocol from -80 to þ40 mV with 30 s intervals.27 Activated neu-
trophils developed typical voltage-activated potassium currents, which
were significantly reduced by the addition of the KV1.3-specific inhibitor
PAP-128 (Figure 1C). In turn, local application of PAP-1 after current acti-
vation with a single voltage-step up to þ40 mV further confirmed that
the observed Kþ currents in neutrophils were sensitive to PAP-1-inhibi-
tion (Figure 1D), demonstrating the expression of functional KV1.3 chan-
nels in primary human neutrophils. Application of TRAM-34, a specific
inhibitor of the calcium-gated potassium channel KCa3.1, which has previ-
ously been described in neutrophils29,30 did not significantly reduce cur-
rents over the plasma membrane, suggesting that KCa3.1 does not
contribute to the observed currents in the applied step protocol
(Supplementary material online, Figure S1).

In lymphocytes, KV1.3 regulates Ca2þ signalling by sustaining Ca2þ in-
flux via SOCE.11 Kþ efflux via KV1.3 affects the membrane potential,
maintaining a high driving-force for continuous Ca2þ influx. To deter-
mine the contribution of KV1.3 on SOCE in neutrophils, we loaded iso-
lated human neutrophils with the fluorometric Ca2þ-indicator Rhod-2
AM under Ca2þ-free conditions and pre-treated the cells with
Thapsigargin to deplete Ca2þ stores in the ER. Subsequent addition of
Ca2þ to the medium increased [Ca2þ]i via SOCE in vehicle treated neu-
trophils (Ctrl), while presence of PAP-1 significantly reduced Ca2þ entry
(Figure 1E). To study whether inhibition of KV1.3 alters the overall Ca2þ

flux in neutrophils, we measured changes in [Ca2þ]i upon chemokine ac-
tivation without prior ER Ca2þ store depletion. To this end, neutrophils
were loaded with Rhod-2 AM, seeded and exposed to Ca2þ, which in-
duced a slight increase in [Ca2þ]i. Subsequent application of CXCL8
resulted in a characteristic Ca2þ spike (Figure 1F). In strong contrast,
PAP-1 treated neutrophils failed to respond to Ca2þ and to CXCL8
stimulation. These findings reveal that KV1.3 substantially contributes to
sustain SOCE in human neutrophils under static conditions.

