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Background: CCR7 ™ effector memory T lymphocytes are major players in lung inflammation that characterizes allergic

asthma.

Results: Blocking Ky /1.3 channels reduced the severity of an ovalbumin-induced model of asthma in rats.
Conclusion: K,,1.3 channels are attractive targets for immunomodulation and the treatment of allergic asthma.
Significance: Selective K, 1.3 channel blockers may prove beneficial in the treatment of asthma.

Allergic asthma is a chronic inflammatory disease of the air-
ways. Of the different lower airway-infiltrating immune cells
that participate in asthma, T lymphocytes that produce Th2
cytokines play important roles in pathogenesis. These T cells are
mainly fully differentiated CCR7~ effector memory T (Tgy,)
cells. Targeting Ty, cells without affecting CCR7* naive and
central memory (T,,) cells has the potential of treating Ty~
mediated diseases, such as asthma, without inducing general-
ized immunosuppression. The voltage-gated Ky /1.3 potassium
channel is a target for preferential inhibition of Ty, cells. Here,
we investigated the effects of ShK-186, a selective Ky/1.3 channel
blocker, for the treatment of asthma. A significant proportion of
T lymphocytes in the lower airways of subjects with asthma
expressed high levels of Ky 1.3 channels. ShK-186 inhibited the
allergen-induced activation of peripheral blood T cells from
those subjects. Immunization of F344 rats against ovalbumin
followed by intranasal challenges with ovalbumin induced
airway hyper-reactivity, which was reduced by the adminis-
tration of ShK-186. ShK-186 also reduced total immune infil-
trates in the bronchoalveolar lavage and number of infiltrat-
ing lymphocytes, eosinophils, and neutrophils assessed by
differential counts. Rats with the ovalbumin-induced model
of asthma had elevated levels of the Th2 cytokines IL-4, IL-5,
and IL-13 measured by ELISA in their bronchoalveolar lavage
fluids. ShK-186 administration reduced levels of IL-4 and
IL-5 and induced an increase in the production of IL-10.
Finally, ShK-186 inhibited the proliferation of lung-infiltrat-
ing ovalbumin-specific T cells. Our results suggest that K,/1.3

* This work was supported, in whole or in part, by National Institutes of Health
Grant Al084981 (to C.B.). M.W.P. and C.B. are inventors on patent
WO/2006/042151, claiming ShK-186 for immunomodulation. This patent
was licensed to Kineta Inc. for developing ShK-186 as a therapeutic for
autoimmune diseases. M. W. P. and C. B. are consultants to Kineta Inc.

! Supported by American Lung Association Fellowship RT-197120-N.

2 Supported in part by Howard Hughes Medical Institutes Med into Grad Ini-
tiative and National Institutes of Health Award T32 GM088129.

3 To whom correspondence should be addressed: Dept. of Molecular Physi-
ology and Biophysics, Mail Stop BCM335, Baylor College of Medicine,
Houston, TX 77030. Tel.. 713-798-5030; Fax: 713-798-3475; E-mail:
beeton@bcm.edu.

SASBMB

MAY 2,2014+VOLUME 289-NUMBER 18

channels represent effective targets for the treatment of aller-
gic asthma.

Allergic asthma is a chronic inflammatory disease of the air-
ways. Despite the effectiveness of bronchodilators and anti-in-
flammatory medications, the prevalence of asthma is on the
rise, especially in developed countries where it remains a major
health issue (1-4). The inflammatory infiltrates in the airways
that are characteristic of asthma can affect the structural cells of
the airways, leading to airway hyper-responsiveness (5). Of the
different immune cells in those infiltrates, T lymphocytes that
produce Th17 and Th2 cytokines, such as IL-4, IL-5, and IL-13,
play important roles in the pathogenesis of asthma in a large
proportion of patients (5-7). These T lymphocytes are mainly
fully differentiated CCR7~ effector memory T (Tg,,)* cells (8).
Targeting Ty, lymphocytes without affecting CCR7" naive
and central memory (T,,;) lymphocytes has the potential to
effectively treat Tp,,-mediated diseases, such as asthma with-
out inducing generalized immunosuppression.

Studies in the last few decades have identified the voltage-
gated K,1.3 potassium channel as a target for preferential inhi-
bition of T, cells both in vitro and in vivo. Of the 78 potassium
channels in the human genome, only two are expressed by T
lymphocytes; these are homotetramers of K,,1.3 (KCNA3) and
of the calcium-activated K,3.1 (IKCal, KCNN4) channel (9,
10). These channels provide the potassium efflux necessary to
counterbalance the calcium influx crucial for T lymphocyte
activation (9, 10). At rest, T lymphocytes express low levels of
both K,,1.3 and K,3.1. Upon activation with an antigen or a
mitogen, Ty, cells up-regulate K,/ 1.3 (11-15). In contrast,
CCR7™ naive and central memory (T,,) lymphocytes up-reg-
ulate K,3.1 after activation (13, 16). This differential expres-
sion of potassium channels results in a different sensitivity of
naive/T ¢y and Tgy, lymphocytes to selective blockers of K,1.3

“The abbreviations used are: T, effector-memory T (lymphocyte); Tcy,, cen-
tral-memory T (lymphocyte); BALF, bronchoalveolar lavage fluids; K, volt-
age-gated potassium channel; Rg,, respiratory system resistance.
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TABLE 1

Characteristics of the subjects who donated induced sputum and peripheral blood for this study
FEV1, forced expiratory volume in one second; BID, twice daily; PRN, as needed; OD, once daily.

Base-line FEV1 in liters

Subject Gender Age Race and % predicted Medications at time of sample collection

Control F 33 Asian 2.53 (85%) None

Asthmatic F 29 Caucasian 2.73 (81%) Albuterol inhaler (PRN), Advair 250/50 (BID)

Control F 22 Caucasian 3.38 (107%) None

Asthmatic M 31 African-American 2.99 (88%) Albuterol inhaler (PRN), Symbicort 160/4.5 (BID),
Protopic (topical drug- BID for alopecia)

Asthmatic F 44 African-American 2.40 (94%) Albuterol inhaler (PRN), Advair 500/50 (BID), Nexium
40 mg OD

Control F 54 Caucasian 2.83 (97%) Cozaar for high blood pressure

Control M 21 Mexican-American 3.84 (84%) None

Asthmatic F 32 Mexican-American 2.02 (68%) Albuterol inhaler (PRN), Advair 250/50 (BID)

Control F 34 Mexican-American 2.48 (84%) Zyrtec (PRN for seasonal allergies)

Asthmatic M 47 African-American 2.23 (64%) Albuterol inhaler (PRN), Advair 500/50 (BID)

Asthmatic M 30 Caucasian 3.46 (85%) Albuterol inhaler (PRN)

Asthmatic M 31 African-American 3.95 (95%) Albuterol inhaler (PRN), Claritine tb (PRN for
seasonal allergies)

Asthmatic F 51 African-American 1.97 (74%) Albuterol inhaler (PRN), Allegra tb (PRN for seasonal
allergies)

