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Background: The effect of ADWX-1 on EAE model is unknown.

Results: ADWX-1 selectively inhibits Ty, activation through regulating both Kv1.3 activity and expression.
Conclusion: ADWX-1 ameliorates EAE with a cell selectivity mechanism.

Significance: ADWX-1 is a novel potent candidate therapeutic drug for MS.

The voltage-gated Kv1.3 K* channel in effector memory T cells
serves as a new therapeutic target for multiple sclerosis. In our pre-
vious studies, the novel peptide ADWX-1 was designed and syn-
thesized as a specific Kv1.3 blocker. However, it is unclear if and
how ADWX-1 alleviates experimental autoimmune encephalomy-
elitis, a model for multiple sclerosis. In this study, the administra-
tion of ADWX-1 significantly ameliorated the rat experimental
autoimmune encephalomyelitis model by selectively inhibiting
CD4*CCR7~ phenotype effector memory T cell activation. In con-
trast, the Kv1.3-specific peptide had little effect on CD4*CCR7™*
cells, thereby limiting side effects. Furthermore, we determined
that ADWX-1 is involved in the regulation of NF-kB signaling
through upstream protein kinase C-0 (PKC#) in the IL-2 pathway
of CD4"CCR7~ cells. The elevated expression of Kv1.3 mRNA and
protein in activated CD4*CCR7~ cells was reduced by ADWX-1
engagement; however, an apparent alteration in CD4*CCR7™* cells
was not observed. Moreover, the selective regulation of the Kv1.3
channel gene expression pattern by ADWX-1 provided a further
and sustained inhibition of the CD4*CCR7~ phenotype, which
depends on the activity of Kv1.3 to modulate its activation signal. In
addition, ADWX-1 mediated the activation of differentiated Th17
cells through the CCR7™ phenotype. The efficacy of ADWX-1 is
supported by multiple functions, which are based on a Kv1.3"&"
CD4*CCR7™ T cell selectivity through two different pathways,
including the classic channel activity-associated IL-2 pathway and
the new Kv1.3 channel gene expression pathway.
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Multiple sclerosis (MS)* is a typical autoimmune disease in
which inflammatory cells from the peripheral blood invade the
central nervous system (CNS) and actively attack axons, myelin
sheaths, and oligodendrocytes (1, 2). The neurological disability
caused by the demyelination of the axons afflicts millions of
young people (3). However, the current MS therapies are
expensive, are only partially effective, and are associated with
side effects as well as potential toxicity; therefore, there is a need
for clinical treatments that can efficiently prevent neuronal
injury by attenuating the acute autoimmune exacerbations that
occur in the early stages of MS.

Although the pathogenesis of MS is complicated and
remains uncertain, among the multiple immune cells that par-
ticipate in the development of the disease, T lymphocytes play a
dominant role. In MS, the infiltrated T lymphocytes that dis-
rupt the blood-brain barrier recognize the specific myelin anti-
gens in the CNS where cells are restimulated. Therapies target-
ing the recruitment of reactive T cells in the CNS exhibit
further immune modulatory effects to prevent inflammatory
cytokine secretion and the neurologic deficits caused by demy-
elination (4, 5).

Recently, the voltage-gated potassium channel Kv1.3 was
proposed as a promising new therapeutic target for MS because
the numbers of Kv1.3 on autoimmune disease-related CCR7 "~
effector memory T cells (Tg,,) increase significantly after acti-
vation by myelin antigens (6 —8). The naive CCR7" T cells dif-
ferentiate into auto-reactive CCR7 ™ T cells by repeated autoan-
tigen stimulation. These cells migrate into inflamed tissues and
exhibit immediate effector functions, such as inflammatory
cytokine secretion (5). Therefore, it is possible that the selective
suppression of Tr,, cells using specific Kv1.3 blockers could
efficiently suppress these immune responses and alleviate MS.
The toxin peptides (e.g. ShK-F6CA (9), OSK1 (10), margatoxin
(11), etc.) derived from naturally venomous animals exhibit