3.2 Kv1.3 regulates post-arrest
modifications under flow and phagocytosis
in human neutrophils
During firm adhesion, leukocyte function-associated antigen-1 (LFA-1)/
intracellular adhesion molecule-1 (ICAM-1) bonds induce post-arrest
modifications that help to resist shear stress and facilitate neutrophil mo-
bility (integrin outside-in signalling).5,31 During this process, CRAC chan-
nels co-cluster with LFA-1 and generate local Ca2þ influx enabling
cellular shape changes.32 To examine the role of KV1.3 on LFA-1
mechano-signalling via SOCE, microfluidic devices were coated with
high-affinity LFA-1-inducing antibody along with its endothelial ligand
ICAM-133 and perfused with isolated, Rhod-2 AM-loaded human neu-
trophils. Adherent cells were exposed to shear flow and extracellular
Ca2þ, and subsequent changes in [Ca2þ]i were measured (Figure 2A).
Significant inhibition of Ca2þ influx was observed in the presence of
PAP-1 compared to control, revealing a key role of KV1.3 in LFA-1 de-
pendent regulation of SOCE during post-arrest modification steps. To
further delineate how inhibition of KV1.3 and ensuing reduced [Ca2þ]i
might exert functional defects on neutrophil post-arrest modification
steps, we performed spreading assays under flow. To this end, isolated
human neutrophils were incubated with PAP-1 or vehicle control (Ctrl)
and introduced into microflow chambers coated with E-selectin, ICAM-
1, and CXCL8. This combination of recombinant proteins mimics the in-
flamed endothelium of post-capillary venules. After a short period of in-
teraction with the substrate, flow was started and control neutrophils
began to spread as indicated by flattening of the cells and the appearance
of a migratory phenotype with membrane protrusions in the form of
pseudopod formation (Figure 2B). Notably, the cellular shape of neutro-
phils incubated with PAP-1 remained smaller and rounder over time, dis-
playing fewer protrusions as reflected by reduced perimeter and
increased circularity and solidity, respectively (Figure 2C). To investigate
whether reduced intracellular Ca2þ levels and impairment of spreading
are accompanied by reduced leukocyte adhesion strengthening, we per-
formed in vitro detachment assays by gradually increasing fluid shear
forces. Isolated human neutrophils were again incubated with PAP-1 or
vehicle and introduced into E-selectin, ICAM-1, and CXCL8-coated flow
chambers. The cells were then allowed to settle and adhere for 3 min
before flow rates were stepwise increased within the chamber.
Neutrophils pre-incubated with PAP-1 were significantly more suscepti-
ble to detachment at physiological shear stress levels (2–20 dyne cm-2)
compared to control cells (Figure 2D). To exclude that KV1.3 inhibition
prevents b2 integrin activation (inside-out signalling), thereby affecting
neutrophil adhesion, we analysed CXCL8 mediated b2 integrin activation
in isolated human neutrophils using the activation-specific antibodies
KIM127 (recognizing b2 integrin intermediate and high-affinity state) and
mAB24 (recognizing the high-affinity state only).34 Flow cytometry
revealed no differences in binding capacity of both antibodies between
PAP-1 and vehicle pre-treated neutrophils (Figure 2E and F), demonstrat-
ing that KV1.3 is not involved in chemokine mediated b2 integrin
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Figure 1 KV1.3 regulates sustained calcium entry in human neutrophils. Surface localization of KV1.3 was determined by (A) confocal microscopy (repre-
sentative images from n=3 independent experiments, scale bar =10 m) and (B) flow cytometry (representative histogram of n=5 independent experiments).
(C) Patch-clamp was used to investigate functionality of KV1.3 in primary human neutrophils in absence and presence of KV1.3 inhibitor PAP-1 (10 nM) and
quantified. Application of 13 consecutive 10 mV steps from -80 toþ40 mV induced the development of voltage-activated potassium currents in control cells
(representative traces no. 1, 4, 8, 13 of n=10–15 cells for each treatment). (D) Kþ currents measured in primary human neutrophils in absence (black) and af-
ter direct application of PAP-1 (blue; 10 nM) after current activation with a single voltage-step toþ40 mV (representative traces of n=4 cells). Isolated hu-
man neutrophils were loaded with Rhod-2 AM and subsequently pre-treated with PAP-1 (10 nM) or vehicle (Ctrl). Changes in [Ca2þ]i were observed in
Ca2þ free buffer and after the addition of 1.5 mM Ca2þ. (E) CRAC channel dependent Ca2þ influx relative to baseline [mean(t0,t30)] in human neutrophils
pre-treated with Thapsigargin was determined under static conditions and [Ca2þ]i was quantified 30 s after addition of Ca2þ to the medium [n=57 (Ctrl)
and 60 (PAP-1) cells from 3 independent experiments, unpaired Student’s t-test]. (F) Total Ca2þ flux was investigated after stimulation with CXCL8 (10 nM)
under static conditions and total [Ca2þ]i relative to baseline [mean(t0,t30)] was quantified 30 s after stimulation with CXCL8 [n=118 (Ctrl) and 69 (PAP-1)
cells from 3 independent experiments, unpaired Student’s t-test]. ***P<_0.001, data in (A)–(D) are given as representative plots/images/traces, data in (C), (E),
and (F) are shown as mean±SEM. Dotted lines in (E) and (F) represent the time points of quantification.
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Figure 2 KV1.3 regulates post-arrest modifications under flow and phagocytosis in human neutrophils. (A) Ca2þ flux in human neutrophils pre-treated
with Thapsigargin and perfused over a substrate of ICAM-1 and CBR LFA1/2 LFA-1 antibody using microfluidic devices was measured relative to baseline
[mean(t0,t30)] and quantified 60 s after addition of Ca2þ under shear conditions [n=14 (Ctrl) and 38 (PAP-1) cells from 3 independent experiments, unpaired
Student’s t-test]. (B) Human neutrophils were pre-treated with PAP-1 (10 nM) or vehicle (Ctrl), introduced into E-selectin, ICAM-1, and CXCL8-coated
flow chambers and monitored over time (representative micrographs of neutrophils 30, 210, and 360 s after attachment; scale bar =10 mm). (C) Cell perime-
ter, cell circularity, and cell solidity were quantified over time [n = 49 (Ctrl) and 60 (PAP-1) cells from 5 independent experiments, repeated unpaired
Student’s t-tests]. (D) Human neutrophils were exposed to stepwise increasing shear stress levels in E-selectin, ICAM-1, and CXCL8-coated flow chambers
and percentage of remaining neutrophils FOV-1 was quantified after each step [n=13 (Ctrl) and 12 (PAP-1) flow chambers of 9–10 independent experi-
ments, repeated unpaired Student’s t-tests]. (E) b2 Integrin intermediate and fully activation state (KIM127) and full activation state (mAB24) in PAP-1
(10 nM) and vehicle (Ctrl) treated human neutrophils were analysed by flow cytometry upon CXCL8 stimulation (representative flow cytometry plots) and
(F) quantified (unstim.=unstimulated, MFI=median fluorescence intensity, n=6 independent experiments, two-way ANOVA, Sidak’s multiple comparison).
(G) Phagocytic activity of neutrophils was measured using fluorescent E. coli particles in human whole blood pre-incubated with PAP-1 (10 nM) or vehicle
(Ctrl) (representative micrographs, scale bar =5 mm) and (H) analysed by flow cytometry (n=5 independent experiments, paired Student’s t-test). ns, not sig-
nificant; *P<_0.05, **P<_0.01, ***P<_0.001, data in (A), (C), (D), (F), and (H) are given as mean±SEM and in (B), (E), and (G) as representative images/plots.
Dotted lines in (A) represent time point of quantification.
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activation. In addition, overall surface expression of the two b2 integrins
LFA-1 and macrophage-1 antigen was not affected by KV1.3 blockade
either (Supplementary material online, Figure S2).