Asthmatic M 42 Caucasian 2.84 (78%) Albuterol inhaler (PRN), Symbicort 160/4.5 (BID)

Control M 24 Caucasian 4.10 (89%) None

Asthmatic F 31 Asian 1.72 (60%) Asmanex 220 mcg (OD), Albuterol inhaler (PRN)

Control F 36 Asian 2.24 (83%) None

Asthmatic F 52 African-American 1.94 (89%) Albuterol inhaler (PRN), Advair 100/50 (BID),
Lisinopril 10 mg for high blood pressure

Asthmatic F 48 African-American 1.93 (81%) Albuterol inhaler (PRN), Advair 250/50 (BID),
Claritine tb (PRN for seasonal allergies)

Control F 25 Caucasian 4.11 (116%) None

Control F 39 African-American 2.57 (94%) Lisinopril/hydrochlorothiazide for high blood pressure

and K¢,3.1 channels. Selective blockers of K,1.3, such as the
peptide ShK-186, inhibit the production of Th1l and Th17 cyto-
kines and the proliferation and migration of T, cells, whereas
selective blockade of K.,3.1 channels preferentially targets
naive/ Ty, cells (11-13, 17). Consequently, ShK-186 prevents
and treats disease expression in rat models of delayed type
hypersensitivity, multiple sclerosis, and rheumatoid arthritis
mediated by Th1/Th17 lymphocytes without preventing the
clearance of acute bacterial and viral infections and without
inducing toxicity in rodents or non-human primates (11,12, 18,
19). ShK-186 has successfully completed Phase 1a first-in-man
safety clinical trials (20).

Here we show that T lymphocytes from the airways of
patients with allergic asthma express large numbers of K,,1.3.
ShK-186 inhibited the allergen-induced proliferation and pro-
duction of IL-4 by peripheral blood T cells from patients with
asthma. A similarly high expression of K,,1.3 by T lymphocytes
was detected in the lungs of rats using a model of asthma.
Administration of ShK-186 at the time of antigen challenge
reduced immune cell infiltration in the BALF and also reduced
production of IL-4, IL-5, and antigen-induced T cell prolifera-
tion, resulting in a reduction in airway reactivity. Our results
suggest that K, 1.3 represents effective targets for the treatment
of allergic asthma.

EXPERIMENTAL PROCEDURES

Human Samples—We obtained sputum and peripheral
blood samples from subjects with mild to moderate asthma and
from healthy volunteers using methods previously described
(21). Subjects were non-smokers and had a base-line forced
expiratory volume in 1 s (FEV1) of =60% predicted at the time
of collecting the induced-sputum. Subjects were on no systemic
corticosteroids or other immunosuppressive medications, but
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some were taking short- or long-acting 32 agonists and/or
inhaled corticosteroids. Subject demographics are shown in
Table 1. The human protocol was reviewed and approved by the
Baylor College of Medicine Institutional Review Board.

Patch Clamp Electrophysiology—Mononuclear cells isolated
from peripheral blood or induced sputum of subjects with
asthma or healthy volunteers and from BALF or spleens of rats
with a model of asthma were stained with AlexaFluor 488-con-
jugated anti-human or anti-rat CD3 antibodies (eBioscience
and Biolegend, San Diego, CA). CD3™ cells were immediately
patch-clamped in the whole-cell configuration to determine
numbers of functional K,/ 1.3 channels at the plasma mem-
brane, as described (12, 13, 22, 23).

Flow Cytometry—Cells isolated from the induced sputum of
subjects with asthma and healthy volunteers or from single-cell
suspensions prepared from the lungs and spleens of rats with
ovalbumin-induced asthma were washed with FACS-PBS (cal-
cium-free PBS + 2% goat serum + 2% BSA). They were stained
with anti-human or anti-rat CD3 antibodies conjugated to allo-
phycocyanin (BD Biosciences) and either 20 nm ShK-F6CA (24)
or anti-human CCR7 and anti-human CD45RA antibodies
conjugated to FITC and V450, or anti-rat CD45RC antibodies
conjugated to phycoerythrin (all from BD Biosciences) in
FACS-PBS for 20 min on ice in the dark. After 3 washes with
FACS-PBS, cells were fixed for 20 min at room temperature with
PBS + 1% paraformaldehyde, and data were acquired on a BD
Cantoll or a BD LSRII flow cytometer (BD Biosciences) using
FACSDiva and analyzed using Flow]Jo (Treestar, Ashland, OR).

[PH]Thymidine Incorporation and Detection of Intracellular
Cytokines—Proliferation assays were performed as previously
described (11-13, 23, 25, 26). Intracellular levels of IL-4, IL-5,
and IL-13 were detected by flow cytometry after a 6-h allergen-
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induced activation in the presence of 100 nm ShK-186 or vehicle
and of the protein transport inhibitor brefeldin A.

Animals and Induction of Airway Inflammation—All proce-
dures were conducted after approval by the Institutional Ani-
mal Care and Use Committee at Baylor College of Medicine.
Baylor College of Medicine follows the requirements of the
Guide for the Care and Use of Laboratory Animals (National
Research Council, eighth edition). Female F344 rats (7—9 weeks
old) were purchased from Harlan-Sprague-Dawley (Indianap-
olis, IN) and housed in autoclaved setups with food and water
ad libitum. Airway inflammation to endotoxin-free ovalbumin
(Biovendor R&D, Asheville, NC) was induced as previously
described (27). Briefly, F344 rats received a subcutaneous
immunization with 500 wl/rat of an ovalbumin-alum solution
prepared by dissolving 5 ml of 500 ug/ml endotoxin-free Ova in
emulsion with 5 ml of 0.5 g/5 ml of aluminum potassium sulfate
dodecahydrate adjuvant (Sigma) in sterile, pyrogen-free 0.9%
NaCl. Animals received a subcutaneous booster injection of the
same emulsion 7 days later. Fourteen days after the last immu-
nization, rats were challenged with an intratracheal bolus (500
wl/rat) of 500 pug/ml endotoxin-free ovalbumin in PBS. Chal-
lenges were given every day for three consecutive days.

Administration of ShK-186—ShK-186 (synthetic analog of
ShK; accession number P29187) is a well characterized, potent,
and selective peptide blocker of K,1.3 channels (14, 15). It was
manufactured using solid-phase synthesis as described and dis-
solved in P6N buffer (10 mm NaHPO,, 0.8% NaCl, 0.05% Tween
20, pH 6.0) for verification of selectivity and potency by patch
clamp electrophysiology (11, 12, 17, 19). Rats received a daily
subcutaneous injection of P6N buffer (vehicle) or ShK-186 (0.1
mg/kg) in the scruff of the neck at time of challenge with
ovalbumin.

Airway Hyper-responsiveness Measurement—Measurements
of airway hyper-responsiveness were conducted 24 h after the
last intra-tracheal challenge with ovalbumin as previously
described, with some modifications (28, 29). Briefly, rats were
anesthetized with etomidate and intubated for continuous ven-
tilation inside a whole body plethysmograph using 100% oxy-
gen to maintain physiologic pH and arterial PCO,. A stable base
line was established for respiratory system resistance as deter-
mined by continuously quantitating APt/V (where APt =
change in tracheal pressure, and V = change in air flow) at 70%
tidal volume. Acetylcholine chloride was administered via tail
vein injection over 1 s in increasing doses. The provocative
concentration of acetylcholine that caused a 200% increase in
resistance was calculated and plotted.