“The abbreviations used are: MS, multiple sclerosis; EAE, experimental auto-
immune encephalomyelitis; Tg,,, effector memory T cells; PBMC, peripheral
blood mononuclear cells; CFSE, carboxyfluorescein diacetate succinimidyl
ester; MBP, myelin basic protein; MFI, mean fluorescent intensity; CDZ,
calmidazolium; PE, phycoerythrin; FCM, flow cytometry; CsA, cyclo-
sporin A.
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greater potency (with picomolar affinity) and selectivity on
Kv1.3 blockade than small chemical molecules (e.g. Psora-4
(12), correolide (13), etc.) designed to block Kv1.3 (at nanomo-
lar concentrations) (14). Currently, the newly designed Kv1.3
blocker peptides (e.g. Moka-1 (15), ShK (L5) (5), etc.) were syn-
thesized to target the Kv1.3 channel as a new therapy for MS.
However, novel peptides remain required for sufficient speci-
ficity to distinguish between Kv1.3 and other related Kvl.x
channels (16, 17). Moreover, although Kv1.3 blocker peptides,
such as ShK (a 35-AA polypeptide isolated from the sea anem-
one Stichodactyla helianthus), efficiently attenuate the severity
of experimental autoimmune encephalomyelitis (EAE), a
model for MS (18, 19), the mechanisms underlying the peptide-
mediated inhibition of activation and proliferation of primary
Ty cells derived from the EAE model are poorly understood.

In a previous study, we developed the novel Kv1.3 blocker
peptide ADWX-1 as a representative drug with a high affinity,
high potency, and selectivity toward the Kv1.3 channel (20, 21).
This peptide is based on the natural scorpion toxin BmKTX in
which three important residues were mutated in a structure-
modification strategy to enhance the Kv1.3 channel selectivity
(20). ADWX-1 blocked Kv1.3 currents with an IC,, of 1.89 pm
and displayed specificity for Kv1.3 over Kv1.1 and Kv1.2 (20).
However, to develop new drug treatments for MS in a clinical
setting, further functional studies of ADWX-1 in the animal
model of MS are required. In this study, we first examined
whether ADWX-1, the Kvl.3-targeting peptide, ameliorated
the EAE model. Next, we elucidated the effects of ADWX-1 on
T cell activation in the EAE model focusing on the selective
effect on T, cells and the T, cell activation pathways
involved.

EXPERIMENTAL PROCEDURES

Peptide Expression and Purification—ADWX-1 peptide was
obtained as described previously (20). The molecular mass of
the purified ADWX-1 peptide was obtained by MALDI-
TOF-MS (Voyager-DESTR, Applied Biosystems). Peptide
purity was >95%.

Animals and Cell Culture—Female inbred 8-10-week-old
Sprague-Dawley (SD) rats were purchased from the ABSL-III
laboratory at Wuhan University and were housed under spe-
cific pathogen-free conditions. All animal work was performed
in accordance with protocols and guidelines approved by the
Institutional Animal Care and Use Committee.

The Jurkat T cells were purchased from the China Center for
Type Culture Collection. Ficoll gradients were used to isolate
splenocytes and peripheral blood mononuclear cells (PBMCs)
from rats. The CD4™ T cells from PBMCs were purified using
MACS (Miltenyi Biotech). The separated cells were sorted into
CCR7~ and CCR7" subsets using FACS. The primary T cells or
total PBMCs were seeded at 10°/well with 10° irradiated autol-
ogous PBMC:s (3,000 rads) in a volume of 200 ul/well in round-
bottom 96-well plates. The cells were cultured in 1640 RPMI
medium supplemented with 2 mM glutamine, 100 units/ml
penicillin, 100 ug/ml streptomycin, and 1% homologous rat
serum at 37 °C. The T cells derived from the EAE rats were
incubated with the Kv1.3 blocker ADWX-1 for 60 min and were
stimulated with the myelin-specific antigen myelin basic pro-
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tein (MBP) (5 pg/ml) for 48—-72 h. The T cells derived from
control rats or the peripheral blood of healthy donors were
stimulated with soluble anti-CD3 antibody (Ab) (1 wg/ml)
(eBioscience) or PHA (Sigma).