Another function of neutrophils that is highly dependent on changes
in [Ca2þ]i is phagocytosis.4 Therefore, we speculated that KV1.3 might
be involved in this process. Hence, pharmacological inhibition of KV1.3
may reduce the phagocytic activity of neutrophils. To test this, we incu-
bated human whole blood from healthy donors with fluorescent E. coli
particles and analysed phagocytosis using confocal microscopy and flow
cytometry (Figure 2G and H and Supplementary material online, Figure
S3). Inhibition of KV1.3 resulted in significantly reduced phagocytic activ-
ity compared to control, demonstrating that KV1.3 activity is required
for efficient phagocytosis in neutrophils. Taken together, these findings
reveal that KV1.3 regulates SOCE under flow and is therefore essential
for post-arrest modification steps under physiological shear stress condi-
tions as well as phagocytic activity of neutrophils.

3.3 Genetic loss of KV1.3 impairs
neutrophil crawling and phagocytosis
in vitro
To elucidate the role of KV1.3 on post-arrest modification steps in more
detail, we made use of KV1.3�/- mice,19 which lack the expression of
KV1.3 on neutrophils (Figure 3A). Under homeostatic conditions, KV1.3�/-

mice exhibited no differences in overall white blood cell (WBC) counts
compared to wildtype (WT) mice (Figure 3B). Based on our observations
that pharmacological inhibition of KV1.3 interferes with [Ca2þ]i upon ac-
tivation in human neutrophils, we first analysed SOCE in Fura-2 AM-
loaded murine WT and KV1.3�/- neutrophils. WT cells showed a marked
increase in [Ca2þ]i 30 s after Ca2þ store depletion, whereas KV1.3�/�

neutrophils exhibited significantly lower cytosolic Ca2þ levels
(Figure 3C). Interestingly, PAP-1 treatment of both WT and KV1.3�/�

cells reduced SOCE in a similar fashion and was more pronounced than
in KV1.3�/� cells without PAP-1 treatment. This might indicate additional
effects of PAP-1 in this setting.