Bronchoalveolar Lavage, Lung, and Spleen Collection—BALF
and lungs were collected after measurement of airway respon-
siveness for differential counts, functional assays on T lympho-
cytes, and detection of K,,1.3 channels on lung-infiltrating T
lymphocytes and of cytokines as described (27, 28).

Cytokine ELISAs—Kits to measure cytokine levels in the
BALF from rats were purchased from R&D Systems (Minneap-
olis, MN) for IL-10, from Qiagen (Valencia, CA) for IL-13, from
Ray Biotech (Norcross, GA) for IL-4, and from Signosis (Sunny-
vale, CA) for IL-5 and were used following manufacturers’
instructions.
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Statistical Analysis—Data are expressed as the mean = S.E.
Statistical analysis was performed using the non-parametric
Mann-Whitney U test for all tests but the dose-response to
acetylcholine, for which we used a two-way analysis of variance
(GraphPad Prism, La Jolla, CA). p values of less than 0.05 were
considered significant in all statistical analyses.

RESULTS

K 1.3 Channels Are Expressed at High Levels by
CCR7 CD45RA ™ T, Lymphocytes in the Induced Sputum of
Patients with Asthma—W'e used the whole-cell technique of
patch clamp electrophysiology to detect functional K,,1.3 chan-
nels at the plasma membrane of CD3™ cells in the induced
sputum of subjects with asthma and control subjects. The bio-
physical properties of K,,1.3 channels in all samples analyzed by
whole-cell patch clamp were similar to those previously
described for native K,,1.3 channels in human and rat T lym-
phocytes and for cloned K,,1.3 channels (13, 23, 30). The chan-
nels displayed a slow inactivation, typical of Ky,1.3, when pulsed
every 30 s at 40 mV (Fig. 1A); they had a half-activation voltage
of ~—32 mV (Fig. 1, D and E). Pulsing every 1 s induced a
progressive reduction in current amplitude, known as the “use
dependence” characteristic for K,/ 1.3 (data not shown). We
measured the total K™ conductance through K,,1.3, and know-
ing that the single-channel conductance for this channel is 12
picosiemens (30), we calculated the number of functional K,1.3
channels at the plasma membrane of each T lymphocyte. T cells
from the induced sputum of subjects with asthma displayed
higher numbers of K, 1.3 channels (channel numbers ranged
from 615 to 1559 per cell) and a higher density of K,1.3 chan-
nels than T cells in the induced sputum of healthy controls
(channel numbers ranged from 492 to 809 per cells; p < 0.05) or
T cells in the peripheral blood of either subjects with asthma or
controls (channel numbers ranged from 411 to 636 and from
427 to 627, respectively; p < 0.01 for both) (Fig. 1, A-C).

Flow cytometry using ShK-F6CA, a fluorophore-conjugated
K, 1.3-binding peptide (24), detected staining on CD3™ cells
only in the induced sputum from subjects with asthma (Fig. 1, F
and G). The other samples displayed minimal staining (p < 0.01
when comparing mean fluorescence intensity of T cells from
asthma-induced sputum with T cells from the other three sam-
ples), suggesting a number of channels below the 600-channel
detection threshold described for ShK-F6CA (11, 24). Using
flow cytometry, we also found that 33.3 = 3.3% of T lympho-
cytes in the induced sputum of subjects with asthma are
CD45RA™CCR7™ Ty, cells, a number significantly higher
than found in the induced sputum of control subjects (14.9 *
1.1%; p < 0.05) or in the peripheral blood of subjects with
asthma (9.9 = 3%; p < 0.01) or of healthy subjects (6.4 = 0.5%;
p <0.01) (Fig. 1, H and ]).

ShK-186 Inhibits the Activation of Allergen-specific Th2 Lym-
phocytes Isolated from the Blood of Patients with Asthma—ShK-
186 is known to inhibit the proliferation and secretion of cyto-
kines (IL-2, IFNvy, IL-17A) by human Thl and Thl7 Tpy
lymphocytes (14, 15). To determine its effects on the function of
Th2 lymphocytes, we stimulated peripheral blood T lympho-
cytes from human subjects with asthma with a panel of aller-
gens or the mitogen phytohemagglutinin and determined the
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FIGURE 1.Ky 1.3 channel expression in Tlymphocytesisolated from the induced sputum and the peripheral blood of patients with asthma and healthy
volunteers. A, representative whole-cell K,1.3 currents in T lymphocytes. B, K,/1.3 channel number measured by whole-cell patch clamp. Each symbol
represents the mean *+ S.E. of 8-15 cells from a different donor. C, table detailing the values obtained in panel B. pF, picofarads. D, normalized peak K*
conductance-voltage relations fitted to a Boltzmann function to determine the half-activation voltage of the K, current. £, half-activation voltages determined
in D. F, representative K, 1.3 channel expression detected by staining of CD3™ cells with ShK-F6CA (black line) in cells from a donor in each group shown in A.
Cells incubated with unlabeled ShK are shown in gray. G, difference in mean fluorescence intensity (MF/) for each type of samples shown in panel F. H,
representative flow cytometric profile of CD3* cells stained for CCR7 and CD45RA. /, quantification of the different subsets of T cells based on expression levels
of CCR7 and CD45RA in the subjects analyzed. Data are shown as the mean = S.E. (n = 5 subjects with asthma and 5 control subjects).
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FIGURE 2. ShK-186 inhibits the allergen-induced proliferation of T lym-
phocytes isolated from the peripheral blood of patients with asthma.
Mean = S.E. of data obtained in triplicate with cells from three different
patients with asthma (one per plot) are shown. *, p < 0.05 (Mann-Whitney U
test).

effect of ShK-186 on their proliferation and production of Th2
cytokines. ShK-186 caused a dose-dependent inhibition of
allergen-induced T cell proliferation regardless of the allergen
used (Fig. 2). In contrast, the phytohemagglutinin-induced pro-
liferation of T lymphocytes was not significantly affected by the
K,/1.3 blocker.

ShK-186 significantly reduced IL-4 and IL-5 production by
allergen-stimulated peripheral T cells from subjects with
asthma (p < 0.001 and p < 0.01, respectively; Fig. 3). The pro-
duction of IL-13 was not affected by ShK-186 (p > 0.05) Thus,
consistent with its ability to inhibit T, cell function, ShK-186
selectively inhibited antigen-specific proliferation and cytokine
secretion from human T, cells.