Rat EAE Induction and Drug Administration—The EAE
model was induced using homologous homogenates extracted
from the brain and spinal cord of SD rats. Homogenates con-
taining 25 ug of brainstem and spinal cord extracts and 50 ul of
PBS were emulsified in 50 ul of complete Freund’s adjuvant
(Sigma) supplemented with 0.4 mg of Mycobacterium tubercu-
losis (H37RA). The footpad of each rat was immunized by the
subcutaneous injection of this emulsion at a dose of 150 u1/200
g and with an auxiliary injection of 0.2 ml of pertussis toxin.
Control rats received PBS plus complete Freund’s adjuvant, and
the second immunization was administered 7 days after the first
injection. The rats were weighed and observed daily. In the
prevention trial, the rats were subcutaneously injected once
daily with 100 pug/kg ADWX-1 in 1 ml of PBS from days 0 to 4.
In the treatment trial, ADWX-1 was administered after the
onset of disease for 3 days of continued therapy. The vehicle
group received PBS. The clinical scores were recorded daily as
follows (19): 0 = no clinical signs; 0.5 = distal limp tail; 1 = limp
tail; 2 = mild paraparesis or ataxia; 3 = moderate paraparesis;
4 = complete hind leg paralysis or severe ataxia; 5 = 4+ incon-
tinence; 5.5 = tetraplegia; 6 = death. Special care was required
for animals with severe EAE (score of 3 or more).

Ca®" Measurement—The [Ca®"], in lymphocytes was calcu-
lated as described previously (18), and T cells were attached to
an L-lysine-coated glass dish and loaded with 1 um Fura-2 AM
(Dojindo, Japan) for 60 min, and then cells were washed and
incubated with 1 or 10 nm ADWX-1 or 0.1% bovine serum
albumin (BSA, Sigma) for 50 min. After antigen stimulation
with MBP or anti-CD3 Ab in Ca>*-rich medium, the intracel-
lular calcium concentrations were determined by fluorescence
intensity. The fluorescence excitation wavelength was set at 480
nm, and emission wavelength was set at 530 nm.

Cell Proliferation—10° PBMCs were seeded in round-bot-
tom 96-well plates (Corning-Costar) and were incubated with
50 or 250 ug/ml homogenate antigen in 200 wl of culture
medium supplemented with 1% homologous rat serum.
ADWX-1 at various concentrations (0.1, 1, and 10 nMm) was
added 60 min before antigen stimulation. The cells were cul-
tured for 4 days and were pulsed with [*H]thymidine) (1 uCi
per well) 16 h before harvesting. The proliferative response was
assessed using a B-scintillation counter (Beckman) to measure
the [PH]thymidine incorporation (counts/min value) as follows:
background counts in unstimulated (resting) cells were below
600 cpm, and counts in only antigen-activated (maximal) cells
were 60,000 - 80,000 cpm.

Invitro generated CD4"CCR7 ™~ Ty, cells were suspended in
PBS at a concentration of 107 cells/ml and were incubated at
37 °C for 10 min with carboxyfluorescein diacetate succinimi-
dyl ester (CESE, Molecular Probes) at a final concentration of 1
M. The cells were washed, resuspended in medium, and stim-
ulated with antigen. The fluorescence intensity of the CFSE was
measured by flow cytometry (FCM) after 4 days (22).

For the signal transduction study, CD4"CCR7~ T cells
derived from the PBMCs of EAE rats were incubated for 60 min
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with 1 um cyclosporin A (CsA, Sigma) or 30 um rottlerin
(Sigma) or 25 uMm pyrrolidine dithiocarbamate (Sigma) and
were stimulated with MBP for 4 days. ADWX-1, 1 or 10 nm, was
added 60 min before antigen stimulation. The proliferative
response was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay using a Cell Counting Kit-8
(CCK-8, Dojindo, Japan).