In human neutrophils, KV1.3 regulates post-arrest modification steps
under flow (see Figure 2A–D). Therefore, we hypothesized that crawling
of mouse neutrophils is affected by the absence of KV1.3 as well. To test
this, we introduced matured bone marrow-derived neutrophils from
KV1.3�/- or WT mice into E-selectin, ICAM-1, and CXCL1-coated flow
chambers and applied constant shear stress (2 dyne cm-2) after an initial
3 min time period in which the cells were allowed to adhere to the
coated surface. In line with human data, where inhibition of KV1.3
resulted in reduced neutrophil spreading capability and increased sus-
ceptibility of the cells to increasing shear stress, KV1.3�/- cells were not
able to firmly adhere to the coated flow chamber surface and exhibited a
‘jumping behavior’ instead of proper crawling on the substrate
(Supplementary material online, Movie S1). Consequently, KV1.3�/- neu-
trophils covered a longer distance in flow direction after 20 min com-
pared to WT cells (Figure 3D). In addition, accumulated crawling distance
and crawling velocity (Figure 3E) were significantly increased in KV1.3�/-

neutrophils compared to controls, emphasizing a crucial role of KV1.3 in
mediating post-arrest modifications in neutrophils.

In order to investigate Kv1.3 dependent post-arrest modifications on
a molecular level, we next investigated paxillin phosphorylation during
outside-in signalling. Tyrosin phosphorylated paxillin links activated b2

integrins to the actin cytoskeleton.35 We analysed paxillin phosphoryla-
tion in isolated WT and KV1.3�/� neutrophils seeded on ICAM-1. In WT
cells, CXCL1 stimulation significantly induced paxillin phosphorylation

compared to unstimulated condition, while KV1.3�/- neutrophils failed to
phosphorylate paxillin (Figure 3F). These results suggest that KV1.3 activ-
ity is important for b2 integrin outside-in signalling during neutrophil
recruitment.

Next, we also studied phagocytic activity of murine peripheral blood
neutrophils. Whole blood from KV1.3�/- or WT mice was incubated
with fluorescent E. coli particles and analysed by confocal microscopy
and flow cytometry (Supplementary material online, Figure S4). Similar to
pharmacological inhibition in human neutrophils, genetic ablation of
KV1.3 significantly reduced phagocytic activity of murine neutrophils
compared to WT control (Figure 3G and H).