Infiltrating T Cells in the Lungs of Rats with an Ovalbumin-
induced Model of Asthma Are CD45RC~ Memory T Cells and
Express High Levels of K, 1.3 Channels—Whole-cell patch
clamp demonstrated that lung-infiltrating T lymphocytes in
rats with a model of asthma express a large number of K,,1.3
channels (1156 = 297 channels/cell), whereas splenic T lym-
phocytes from the same rats express only 153 * 108 K,/1.3
channels/cell (Fig. 4, A—C). We next used flow cytometry to
detect K,/ 1.3 channels on T lymphocytes in the lungs and
spleens of rats with a model of asthma induced against ovalbu-
min. Splenic T cells expressed fewer than 600 K, 1.3 channels
per cell, as demonstrated by a lack of staining with ShK-F6CA
(Fig. 4, D and E). In contrast, expression of Ky,1.3 was detectable
by T lymphocytes in the lungs. Finally, flow cytometry also
demonstrated that approximately half of the lung-infiltrating T
lymphocytes in those rats are CD45RC™, a phenotype of mem-
ory T cells (11, 31), whereas fewer than 15% of splenic T cells
exhibited this phenotype (Fig. 4, F and G).

ShK-186 Reduces Immune Infiltrates in the BALF of Rats with
Ovalbumin-induced Asthma and Inhibits the ex Vivo Prolifera-
tion of Ovalbumin-specific T Lymphocytes Isolated from the
BALF—BALF was collected from the rats immediately after
measurement of airway reactivity, 24 h after the last intra-tra-
cheal challenge with ovalbumin. The number of total cells and
of eosinophils, neutrophils, and lymphocytes in BALF was sig-
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FIGURE 3. ShK-186 inhibits the allergen-induced production of IL-4 by T
lymphocytes isolated from the peripheral blood of patients with
asthma. A, representative flow cytometric profiles of IL-4 (left), IL-5 (middle),
and IL-13 (right) production in CD3™ cells without (top) and with (bottom) 100
nm ShK-186. B, percentages of CD3"IL-4* (left), CD3"IL-5" (middle), and
CD37"IL-13" cells; each symbol represents a different donor. **, p < 0.01; ***,
p < 0.001 (Mann-Whitney U test).

nificantly increased in rats immunized and challenged with
ovalbumin when compared with healthy rats (Fig. 5, A and B).
Systemic administration of ShK-186 reduced the number of
total BALF cells by 63% (Fig. 54). ShK-186 treatment also
reduced the number of BALF eosinophils by 78%, of neutro-
phils by 76%, and of lymphocytes by 55% (Fig. 5B).

To determine the effects of the in vivo administration of ShK-
186 on the proliferation of lung-infiltrating ovalbumin-specific
T lymphocytes, we measured the base-line and ovalbumin-in-
duced proliferation of BALF cells (Fig. 5C). The base-line total
cell proliferation was higher in the ShK-186-treated rats than in
the vehicle-treated rats (p < 0.05). The ex vivo stimulation with
ovalbumin induced a 54% increase in the proliferation of cells
isolated from the BALF of the vehicle-treated rats (p < 0.05
when compared with baseline proliferation). In contrast,
ovalbumin did not increase the proliferation of the cells from
the BALF of ShK-186 treated rats (p = 0.68). These results
suggest that the in vivo administration of ShK-186 inhibits the
proliferation of lung-infiltrating ovalbumin-specific T cells.

ShK-186 Inhibits the Production of IL-4 and IL-5 and Induces
the Production of IL-10 in the BALF of Rats in a Model of
Asthma—Because ShK-186 reduced airway inflammation and a
Th2 response is an important feature of the ovalbumin model of
asthma in F344 rats, we determined the effects of ShK-186 on
Th2 cytokine levels in BALF (32). Immunization and challenge
with ovalbumin significantly increased the amounts of IL-4,
IL-5, and IL-13 in the BALF of rats (Fig. 6, A, B, and C). Treat-
ment with ShK-186 significantly reduced the levels of IL-4 and
IL-5 (p < 0.01 and p < 0.05, respectively) but only marginally
those of IL-13 (p > 0.05).
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FIGURE 4. K,1. 3 channel phenotype of T lymphocytes in the lungs and
spleens of rats with ovalbumin-induced asthma. A, representative whole-
cell Ky1.3 currents in T lymphocytes. B, K,/ 1.3 channel number measured by
whole-cell patch clamp. Each symbol represents the mean = S.E. of a mini-
mum of six cells from a different rat. C, table detailing the values obtained in
panel B. pF, picofarads. D, representative K, 1.3 channel expression detected
by staining of CD3™ cells with ShK-F6CA (black lines) in single-cell suspen-
sions. CD3-stained cells incubated with unlabeled ShK are shown in gray. E,
difference in mean fluorescence intensity (MFI) for each type of samples
shown in panel D. F, representative flow cytometric histograms of CD3™ cells
stained for CD45RC. G, quantification of CD3*CD45RC ™ cells. *, p < 0.05; **,
p < 0.01 (Mann-Whitney U test).

Patients with asthma have lower levels of IL-10 in their lungs,
and an increase in IL-10 production has been proposed for
immunotherapy (33). Interestingly, the knockdown of Ky,1.3 in
mice induces overexpression of IL-10 by lymphocytes (34); we,
therefore, tested the effects of ShK-186 in IL-10 levels in the
BALF of rats. Rats with ovalbumin-asthma had a similar
amount of IL-10 in their BALF as healthy rats (Fig. 6D). Treat-
ment with ShK-186 at time of ovalbumin challenge induced a
2-fold increase in the amount of IL-10 in rat BALF.

ShK-186 Reduces Airway Hyper-responsiveness in a Rat
Model of Asthma—Immunization of F344 rats against ovalbu-
min and subsequent intra-tracheal instillations of ovalbumin
induced airway hyper-reactivity, measured as a percentage
increase of respiratory system resistance (Ry,) after challenges
with increasing doses of acetylcholine challenge (Fig. 7). In rats
sensitized and challenged with ovalbumin, the dose-response
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immune cells in the BALF of rats. A, total BALF cell count. n = 8 rats per
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p < 0.001 (Mann-Whitney U test).

Ova

curve of Ry, was shifted to the left when compared with healthy
animals. Moreover, the percentage of Ry, induced by 3 ug/g of
body weight acetylcholine increased significantly in the ovalbu-
min-challenged rats compared with control animals (p <
0.001). The subcutaneous injection of ShK-186 at the time of
intra-tracheal instillation of Ova significantly reduced airway reac-
tivity (p < 0.01). At the highest dose of acetylcholine, the percent-
age of Ry, induced in ShK-186 treated rats was similar to that
measured in control rats. These results suggest that ShK-186
reduces ovalbumin-induced airway hyper-responsiveness.

DISCUSSION

K/1.3 channels expressed by T lymphocytes have been pro-
posed as targets for the treatment of chronic inflammatory dis-
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eases mediated by Th1/Th17 lymphocytes (14, 15). Here, we
demonstrate that the K, 1.3"" phenotype of T lymphocytes
described in those diseases is also a feature of a significant pro-
portion of lower airway- and lung-infiltrating T cells in human
and experimental asthma. By using ShK-186, a potent and
selective blocker of K,,1.3 channels, we show that these chan-
nels are attractive targets for the treatment of asthma by inhib-
iting the allergen-induced proliferation and production of Th2
cytokines by T cells from subjects with asthma. In addition,
ShK-186 treatment of rats with ovalbumin-induced asthma
induced a decrease in inflammation and airway reactivity.