Flow Cytometry—The PBMCs from each group in the in vivo
study were directly double-stained directly using PE-Cy5-la-
beled anti-rat CD4 mAb (Pharmingen) and rabbit anti-CCR7
antibody (Abcam) followed by a secondary PE-conjugated goat
anti-rabbit IgG. The PBMCs cultured in vitro were collected
after 4 days and were double-stained using PE-Cy5-CD4 and
PE-CCR?7. The stained cells were analyzed by FCM (Beckman
Coulter, Epics Altra IT). To determine the Kv1.3 protein expres-
sion, the PBMCs cultured in vitro were harvested after 48 h and
were triple-stained with PE-Cy5-CD4, PE-CCR7, as well as
FITC-conjugated anti-Kv1.3 antibody (Sigma, P4247). The
Kv1.3 mean fluorescence intensity (MFI) values were measured
using FCM; the PBMC:s isolated in vivo were directly stained
directly with FITC-Kv1.3 antibody for the FCM assay.

Quantitative RT-PCR—Freshly purified CD4"CCR7~ and
CD4*CCR7* T cells from PBMCs were activated in vitro for
48 h, and the cells were resorted into CD4"CCR7~ and
CD4"CCR7" populations for quantitative RT-PCR analysis.
The RNA was isolated from the cells using TRIzol reagent
(Invitrogen), and reversed transcription was performed using
the First Strand cDNA synthesis kit (Fermentas), in accordance
with the manufacturer’s instructions. Total PBMC samples tri-
ple-stained for the Kv1.3 MFI test were also sorted into
CD4"CCR7~ and CD4*CCR7™" populations for quantitative
RT-PCR analysis. The expressions of the gene encoding
KCNA3 (Kvl.3 channels) were quantified using the SYBR
Green PCR master mix kit (Toyobo). The following primer
pairs were selected for the amplification of KCNA3 gene: for-
ward, 5'-AGTATATGGTGATCGAAGAGG-3', and reverse,
5'-AGTGAATATCTTCTTGATGTT-3'. The reactions were
performed on an ABI 7500 platform under the following con-
ditions: 95 °C for 5,55 °C for 8 s, and 72 °C for 9 s, preceded by
10 min at 95 °C and followed by 10 min at 95 °C. Melting curves
were performed to verify the specificity of the product, and
primers for GAPDH were included as an internal reference. The
relative gene expression was determined as the ratio of KCNA3
to GAPDH gene expression for each sample.

ELISA—IL-2 levels from the supernatants of the cell cultures
were measured using ELISA. Supernatants of cell cultures were
collected 16 h after antigen stimulation. Cytokine levels were
measured using rat and human IL-2 and IFN-y Quantikine kits
(R&D Systems) according to the manufacturer’s instructions.
The IL-2, IFN-v, and TNF-« cytokine production in serum
from each group of animal experiments (on day 15) was also
assessed by rat Quantikine kits (R&D Systems). Homogenates
of rat brain and spinal cord were used to assay the IL-2 levels in
tissues by rat IL-2 Quantikine kit (R&D Systems).

T Cell Differentiation—Naive CD4™" T cells from rats, sorted
using FACS, were stimulated for 4-5 days with anti-CD3/
CD28 beads (Miltenyi Biotec) plus the following recombinant
cytokines: TGF-B (5 ng/ml, PeproTech) and IL-6 (10 ng/ml,
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PeproTech) for polarization of the T cells into the Th17 subset.
The cells were incubated with 1 or 10 nm ADWX-1 for 60 min
before differentiation. The cells were harvested and double-
stained with PE-Cy5-labeled anti-rat CD4 mAb (Pharmingen)
and PE-labeled anti-rat IL-17A mAb (eBioscience). The differ-
entiated cells were double-stained with PE-labeled anti-rat
IL-17A mAb and rabbit anti-CCR7 antibody (Abcam) followed
by a secondary FITC-conjugated goat anti-rabbit IgG. The dif-
ferentiated cells were restimulated using anti-CD3 Ab alone,
and ADWX-1 was added; the expression of CD4"IL-17* Th17
cells was determined after 3 days. The supernatants from pri-
mary differentiated cultures were collected on day 4, and the
restimulated cultures were collected after incubation over-
night. IL-17 production was assessed using ELISA kit (eBiosci-
ence). CD4" T cells were activated using anti-CD3 Ab, and
ADWX-1was added; the expression of CD4 " Foxp3 ™ Treg cells
was determined after 3 days following the intracellular staining
of Foxp3 (eBioscience). For the in vivo study, the PBMCs from
each group were isolated and stained directly for the FCM assay
of the percentage of CD4*IL-17" and CD4 *Foxp3™ cells with-
out incubation. On day 15, IL-17 and TGF-f cytokines in the
serum or the homogenates were measured using ELISA.