3.4 Genetic loss of KV1.3 impairs
neutrophil recruitment in vivo
Next, we assessed whether loss of KV1.3 and resulting impaired neutro-
phil spreading and crawling affects leukocyte recruitment in mouse mod-
els of microvascular inflammation in vivo. First, we performed intravital
microscopy of post-capillary venules in the mouse cremaster muscle 2 h
after intrascrotal (i.s.) injection of TNF-a (Supplementary material on-
line, Movie S2). This model is a well-established technique to study acute,
predominantly neutrophil-driven inflammatory processes.36 Rolling flux
fraction (percentage of rolling leukocytes as a function of total WBC
flux37) was not altered in KV1.3�/� mice compared to WT control
(Figure 4A). However, KV1.3�/� mice exhibited significantly reduced
numbers of adherent cells to the inflamed endothelium compared to
control (Figure 4B). In line, i.s. application of PAP-1 into WT mice 1 h
prior to injection of TNF-a did not alter leukocyte rolling, but reduced
leukocyte adhesion compared to vehicle application (Supplementary ma-
terial online, Figure S5). Interestingly, PAP-1 did not further reduce leuko-
cyte adhesion in KV1.3�/� mice, indicating specificity of PAP-1 in this
in vivo model of microvascular inflammation. Of note, microvascular and
hemodynamic parameters (vessel diameter, blood flow velocity, shear
rate, WBC, and neutrophil count) were not different among the groups
(Supplementary material online, Table S1). To see whether genetic loss
of KV1.3 results in increased susceptibility to physiological shear forces
in vivo similar to PAP-1 mediated inhibition in vitro (shown in Figure 2D),
we correlated individual numbers of adherent leukocytes to the inflamed
vessel surface with the respective shear rate levels of each venule mea-
sured during intravital microscopy. Whereas leukocyte adhesion did not
correlate with shear rate levels in WT mice, KV1.3�/- mice exhibited a
significant negative correlation (Figure 4C), underlining the important role
of KV1.3 in mediating neutrophil adhesion strengthening in vivo.
Importantly, overall surface expression of CD18, CD11a, CD11b, PSGL-
1, CD44, L-selectin, and CXCR2 on peripheral blood neutrophils did
not differ between KV1.3�/- and WT mice (Supplementary material on-
line, Figure S6). In order to focus exclusively on neutrophils and to eluci-
date the function of KV1.3 during neutrophil recruitment in a reduced
environment, we performed in vitro flow chamber assays using E-selectin,
ICAM-1, and CXCL1-coated glass capillaries and murine whole blood.
This combination of recombinant proteins captures almost exclusively
neutrophils. Also in this experimental setting, genetic deletion of KV1.3
did not affect neutrophil rolling (Figure 4D) but significantly reduced num-
bers of adherent neutrophils per FOV compared to control (Figure 4E).
In line, pharmacological inhibition using PAP-1 did not affect neutrophil
rolling, but significantly reduced shear-resistant neutrophil adhesion to
the coated glass capillaries (Supplementary material online, Figure S7A
and B). In addition, PAP-1 did not further decrease neutrophil adhesion
in KV1.3�/� mice thereby excluding any additional effects of the inhibitor
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Figure 3 Genetic loss of KV1.3 reduces SOCE in neutrophils and impairs crawling and phagocytosis in vitro. (A) Surface localization of KV1.3 was deter-
mined by confocal microscopy (representative images from n=3 independent experiments, scale bar =10 mm). (B) Overall WBC counts (n=6 mice, unpaired
Student’s t-test) and cell counts of leukocyte subsets (PMN: neutrophils, Lymphos: lymphocytes, Monos: monocytes, Eos: eosinophils; n=6 mice per group,
two-way ANOVA, Sidak’s multiple comparison) are shown. (C) CRAC channel dependent Ca2þ influx in WT and KV1.3�/� neutrophils was determined un-
der static conditions and [Ca2þ]i was quantified 30 s after addition of Thapsigargin to the medium in absence and presence of PAP-1 [n=49 (WT), 107
(KV1.3�/�), 120 (WTþ PAP-1), and 118 (KV1.3�/þ PAP-1) cells from 5 independent experiments, one-way ANOVA, Dunnett’s multiple comparison]. (D)
Neutrophil crawling of bone marrow-derived murine neutrophils was analysed in E-selectin, ICAM-1, and CXCL1-coated flow chambers under constant
shear and (E) accumulated distance and crawling velocity were quantified [197 (WT) and 272 (KV1.3�/�) cells of n=5 mice per group, unpaired Student’s t-
test]. (F) ICAM-1-induced paxillin phosphorylation of isolated WT and KV1.3�/� neutrophils upon CXCL1 stimulation was analysed by western blot (repre-
sentative western blot of n=5–6 mice per group, two-way RM ANOVA, Sidak’s multiple comparison). (G) Phagocytic activity of neutrophils was measured
using fluorescent E. coli particles in murine whole blood from WT and KV1.3�/� mice (representative micrographs, scale bar =5 mm) and (H) analysed by
flow cytometry (n=5 independent experiments, paired Student’s t-test). *P<_0.05, **P<_0.01, ***P<_0.001, data in (B), (C), (E), (F), and (H) are represented as
mean±SEM, (D) as rose blots and in (A), (F), and (G) as representative blots or images, respectively.
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Figure 4 Genetic loss of KV1.3 impairs neutrophil recruitment in vivo. WT and KV1.3�/�mice were stimulated i.s. with TNF-a 2 h prior to intravital micros-
copy of post-capillary venules of the cremaster muscle and (A) neutrophil rolling and (B) number of adherent neutrophils per vessel surface were analysed
[18 (WT) and 18 (KV1.3�/�) vessels of n=5 mice per group, unpaired Student’s t-test]. (C) Intravascular shear rates were correlated with respective numbers
of adherent cells in WT and KV1.3�/� mice [n=18 (WT) and 18 (KV1.3�/�) vessels of 5 mice per group, Pearson correlation]. E-selectin, ICAM-1, and
CXCL1-coated flow chambers were perfused with murine whole blood from KV1.3�/� and WT mice and number of (D) rolling and (E) adherent cells
FOV-1 were analysed (20–22 flow chambers from n=7 mice per group, unpaired Student’s t-test). (F) TNF-a stimulated cremaster muscles were stained
with Giemsa (representative micrographs, scale bar =30 mm, arrows: transmigrated neutrophils) and number of perivascular neutrophils was quantified
[25 (WT) and 59 (KV1.3�/�) vessels of n=5 mice per group, unpaired Student’s t-test]. (G) Normal saline (NaCl) or TNF-a was injected i.p. into WT and
KV1.3�/� mice and numbers of recruited neutrophils to the peritoneum were assessed 6 h later (n=5 mice per group, two-way ANOVA, Sidak’s multiple
comparison). *P<_0.05, **P<_0.01, data in (A), (B), and (D)–(G) are represented as mean±SEM, in (C) as Pearson correlation, and in (F) as representative
images.
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on neutrophil adhesion. Importantly, WBCs of the mice did not differ
among the groups (Supplementary material online, Figure S7C and D).
These findings clearly show that KV1.3 is dispensable for neutrophil cap-
ture and rolling along inflamed endothelium, but plays a critical role in
mediating b2 integrin-dependent firm adhesion, a process that is highly
dependent on SOCE.38