The majority of T lymphocytes in the induced sputum of
subjects with asthma belonged to the CD45RA™ memory phe-
notype (~85% of CD3™" cells), of which almost half were
CD45RA ™ CCR7™ Ty cells and expressed high levels of K,1.3
channels at their plasma membranes. These findings are con-
sistent with the infiltrating T lymphocytes being activated
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CD45RA ™ CCR7™ Ty cells, as previously described in asthma
(8). The K, 1.3™" phenotype of T cells was also previously
observed at sites of inflammation in other T cell-mediated
chronic inflammatory diseases, such as the synovium and syno-
vial fluid in rheumatoid arthritis, the brain and cerebrospinal
fluid in multiple sclerosis, and the skin in psoriasis (12, 35, 36).
However, all of these diseases are mediated by Th1/Th17 lym-
phocytes, whereas Th2 lymphocytes play a role in disease
pathogenesis in a large number of patients with asthma. The
targeting of K\, 1.3 channels in T lymphocytes for the treatment
of asthma has been hypothesized in recent reviews by us and
our collaborators based on the successful inhibition of Th1/
Th17 lymphocytes in autoimmune diseases as ShK-186, and
other K,/1.3 channel blockers have been shown to inhibit the
secretion of IL-2, IFNy, and IL-17A by Tg,, lymphocytes (14,
15, 20, 37). However, this study is to our knowledge the first to
test the efficacy of a K,,1.3 channel blocker in inhibiting the
function of human Th2 lymphocytes isolated from subjects
with asthma and in treating an animal model of asthma.

The isolation of T lymphocytes from the induced sputum of
human subjects used a relatively harsh protocol, but the cells
remained viable. Each patch clamp assay to detect K,,1.3 chan-
nels involved pulsing to 40 mV every 30 s for 3—5 min until a
stable current was obtained, indicating complete perfusion of
the cell with the pipette solution, after which cells underwent a
use-dependent pulse protocol (10 pulses for 200 ms, each at a
1-s interval). In addition a few cells from each subject were
further used for measuring K, currents at different voltages
(—60 to 60 mV every 30 s) to determine the half-activation
voltage of the channel. Such protocols would not yield clean
currents if the cells were non-viable. T lymphocyte mainte-
nance in culture for more than a few hours was, however, hin-
dered by the presence of fungi in the samples, a common occur-
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rence in patients with asthma (38 —40), and the use of sufficient
amounts of amphotericin B in the culture media to prevent
fungal growth also affected T cell viability.

Cell capacitance is directly correlated to cell volume and,
therefore, gives a good indication of cell size. Previous reports
showed that human resting peripheral blood T lymphocytes
have a cell capacitance of ~2 picofarads (13, 16,41). In contrast,
our data show a capacitance of ~ 4 picofarads in both periph-
eral blood and induced sputum. This discrepancy cannot be
explained by the method used to collect blood (heparinized
tubes) or to isolate the mononuclear cells as we used standard
technique. The only differences between the T cells we have
analyzed here and those in previous reports are the fact that
blood was drawn from subjects after the procedure for
inducing and collecting sputum and that the cells were
stained with a fluorophore-conjugated anti-CD3 antibody
immediately before patch clamp.

ShK-186 inhibited the allergen-induced proliferation of
peripheral blood T lymphocytes from subjects with asthma but
did not affect their proliferation induced by phytohemaggluti-
nin. These results are in agreement with previous work showing
that ShK-186 and other blockers of K,1.3 preferentially affect
CD45RA™CCR7™ Ty, cells (11-13, 18) and that disease-rele-
vant T cells in asthma are CD45RA™CCR7™ Ty, cells (8). Phy-
tohemagglutinin is a mitogen that activates all human T lym-
phocytes. Because the majority of circulating T cells are CCR7 ™"
naive and Ty, cells, our results are consistent with previous
findings showing that naive and T, cells escape K,,1.3 block
by up-regulating K,3.1 upon activation (11-13, 18). More-
over, the IC,, for inhibition of allergen-induced T lymphocyte
proliferation was in the low nm range, consistent with published
values for ShK-186 (12, 17, 18).

The detection of fewer than 10% T lymphocytes producing
Th2 cytokines in the blood of subjects with asthma after aller-
gen-induced ex vivo activation is consistent with previously
published results using a similar procedure (42—44). ShK-186,
used at a concentration of 100 nu, inhibited the allergen-in-
duced production of IL-4 and IL-5 by human T lymphocytes by
~50%. This result is in agreement with previous data showing a
similar inhibition of thapsigargin-induced IL-4 production by
human T cells (15). The allergen-induced production of IL-13
by human T lymphocytes was not affected by ShK-186 nor were
theIL-13 levels in the BALF of rats with the ovalbumin-induced
model of asthma. These results are in agreement with previous
reports that showed blocking K,,1.3 channels at the plasma
membrane does not affect all signaling pathways in T lympho-
cytes (14, 15).

The systemic administration of ShK-186 (0.1 mg/kg) after
intra-tracheal challenge with ovalbumin reduced airway reac-
tivity, immune infiltrates, and T lymphocyte activation in a rat
model of asthma. This dose, regimen, and delivery method of
ShK-186 is consistent with previous studies using the same
K,/1.3 blocker to prevent or treat rat models of delayed type
hypersensitivity, multiple sclerosis, and rheumatoid arthritis
(12,17-19). Pharmacokinetic and pharmacodynamic studies in
rats have shown that, after a single subcutaneous injection,
ShK-186 reaches a maximum plasma concentration in less than
5 min and has a half-life of less than 10 min (19). However,
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ShK-186 forms a slow-release depot at the site of injection with
a biphasic half-life of 1.5 h initially and a terminal half-life over
48 h (19). This leads to sufficient blood concentrations of free
ShK-186 to block K,1.3 for a minimum of 2 days. In addition,
the high affinity of ShK-186 for K,,1.3 channels (K, = 70 pm)
means that once the blocker is bound to the channel it does not
easily detach (14, 15). The in vivo half-life of channel-bound
ShK-186 is likely longer than 2 days.