Western Blotting—In signaling transduction study, CD4*
CCR77 T cells from EAE rats were incubated with the indicated
compound (rottlerin, pyrrolidine dithiocarbamate) as well as 1
or 10 nm ADWX-1 for 1 h, and then stimulated in vitro by
myelin antigen MBP for 4 h. Cells were lysed by RIPA plus 0.1%
pepstatin, aprotinin, leupeptin, and 0.1% PMSF for Western
blotting analysis. The concentration of proteins was deter-
mined by Bradford assay before the lysate was boiled with load-
ing buffer. Proteins were separated on a 10% SDS-polyacryl-
amide gel and then were transferred to PVDF membranes
under 100 V for 80 min (Immobilon-P, Millipore). Membranes
were blocked in 5% milk TBST for 1 h. NF-kB activity was
determined by phospho-NF-kB p65 (Ser-536) (93H1) rabbit
mAD (Cell Signaling) followed by a second antibody of HRP-
conjugated goat anti-mouse IgG (Santa Cruz Biotechnology).
The membranes were developed using an ECL kit (Pierce)
according to the manufacturer’s instructions. For the Kv1.3
membrane protein expression study, mouse monoclonal (S23-
27) antibody to KCNA3 (Abcam) was used for membrane blot,
and monoclonal anti-B-actin antibody (Sigma) was used as
control.

Histology—For H&E staining and Luxol fast blue staining,
rats were anesthetized with 10% chloraldurate and then per-
fused transcardially by 0.9% NaCl and pre-fixed with 4% para-
formaldehyde in 0.1 M PBS. The lumbar region of the spinal
cord and brainstem were collected and fixed in paraformalde-
hyde solution. The tissues were embedded in paraffin and cut
into transverse sections (5 wm) that were stained by hematox-
ylin and eosin (H&E) to evaluate inflammatory cell distribution
and by Luxol fast blue to evaluate demyelination. The number
of perivascular inflammatory infiltrates and the degree of
demyelination per section were calculated by two blinded
investigators as histological scores (23, 24) as follows: grade 1
refers to less than 25% infiltration or demyelination; grade 2
denotes over 25% infiltration or demyelination, and grade 3
denotes widespread infiltration or demyelination. For Tpy,
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analysis, tissues were fixed in 3% glutaraldehyde and 1%
osmium tetroxide and embedded in Epon 812 to make ultrathin
sections that were counterstained by uranyl acetate and lead
citrate and then examined in a transmission electron micro-
scope (Hitachi) at 80 kV.

Statistical Analysis— The differences between groups were
evaluated using a Student’s ¢ test or a one-way analysis of vari-
ance followed by a Dunnett’s test for multiple comparisons.
The one-way analysis of variance was used to compare the clin-
ical score between two groups at every time point and was fol-
lowed by a Mann-Whitney U test to determine the differences
between the two curves in the EAE study. p values less than 0.05
were considered statistically significant. The data were ana-
lyzed using the GraphPad Prism software.

RESULTS

ADWX-1 Has a Therapeutic Effect on Rat EAE Model in Vivo
and in Vitro—Previously, we designed and synthesized a novel
ADWX-1 peptide as a specific Kv1.3 blocker and found that this
peptide displayed high potency and selectivity toward Kv1.3
when compared with the related Kv1.1 and Kv1.2 channels (20).
To evaluate whether the Kv1.3-specific peptide ADWX-1 is a
viable therapeutic agent for the treatment of MS, a rat EAE
model was employed to simulate the human MS disease. The
rat EAE model is more appropriate than the mouse EAE model,
because the Kv1.3 expression pattern in mice differs from
humans and is not suitable for evaluating the effects of Kv1.3
blockers (25).