To test whether reduced leukocyte adhesion in KV1.3�/� mice results
in reduced numbers of transmigrated neutrophils, we stained TNF-a
stimulated cremaster muscles with Giemsa and quantified neutrophil ex-
travasation into the inflamed tissue. Genetic deletion of KV1.3 resulted in
significantly reduced numbers of perivascular neutrophils compared to
WT (Figure 4F). In addition, we analysed the extravasation index (number
of perivascular neutrophils in relation to intravascular adherent neutro-
phils) in TNF-a stimulated cremaster muscles of KV1.3�/� and WT mice.
KV1.3�/� mice exhibited a significantly lower extravasation index com-
pared to WT control (Supplementary material online, Figure S8A) sug-
gesting a role for KV1.3 not only in intraluminal post-adhesion steps
in vivo, but also in neutrophil transmigration into inflamed tissue.

Finally, we tested the effect of KV1.3 activity on neutrophil extravasa-
tion in an in vivo peritonitis model. KV1.3�/� and WT mice were intra
peritoneally (i.p.) treated with TNF-a and number of recruited neutro-
phils into the peritoneum was assessed 6 h later by flow cytometry. Basal
neutrophil levels (NaCl treatment) did not differ between KV1.3�/� and
WT mice, whereas numbers of neutrophils in the peritoneal lavage fol-
lowing TNF-a stimulation were significantly decreased in KV1.3�/� com-
pared to WT mice (Figure 4G and Supplementary material online, Figure
S8B), confirming impaired neutrophil extravasation to the site of inflam-
mation in the absence of KV1.3.

4. Discussion

In neutrophils, changes in [Ca2þ]i need to be tightly regulated in a spatio-
temporal manner to control the various downstream effector pathways
during their recruitment from the intravascular compartment into af-
fected tissues.4 Current knowledge of the complex network of ion chan-
nels, i.e. which channels are expressed and how they differentially
convert Ca2þ oscillations into distinct intracellular signals is incompletely
understood, but has made significant progress in recent years. In this
study, we discover expression and functionality of the voltage-gated po-
tassium channel KV1.3 in neutrophils and describe severe impairment of
neutrophil functions during acute inflammation when KV1.3 is genetically
absent or pharmacologically blocked (see Graphical Abstract).