The in vivo administration of ShK-186 resulted in a higher
base-line proliferative rate of BALF cells. Blocking KV1.3 chan-
nels has never been associated with the increase of cell prolif-
eration; it is, therefore, unlikely that this increased proliferative
rate in the absence of exogenous mitogen or antigen is directly
caused by the ShK-186 effect on cells of the BALF, but such an
effect cannot be ruled out. A more likely explanation for this
difference in proliferative rate resides in the different cellular
composition of the sample as the cells from vehicle-treated rats
contained more eosinophils and neutrophils and those from
ShK-186-treated rats contained more macrophages, and the
different cell subsets proliferate at different rates in culture in
the absence of exogenous antigens or mitogens. Human and
mouse eosinophils and neutrophils express ATP-dependent
and K, potassium channels, but no currents resembling K,,1.3
were observed in those cells (45— 48). ShK-186 is 100-fold selec-
tive for K,,1.3 over the closely related K, 1.1 and 700-fold or
more selective for K,,1.3 over all other ion channels tested (11,
14, 15). Thus, at the concentrations used in vivo and in vitro
during this study, ShK-186 does not affect the function of ion
channels expressed by human and mouse eosinophils and neu-
trophils. If the potassium channel phenotype of human and
mouse cells holds true in F344 rats, ShK-186 would have no
direct effects on these cell types in the model of asthma used in
this study. Macrophages express a number of potassium chan-
nels, including K,1.3 (48, 49). In macrophages, however, K,,1.3
subunits associate with K,,1.5 subunits to form heterotetra-
meric channels (49). Because ShK-186 has no effect on K, 1.5 at
the concentrations used here, K,,1.3/K,,1.5 heterotetramers are
less sensitive to this blocker (14, 15, 49).

The knockdown of K,,1.3 in mice biases T lymphocytes
toward an immunoregulatory phenotype with increased pro-
duction of IL-10 (34). Our results demonstrate that blocking
K,/ 1.3 channels with ShK-186 induces an increase in IL-10 in
the BALF of rats with ovalbumin-induced asthma, suggesting
that blocking K,,1.3 may have the same effect of T lymphocyte
differentiation into a regulatory phenotype as deletion of the
channel.

The findings presented here support the efficacy of blocking
Ky1.3 channels in reducing inflammation and airway reac-
tivity in a rat model of ovalbumin-induced asthma. K, 1.3
channels represent an attractive family of potential thera-
peutics for both asthma and autoimmune diseases because in
humans K, 1.3 channels selective blockers preferentially tar-
get CCR7~CD45RA™ Ty, lymphocytes, leaving CCR7 " naive
and Ty, lymphocytes and cells of the innate immune systems
free to fight tumors and acute infections. In addition, because of
the restricted tissue distribution of homotetramers of the K,,1.3
channels to lymphocytes and the olfactory bulb (14, 15, 50) and
the requirement of ShK-186 to bind to all 4 subunits of the
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tetramer (51, 52), ShK-186 and similar K,1.3 blockers lack side
effects in other systems. Indeed, blocking the K, 1.3 channel
does not prevent the clearance of acute viral or bacterial infec-
tions and does not induce overt toxicity in rodents or non-
human primates (9, 14, 15). Furthermore, ShK-186 does not
prevent all subsets of human natural killer lymphocytes from
killing tumor cells, suggesting it will not increase the risk of
cancer (53). In contrast, current approved medications that tar-
get T lymphocytes to treat these diseases are not selective for
CD45RA ™ CCR7™~ Tgy, lymphocytes and are known to induce
significant immune side effects, such as an increase in the risk of
infections or tumors in addition to non-immune side effects
through affecting other organ systems. ShK-186 has already
successfully undergone Phase 1a first-in-man safety clinical tri-
als and is currently undergoing Phase 1b clinical trials (20).

Our study was conducted by the systemic administration of
ShK-186 but, because ShK-186 and other ShK analogs are sta-
ble and resistant to proteases (17), they may be amenable to
aerosolization and direct delivery into the lumen of the airways
for the treatment of asthma.

Acknowledgments—The Cytometry and Cell Sorting Core at Baylor
College of Medicine is supported in part by National Institutes of
Health Grants RR024574, AI036211, and CA125123.

REFERENCES

1. Bousquet, J., Jeffery, P. K., Busse, W. W., Johnson, M., and Vignola, A. M.
(2000) Asthma. From bronchoconstriction to airways inflammation and
remodeling. Am. J. Respir. Crit. Care Med. 161, 1720-1745

2. Barnes, P. J. (2010) New therapies for asthma: is there any progress?
Trends Pharmacol. Sci. 31, 335—343

3. Follenweider, L. M., and Lambertino, A. (2013) Epidemiology of asthma in
the United States. Nurs. Clin. North Am. 48, 1-10

4. Baiz, N., and Annesi-Maesano, L. (2012) Is the asthma epidemic still as-
cending? Clin. Chest Med. 33, 419 —429

5. Holgate, S. T. (2008) Pathogenesis of asthma. Clin. Exp. Allergy 38,
872—-897

6. Medoff, B. D., Thomas, S. Y., and Luster, A. D. (2008) T cell trafficking in
allergic asthma: the ins and outs. Annu. Rev. Immunol. 26, 205-232

7. Schuijs, M. J., Willart, M. A., Hammad, H., and Lambrecht, B. N. (2013)
Cytokine targets in airway inflammation. Curr. Opin. Pharmacol. 13,
351-361

8. Syed, F., Blakemore, S. J., Wallace, D. M., Trower, M. K., Johnson, M.,
Markham, A. F., and Morrison, J. F. (1999) CCR7 (EBI1) receptor down-
regulation in asthma: differential gene expression in human CD4™ T lym-
phocytes. QJM 92, 463—471

9. Cahalan, M. D., and Chandy, K. G. (2009) The functional network of ion
channels in T lymphocytes. Immunol. Rev. 231, 59— 87

10. Feske, S., Skolnik, E. Y., and Prakriya, M. (2012) Ion channels and trans-
porters in lymphocyte function and immunity. Nat. Rev. Immunol. 12,
532-547

11. Beeton, C., Pennington, M. W., Wulff, H., Singh, S., Nugent, D., Crossley,
G., Khaytin, I, Calabresi, P. A., Chen, C.-Y., Gutman, G. A., and Chandy,
K. G. (2005) Targeting effector memory T cells with a selective peptide
inhibitor of K/1.3 channels for therapy of autoimmune diseases. Mol.
Pharmacol. 67, 1369 -1381

12. Beeton, C., Wulff, H., Standifer, N. E., Azam, P., Mullen, K. M., Penning-
ton, M. W., Kolski-Andreaco, A., Wei, E., Grino, A., Counts, D. R., Wang,
P. H., LeeHealey, C. ], S. Andrews, B., Sankaranarayanan, A., Homerick,
D., Roeck, W. W., Tehranzadeh, J., Stanhope, K. L., Zimin, P., Havel, P. J.,
Griffey, S., Knaus, H. G., Nepom, G. T., Gutman, G. A, Calabresi, P. A,
and Chandy, K. G. (2006) K, 1.3 channels are a therapeutic target for T
cell-mediated autoimmune diseases. Proc. Natl. Acad. Sci. U.S.A. 103,

SASBMB

MAY 2,2014+VOLUME 289-NUMBER 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Targeting K,,1.3 Channels in Asthma

17414-17419

Wulff, H., Calabresi, P. A., Allie, R., Yun, S., Pennington, M., Beeton, C.,
and Chandy, K. G. (2003) The voltage-gated Ky,1.3 K" channel in effector
memory T cells as new target for MS. . Clin. Invest. 111, 1703-1713
Beeton, C., Pennington, M. W., and Norton, R. S. (2011) Analogs of the sea
anemone potassium channel blocker ShK for the treatment of autoim-
mune diseases. Inflamm. Allergy Drug Targets 10, 313-321