Stable symptoms of acute EAE were induced by immunizing
Sprague-Dawley rats. These rats developed an ascending paral-
ysis from day 7 to 14 post-immunization, and the clinical signs
peaked at days 11-14 (Fig. 1A). For the prevention trial and the
treatment trial, the EAE rats received a subcutaneous injection
0f 100 pg/kg/day ADWX-1. In the prevention trial, the ADWX-
1-pretreated rats exhibited significantly reduced neurological
scores compared with vehicle-treated rats on days 10 (p <
0.01), 11 (p < 0.001), 12 (p < 0.001), 13 (p < 0.001), and 14 (p <
0.01, Fig. 1A). In the treatment trial, the ADWX-1-treated rats
also showed greatly reduced neurological scores compared
with the vehicle-treated rats on days 10 (p < 0.05), 11 (p <
0.001), 12 (p < 0.0001), 13 (p < 0.01), and 14 (p < 0.001, Fig.
1A). Interestingly, the clinical scores of the prevention group
were also significantly lower than the vehicle group on days
10-14, exhibiting a delayed onset and delayed peak day for the
disease, suggesting that the peptide may modulate T cell auto-
activation peripherally. In addition to the neurological score,
significant reductions in inflammatory infiltrates (p < 0.001)
and demyelination (p < 0.05) in the affected spinal cord, as
shown by the histological score, were observed in the ADWX-
1-treated EAE rats compared with the vehicle-treated rats (Fig.
1B). The transmission electron microscopy analysis revealed
that the ultrastructure of the tissue in ADWX-1-treated rats
contained less demyelinated axons compared with the vehicle-
treated rats (Fig. 1C).

Considering the importance of Thl-type cytokines, such as
IL-2, IEN-v, and TNF-« during the development of autoim-
mune disease, various inflammatory cytokines in the serum
were analyzed. In the prevention group and the treatment
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group, IL-2 and IFN-vy productions observed after ADWX-1
engagement were less than that observed in the vehicle-treated
rats but higher than that in the control rats (Fig. 1D). Further-
more, the down-regulation of IL-2 in the CNS of the ADWX-
1-treated rats further supports that ADWX-1 attenuates cellu-
lar infiltration in pathological tissues, including the brainstem
and the spinal cord (Fig. 1E).

To confirm the decrease in inflammatory cytokines in the
ADWX-1-treated EAE rats, we investigated whether ADWX-1
suppresses T cell activation and proliferation in isolated
PBMCs in vitro. Using ELISA, we observed that inflammatory
IL-2 secretion in MBP-stimulated PBMCs from EAE rats
treated with ADWX-1 (0.01, 0.1, 1, and 10 nMm) in vitro was
markedly decreased compared with non-ADWX-1-treated
cells in a dose-dependent manner (Fig. 1F). However, the T cell
response of PHA-stimulated PBMCs from the control rats
treated with ADWX-1 (0.01, 0.1, 1, and 10 nMm) in vitro was not
altered compared with non-ADWX-1-treated cells (Fig. 1F).
These results suggest that the suppression of myelin-specific T
cell activation in vitro supports the modulation of inflamma-
tory cytokines by ADWX-1 in vivo. Furthermore, ADWX-1
inhibited the EAE rat T cell proliferation triggered by high and
low concentrations of myelin antigen in a dose-dependent
manner (Fig. 1G).

These in vivo and in vitro data demonstrate that ADWX-1
significantly alleviates EAE. Considering that both the efficacy
and safety are crucial issues for long term drug therapies and
that the Kv1.3 blocker peptides are toxins derived from natu-
rally venomous animals, we performed 2-week acute toxicity
studies using 50- or 100-fold doses of ADWX-1 (5 or 10 mg/kg).
These doses failed to induce pathological changes in the behav-
ior or tissues of the rats (data not shown).