The role of KV1.3 in regulating membrane potential and Ca2þ flux in
immune cells has been intensively investigated in T cells, showing that an
increase in [Ca2þ]i and concomitant depolarization of the cell membrane
opens this voltage-gated channel, allowing Kþ to leave the cell.39 Kþ ef-
flux in turn hyperpolarizes the cellular membrane supporting sustained
Ca2þ influx via CRAC channels. KV1.3 mediated long lasting high [Ca2þ]i
regulate T cell activation, proliferation, cytokine production, and motility
within inflamed tissue.16,40 Using a whole-cell patch-clamp approach and
calcium imaging, we show that depolarization of human neutrophils
results in a characteristic KV1.3 outward current and, similar to T cells,
pharmacological inhibition or genetic ablation of KV13 reduces SOCE
and [Ca2þ]i.

During neutrophil recruitment, fluid shear forces exerted by the flow-
ing blood within the vasculature act on LFA-1/ICAM-1 bonds of adher-
ent neutrophils and amplify CRAC channel dependent Ca2þ influx.32

This enables the cells to rearrange their cytoskeleton, leading to

subsequent shape change, polarization, and migration. We now demon-
strate that neutrophils require KV1.3 function to efficiently adhere to the
endothelium and to rearrange their cytoskeleton under flow.
Consequently, neutrophils lacking KV1.3 or neutrophils treated with a
KV1.3 inhibitor are unable to spread and to crawl properly and to with-
stand physiological shear forces. The predominant CRAC channel in
neutrophils that cooperates with LFA-1 to regulate Ca2þ entry during
recruitment is Orai1.4 During activation, it is recruited to sites of focal
adhesion and co-localizes with high-affinity LFA-1 to facilitate F-actin po-
lymerization and neutrophil shape change.32 This is achieved by forma-
tion of a molecular complex consisting of LFA-1, Kindlin3, and Orai1,
which induces through mechano-signals local increase of [Ca2þ]i,
thereby creating Ca2þ-rich microdomains that enable fast and efficient
reorganization of the cytoskeleton that guide neutrophil migration.41

We expand this picture by showing that Kþ efflux through KV1.3 is criti-
cal for maintaining a high electro-chemical driving force during LFA-1-
mediated Ca2þ influx via SOCE. Thus, it appears that KV1.3 is involved in
the generation of locally high Ca2þ concentrations within adhesive sites
as well. Support for this comes from observations showing a physical in-
teraction of KV1.3 with integrins in T cells and melanoma cells.42,43

Interestingly, pharmacological inhibition of KV1.3 did not alter b2

integrin affinity states upon CXCL8 treatment, demonstrating that KV1.3
is not involved in chemokine-induced integrin inside-out signalling.
However, KV1.3 and sustained Ca2þ influx are indispensable for efficient
outside-in signalling as inhibition/lack of KV1.3 resulted in impaired paxil-
lin phosphorylation and a higher susceptibility of adherent neutrophils to
detach from inflamed venules with increasing shear forces exerted by
blood flow. This highlights KV1.3 as an important player in linking adhe-
sion receptors to the cytoskeleton.

The critical role of KV1.3 during neutrophil recruitment is also sup-
ported by our in vivo observations that both, genetic deletion of KV1.3
and application of PAP-1 reduced the number of adherent and extrava-
sated cells in mouse models of acute microvascular inflammation. We in-
terpret reduced extravasation in parts as a consequence of reduced
adhesion and impaired post-arrest modifications. In addition, the calcu-
lated extravasation index suggests that KV1.3 might also be involved in
neutrophil transmigration across the inflamed endothelium. This hypoth-
esis is supported by reports revealing that interference with KV1.3
reduces cell migration in macrophages,44,45 T cells,40 or microglia cells,46

too.
Besides KV1.3, the calcium-gated potassium channel KCa3.1 is also

expressed on neutrophils and was shown to have a role in the regulation
of neutrophil migration,29 although an in-depth analysis on the role of
KCa3.1 in neutrophil recruitment and a potential cooperative interplay of
KCa3.1 with KV1.3 are still missing and warrant further investigation.