Chi, V., Pennington, M. W., Norton, R. S., Tarcha, E. J., Londono, L. M.,
Sims-Fahey, B., Upadhyay, S. K., Lakey, J. T., Iadonato, S., Wulff, H., Bee-
ton, C., and Chandy, K. G. (2012) Development of a sea anemone toxin as
an immunomodulator for therapy of autoimmune diseases. Toxicon 59,
529 -546

Ghanshani, S., Wulff, H., Miller, M. J., Rohm, H., Neben, A., Gutman,
G. A, Cahalan, M. D,, and Chandy, K. G. (2000) Up-regulation of the
IKCal potassium channel during T-cell activation: molecular mechanism
and functional consequences. /. Biol. Chem. 275, 37137-37149
Pennington, M. W., Beeton, C., Galea, C. A., Smith, B. J., Chi, V., Mon-
aghan, K. P., Garcia, A., Rangaraju, S., Giuffrida, A., Plank, D., Crossley, G.,
Nugent, D., Khaytin, L, Lefievre, Y., Peshenko, I., Dixon, C., Chauhan, S.,
Orzel, A., Inoue, T., Hu, X., Moore, R. V., Norton, R. S, and Chandy, K. G.
(2009) Engineering a stable and selective peptide blocker of the K,1.3
channel in T lymphocytes. Mol. Pharmacol. 75, 762-773

Matheu, M. P., Beeton, C., Garcia, A., Chi, V., Rangaraju, S., Safrina, O.,
Monaghan, K., Uemura, M. I, Li, D., Pal, S., de la Maza, L. M., Monuki, E.,
Flagel, A., Pennington, M. W., Parker, I, Chandy, K. G., and Cahalan,
M. D. (2008) Imaging of effector memory T cells during a delayed-type
hypersensitivity reaction and suppression by K,,1.3 channel block. Immu-
nity 29, 602— 614

Tarcha, E. J., Chi, V., Munoz-Elias, E. J., Bailey, D., Londono, L. M., Upa-
dhyay, S. K., Norton, K., Banks, A., Tjong, I, Nguyen, H., Hu, X., Ruppert,
G. W, Boley, S. E,, Slauter, R., Sams, ]., Knapp, B., Kentala, D., Hansen, Z.,
Pennington, M. W, Beeton, C., Chandy, K. G., and Iadonato, S. P. (2012)
Durable pharmacological responses from the peptide ShK-186, a specific
Ky 1.3 channel inhibitor that suppresses T cell mediators of autoimmune
diseases. J. Pharmacol. Exp. Ther. 342, 642— 653

Norton, R. S., Pennington, M. W., and Beeton, C. (2013) Transforming a
toxin into a therapeutic: the sea anemone potassium channel blocker ShK
toxin for treatment of autoimmune diseases in Venoms to drugs: Venom as
a source for the development of human therapeutics (King, G. F., ed.) Royal
Society of Chemistry, London, in press

Pizzichini, M. M., Popov, T. A., Efthimiadis, A., Hussack, P., Evans, S.,
Pizzichini, E., Dolovich, J., and Hargreave, F. E. (1996) Spontaneous and
induced sputum to measure indices of airway inflammation in asthma.
Am. ]. Respir. Crit. Care Med. 154, 866 —869

Wulff, H., Knaus, H. G., Pennington, M., and Chandy, K. G. (2004) K*
channel expression during B cell differentiation: implications for immu-
nomodulation and autoimmunity. J. Immunol. 173, 776 —786

Beeton, C., Wulff, H., Barbaria, J., Clot-Faybesse, O., Pennington, M., Ber-
nard, D., Cahalan, M. D., Chandy, K. G., and Béraud, E. (2001) Selective
blockade of T lymphocyte K* channels ameliorates experimental autoim-
mune encephalomyelitis, a model for multiple sclerosis. Proc. Natl. Acad.
Sci. U.S.A. 98, 13942-13947

Beeton, C., Wulff, H., Singh, S., Botsko, S., Crossley, G., Gutman, G. A.,
Cahalan, M. D., Pennington, M., and Chandy, K. G. (2003) A novel fluo-
rescent toxin to detect and investigate K,,1.3 channel up-regulation in
chronically activated T lymphocytes. J. Biol. Chem. 278, 9928 9937
Beeton, C., Barbaria, J., Giraud, P., Devaux, J., Benoliel, A. M., Gola, M.,
Sabatier, J. M., Bernard, D., Crest, M., and Béraud, E. (2001) Selective
blocking of voltage-gated K* channels improves experimental autoim-
mune encephalomyelitis and inhibits T cell activation. J. Immunol. 166,
936 —944

Chang, S. C,, Galea, C. A, Leung, E. W., Tajhya, R. B., Beeton, C., Penning-
ton, M. W., and Norton, R. S. (2012) Expression and isotopic labeling of
the potassium channel blocker ShK toxin as a thioredoxin fusion protein
in bacteria. Toxicon 60, 840 — 850

Kruschinski, C., Skripuletz, T., Bedoui, S., Tschernig, T., Pabst, R., Nas-
senstein, C., Braun, A., and von Hérsten, S. (2005) CD26 (dipeptidyl-
peptidase IV)-dependent recruitment of T cells in a rat asthma model.

JOURNAL OF BIOLOGICAL CHEMISTRY 12631



Targeting K,,1.3 Channels in Asthma

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Clin. Exp. Immunol. 139, 17-24

Polikepahad, S., Barranco, W. T, Porter, P., Anderson, B., Kheradmand, F.,
and Corry, D. B. (2010) A reversible, non-invasive method for airway
resistance measurements and bronchoalveolar lavage fluid sampling in
mice. J. Vis. Exp. 38, 1720

Porter, P. C., Roberts, L., Fields, A., Knight, M., Qian, Y., Delclos, G. L.,
Han, S., Kheradmand, F., and Corry, D. B. (2011) Necessary and sufficient
role for T helper cells to prevent fungal dissemination in allergic lung
disease. Infect. Immun. 79, 4459 —4471

Grissmer, S., Nguyen, A. N., Aiyar, ]., Hanson, D. C., Mather, R. J., Gut-
man, G. A., Karmilowicz, M. J., Auperin, D. D., and Chandy, K. G. (1994)
Pharmacological characterization of five cloned voltage-gated K* chan-
nels, types K, 1.1, 1.2, 1.3, 1.5, and 3.1, stably expressed in mammalian cell
lines. Mol. Pharmacol. 45, 12271234

Bunce, C., and Bell, E. (1997) CD45RC isoforms define two types of CD4
memory T cells, one of which depends on persisting antigen. J. Exp. Med.
185, 767-776

Ohtsuka, R., Shutoh, Y., Fujie, H., Yamaguchi, S., Takeda, M., Harada, T,
and Doi, K. (2005) Changes in histology and expression of cytokines and
chemokines in the rat lung following exposure to ovalbumin. Exp. Towxicol.
Pathol. 56, 361-368

Chung, F. (2001) Anti-inflammatory cytokines in asthma and allergy: in-
terleukin-10, interleukin-12, interferon-gamma. Mediators Inflamm. 10,
51-59