ADWX-1 Preferentially Inhibits T Cell Activation and Prolif-
eration in CD4" CCR7~ T Cells—The amelioration of the EAE
model by the ADWX-1 peptide prompted us to delineate the
possible mechanisms underlying the therapeutic effects of this
peptide. We addressed the molecular mechanisms starting with
the critical finding that CD4"CCR7~ Ty, cells in the EAE
model were specifically inhibited by ADWX-1 engagement. A
2-fold up-regulation of CD4"CCR7 ™~ Ty, cells was observed in
the EAE model as compared with the control animals (Fig. 24),
possibly because of the in vivo proliferation of the myelin anti-
gen-specific T cells in this population. This hypothesis is con-
sistent with the observation that patients carrying autoimmune
diseases generate a high number of effector memory T cells
with high expression of Kv1.3 (7, 25). However, the injection of
100 ug/kg/day of ADWX-1 decreased the number of
CD4*CCR7™ Ty, cells by ~12% in the EAE model in both the
prevention and treatment trials (Fig. 2A4), indicating that
ADWX-1 ameliorates the disease through the physiological
modulation of CCR7 ™ Tg,, proliferation.

To elucidate the mechanism underlying the in vivo suppres-
sion of the CCR7™ phenotype by the Kv1.3 blocker peptide
ADWX-1, we investigated the effects of ADWX-1 on the in
vitro immune responses of primary CD4"CCR7" and
CD4"CCR7™ T cell subsets purified from PBMCs.

A substantial amount of inflammatory IL-2, a marker of
CD4™" T cell activation, was produced in cultured MBP-stimu-
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FIGURE 1. Therapeutic effect of ADWX-1 on a rat acute EAE model. A, prevention and treatment trial. Rats were immunized with myelin antigens on day 0; the
prevention group (from day 0 to day 4) and treatment group (for 3 days after the onset of clinical signs) were subcutaneously injected with ADWX-1 at a dose of 100
ra/kg, and the vehicle group was injected with PBS (n = 12). The clinical score was recorded daily. B, statistical data for H&E staining and Luxol fast blue staining (n =
6) shown as the histological score depicting the inflammatory infiltration and demyelination in the spinal cord of EAE rats treated with ADWX-1 or PBS. C, represent-
ative photographs from transmission electron microscopy demonstrating demyelination and axonal loss in the spinal cord of the vehicle group, treatment group, and
control group. Scale bar, 1,600 nm. D, Th1 type IL-2 and IFN-y production in serum from each group (n = 6) was determined by ELISA. E, IL-2 production in CNS tissues
from each group (n = 6) was determined by ELISA. **, p < 0.01; ***, p < 0.001 versus EAE (vehicle). F, cell activation in vitro. PBMCs from EAE (black) and control (white)
rats were treated with various concentrations of ADWX-1 (0, 0.01, 0.1, 1,and 10 nm) for 1 h before activation with MBP or PHA for 16 h. IL-2 levels in the supernatants
were assessed by ELISA. G, cell proliferation in vitro. PBMCs from EAE rats were treated with various concentrations of ADWX-1 (0, 0.1, 1,and 10 nm) and were activated
for 96 h with high concentration (250 pg/ml, black) or low concentration (50 ng/ml, gray) of myelin antigen. **, p < 0.01; ***, p < 0.001 versus 0 nm ADWX-1.The data
represent the mean = S.D. from two independent experiments performed in triplicate.

lated CD4"CCR7 ™~ T cells from EAE rats compared with rest- However, the secretion of IL-2 upon activation in vitro was
ing cells from the same population (p < 0.001), whereasnoIL-2  suppressed significantly (~50%) by the addition of 1 or 10 nm
was produced by the CD4*CCR7" subset (p > 0.05, Fig. 2B). ADWX-1in CD4"CCR7~ but notin CD4"CCR7* T cells (Fig.
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2B), suggesting that Kv1.3-related signaling pathways might be
involved in the activation of the CCR7 ™ subset. Similar effects
of ADWX-1 were observed in the cells from control rats stim-
ulated with anti-CD3 Ab (Fig. 2C). Similar results in IL-2 pro-
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CD4"CCR7* T cells from healthy individuals in the presence
of ADWX-1. Similar to the rat cells, the ADWX-1 peptide
affected the activation of the human CCR7 ™ subset but not the
CCR7" subset within the same CD4 " population (Fig. 2D). In
addition to IL-2, an analogous change in IFN-vy production was
also observed (data not shown). These results suggest that
ADWX-1 plays a selective role in the inhibition of
CD4"CCR7™ Ty, activation in both rats and humans.