Of note, Grimes et al.30 recently described different populations of
bone marrow-derived murine neutrophils with a distinct expression pat-
tern of KCa3.1 and characteristic calcium signalling signatures which led
them to conclude that regulation of membrane potential might be devel-
opmentally controlled. However, this has not been studied for KV1.3,
but is of great interest as neutrophil function has been reported to be
ontogenetically regulated acquiring full functionality only after birth.47,48

Finally, we report that KV1.3 is involved in effector functions of neu-
trophils within the tissue, as absence of channel activity reduces phago-
cytic activity in human and murine neutrophils. Similar results were
described for KV1.3 and its role in phagocytosis in microglia cells.46 Many
events during phagocytosis are dependent on Ca2þ signalling in neutro-
phils, such as fusion of primary and secondary granules to the early phag-
osome or formation of the actin meshwork surrounding phagosomes.8
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.
Our results indicate that sustained Ca2þ influx mediated by Kþ efflux via
KV1.3 is a prerequisite for efficient phagocytosis. Furthermore, Kþ efflux
has also been reported to be important for maintaining phagosomal
NADPH oxidase activity.49,50 Thus, neutrophil-expressed KV1.3 might
also be involved in retaining sufficient ROS thereby ensuring bacterial
killing.

In recent years, KV1.3 has become an interesting pharmacological tar-
get to treat T cell-mediated autoimmune diseases like multiple sclerosis
(MS),51 rheumatoid arthritis52 type I diabetes mellitus,16 or psoriasis,53 as
well as neurodegenerative disorders.54 The great therapeutic potential
of KV1.3 blockers is based on the fact that KV1.3 specifically gets up-regu-
lated in TEM cells but not in naı̈ve or central memory T (TCM) cells.15 TEM

cells play a pivotal role in the pathogenesis of many autoimmune dis-
eases.55 By showing that KV1.3 regulates important neutrophil functions
during recruitment and within the tissue, we expand the application field
of KV1.3 inhibitors to acute and chronic inflammatory disorders that go
along with overwhelming immune responses, such as autoimmune ar-
thritis, atherosclerosis, or COPD.56–58 This also includes autoimmune
diseases as MS, psoriasis, or Alzheimer’s disease where neutrophils have
been shown to contribute to the progression of the diseases.3

Albeit, its remarkable role in immune regulation of both, innate and
adaptive immune cells, mice lacking KV1.3 do neither exhibit any obvious
immuno-phenotype, nor alterations in WBC under homoeostatic condi-
tions. This may in part be explained by compensatory Cl- currents as sug-
gested earlier.19 Although we did not account for compensatory anion
currents in knockout neutrophils, we demonstrate that CRAC channel
dependent Ca2þ influx is impaired, ensuring that the observed effects in
this study can be attributed to KV1.3 function and impaired sustained
Ca2þ signalling.

Taken together, we identify the neutrophil-expressed voltage-gated
potassium channel KV1.3 as a critical regulator of neutrophil function,
and show that its absence or pharmacological inhibition leads to im-
paired intracellular Ca2þ signalling and reduced neutrophil recruitment
into inflamed tissue. Interfering with KV1.3 activity in neutrophils may
therefore offer a broad range of new therapeutic opportunities in
patients with unwanted excessive neutrophil recruitment, which is ob-
served frequently not only in acute and chronic inflammatory disorders,
but also in autoimmune disorders and graft-vs.-host disease.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Neutrophils exert important immune functions during tissue injury or bacterial infection through leaving the vasculature and extravasate into af-
fected tissues. Conversely, neutrophils trigger the pathogenesis of acute and chronic inflammatory disorders and are involved in the development
and maintenance of various autoimmune diseases. Within this study, we show that the voltage-gated potassium channel KV1.3 is functionally
expressed on neutrophils and affects calcium signalling thereby regulating neutrophil effector functions during immune responses. Hence, KV1.3 rep-
resents an interesting potential new target to treat unwanted excessive neutrophil invasion in various disorders ranging from autoinflammatory dis-
orders to ischemic tissue injury.
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