Gocke, A. R, Lebson, L. A, Grishkan, I. V., Hu, L., Nguyen, H. M.,
Whartenby, K. A., Chandy, K. G., and Calabresi, P. A. (2012) K,/1.3 dele-
tion biases T cells toward an immunoregulatory phenotype and renders
mice resistant to autoimmune encephalomyelitis. /. Immunol. 188,
5877-5886

Rus, H., Pardo, C. A,, Huy, L., Darrah, E., Cudrici, C., Niculescu, T., Ni-
culescu, F., Mullen, K. M., Allie, R., Guo, L., Wulff, H., Beeton, C., Judge,
S. L, Kerr, D. A, Knaus, H. G., Chandy, K. G., and Calabresi, P. A. (2005)
The voltage-gated potassium channel Ky, 1.3 is highly expressed on inflam-
matory infiltrates in multiple sclerosis brain. Proc. Natl. Acad. Sci. U.S.A.
102, 11094 -11099

Gilhar, A., Bergman, R., Assay, B., Ullmann, Y., and Etzioni, A. (2011) The
beneficial effect of blocking Ky,1.3 in the psoriasiform SCID mouse model.
J. Invest. Dermatol. 131, 118 —124

Bradding, P., and Wulff, H. (2009) The K* channels KCa3.1 and K/1.3 as
novel targets for asthma therapy. Br. J. Pharmacol. 157, 1330-1339
Porter, P., Polikepahad, S., Qian, Y., Knight, J. M., Lu, W., Tai, W. M.,
Roberts, L., Ongeri, V., Yang, T., Seryshev, A., Abramson, S., Delclos, G. L.,
Kheradmand, F., and Corry, D. B. (2011) Respiratory tract allergic disease
and atopy: experimental evidence for a fungal infectious etiology. Med.
Mycol. 49, S158 -55163

van Woerden, H. C., Gregory, C., Brown, R., Marchesi, J. R., Hoogen-
doorn, B., and Matthews, I. P. (2013) Differences in fungi present in in-
duced sputum samples from asthma patients and non-atopic controls: a
community based case control study. BMC Infect. Dis. 13, 69

Agbetile, J., Fairs, A., Desai, D., Hargadon, B., Bourne, M., Mutalithas, K.,
Edwards, R., Morley, J. P., Monteiro, W. R., Kulkarni, N. S., Green, R. H.,
Pavord, I. D, Bradding, P., Brightling, C. E., Wardlaw, A. J., and Pashley,
C. H. (2012) Isolation of filamentous fungi from sputum in asthma is
associated with reduced post-bronchodilator FEV1. Clin. Exp. Allergy 45,

12632 JOURNAL OF BIOLOGICAL CHEMISTRY

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

782-791

Conforti, L., Petrovic, M., Mohammad, D., Lee, S., Ma, Q., Barone, S., and
Filipovich, A. H. (2003) Hypoxia regulates expression and activity of K,,1.3
channels in T lymphocytes: a possible role in T cell proliferation. /. Immu-
nol. 170, 695-702

de Pater-Huijsen, F. L., van der Loos, C. M., de Riemer, M. J., van der Zee,
J. S., Jansen, H. M, and Out, T. A. (2000) Double staining of intracellular
cytokine proteins and T-lymphocyte subsets. Evaluation of the method in
blood and bronchoalveolar lavage fluid. Histochem. J. 32, 3—11

Machura, E., Mazur, B., Rusek-Zychma, M., and Bar-Czarnecka, M.
(2010) Cytokine production by peripheral blood CD4* and CD8" T cells
in atopic childhood asthma. Clin. Dev. Immunol. 2010, 606139
Krampera, M., Antico, A., Vinante, F., Morosato, L., and Pizzolo, G. (1999)
Lymphocyte membrane antigen expression and intracellular cytokine pat-
terns in an asymptomatic patient with persistently high serum levels of
IgE. Ann. Allergy Asthma Immunol. 83, 144—148

Schwingshackl, A., Mogbel, R., and Duszyk, M. (2002) Nitric oxide acti-
vates ATP-dependent K" channels in human eosinophils. /. Leukoc. Biol.
71, 807-812

Femling, J. K, Cherny, V. V., Morgan, D., Rada, B., Davis, A. P., Czirjk, G.,
Enyedi, P, England, S. K., Moreland, J. G., Ligeti, E., Nauseef, W. M., and
DeCoursey, T. E. (2006) The antibacterial activity of human neutrophils
and eosinophils requires proton channels but no BK channels. /. Gen.
Physiol. 127, 659 — 672

Spiller, F., Orrico, M. I, Nascimento, D. C., Czaikoski, P. G., Souto, F. O.,
Alves-Filho, J. C,, Freitas, A., Carlos, D., Montenegro, M. F., Neto, A. F,,
Ferreira, S. H., Rossi, M. A, Hothersall, J. S., Assreuy, J., and Cunha, F. Q.
(2010) Hydrogen sulfide improves neutrophil migration and survival in
sepsis via K" ATP channel activation. Am. J. Respir. Crit. Care Med. 182,
360-368

Essin, K., Gollasch, M., Rolle, S., Weissgerber, P., Sausbier, M., Bohn, E.,
Autenrieth, I. B,, Ruth, P, Luft, F. C., Nauseef, W. M., and Kettritz, R.
(2009) BK channels in innate immune functions of neutrophils and
macrophages. Blood 113, 13261331

Villalonga, N., Escalada, A., Vicente, R., Snchez-Tillé, E., Celada, A., Sol-
sona, C., and Felipe, A. (2007) K,,1.3/K,,1.5 heteromeric channels com-
promise pharmacological responses in macrophages. Biochem. Biophys.
Res. Commun. 352, 913-918

Fadool, D. A., and Levitan, L. B. (1998) Modulation of olfactory bulb neu-
ron potassium current by tyrosine phosphorylation. J. Neurosci. 18,
6126-6137

Beeton, C., Smith, B. J., Sabo, J. K., Crossley, G., Nugent, D., Khaytin, I,
Chi, V., Chandy, K. G., Pennington, M. W., and Norton, R. S. (2008) The
Dp-diastereoisomer of ShK toxin selectively blocks voltage-gated K* chan-
nels and inhibits T lymphocyte proliferation. J. Biol. Chem. 283, 988 =997
Lanigan, M. D., Kalman, K., Lefievre, Y., Pennington, M. W., Chandy,
K. G.,and Norton, R. S. (2002) Mutating a critical lysine in ShK toxin alters
its binding configuration in the pore-vestibule region of the voltage-gated
potassium channel, K, 1.3. Biochemistry 41, 11963-11971

Koshy, S., Wu, D., Hu, X, Tajhya, R. B., Huq, R, Khan, F. S., Pennington,
M. W., Wulff, H., Yotnda, P., and Beeton, C. (2013) Blocking KCa3.1
channels increases tumor cell killing by a subset of human natural killer
lymphocytes. PLoS ONE 8, e76740

SASBMB

VOLUME 289-NUMBER 18-MAY 2, 2014