It is known that proliferation follows activation. We deter-
mined that ADWX-1 selectively inhibited the MBP-triggered
proliferation of CFSE-labeled CD4"CCR7 ™ T cells from EAE
rats (Fig. 2E), and the number of CCR7 ™ cells in the CD4-gated
cell population treated with ADWX-1 dropped after activation
(Fig. 2E). These results further confirmed that ADWX-1 is
more specific for CD4"CCR7™ T cells.

ADWX-1 Inhibits CD4*CCR7™~ T Cell Activation through a
Kv1.3-mediated IL-2 Activation Pathway—To further eluci-
date the molecular mechanism underlying the observed selec-
tive inhibition of CD4*CCR7~ Tg,, cell activation by
ADWX-1, we investigated the signaling activity of the IL-2
pathway, which is critical for the activation of T, cells. Previ-
ously, we determined that ADWX-1 targets the artificially
expressed Kv1.3 channels in transfected cells and blocks the
channel currents (20). Moreover, the voltage-gated Kv1.3 chan-
nels open for potassium efflux after antigen-induced depolar-
ization, which promotes calcium influx through the calcium
release-activated calcium channel (26, 27). To determine the
effect of ADWX-1 on the initial calcium signaling for down-
stream IL-2 activation in antigen presentation, [Ca*"], was
measured in accordance with methods described previously
(18). It was observed that CD4™ T cells from the EAE and con-
trol rats exhibited increased [Ca®>*], following MBP or anti-
CD3 Ab stimulation (p < 0.01). However, the increased [Ca>*],
in the activated CD4™" T cells from EAE rats was reduced by the
ADWX-1 treatment at concentrations of 1 and 10 nm (p < 0.05,
Fig. 3A). In contrast, ADWX-1 was less effective at inhibiting
[Ca®**],in the activated CD4 ™ T cells from the control rats (Fig.
3A). Furthermore, the ADWX-1 treatment dramatically
reduced [Ca®"], in activated CD4"CCR7 ™ T cells, but not in
CD4"CCR7* T cells, from EAE (Fig. 3B) and control rats (Fig.
3C), likely because the IKCal channel (calcium-activated K™
channel) modulates Ca>" signaling in activated naive/T ., cells
in place of the Kv1.3 channel in Tg,, cells (7, 25).

To further investigate the IL-2 activation pathway involved
in the ADWX-1-induced blockade of the Kv1.3 channel,
including the Ca®>" mediated NF-AT pathway and the PKC6-
triggered NF-«B pathway (Fig. 3D), we pretreated purified
CD4"CCR7™ T cells from EAE rats with pathway-specific

Selective Effect of ADWX-1 on Tg,, Cells in EAE Model

inhibitors followed by MBP stimulation in the presence or
absence of ADWX-1. Cyclosporin A (CsA), a CaN inhibitor,
was used to inhibit the NF-AT cascade to test the effect of
ADWX-1 on the NF-kB pathway. Rottlerin, a PKC6-specific
inhibitor, was used to inhibit the NF-«kB cascade to test the
effect of ADWX-1 on the NF-AT pathway. The Mkb-triggered
proliferation of inhibitor-treated cells was reduced in both
cases (compared with mock-treated cells, in the absence of
ADWX-1, the CsA-treated cells exhibited a reduction of ~40%
and the PKC6-treated cells exhibited a reduction of ~30%, Fig.
3E), suggesting that both pathways contribute to the antigen-
induced cell activation and proliferation. In the CsA-treated
NEF-kB pathway, a decrease in proliferation was observed after
the ADWX-1 treatment (p < 0.001, Fig. 3E), suggesting that
ADWX-1 may be involved in regulating IL-2 activation and cell
proliferation through the NF-«B pathway. In the rottlerin-
treated NF-AT pathway, a decrease in proliferation was also
observed after the ADWX-1 treatment (p < 0.001, Fig. 3E),
suggesting that ADWX-1 signals through calcium modulation
to trigger an inhibitory signaling cascade of NF-AT, which
inhibits IL-2 activation and cell proliferation. The suppression
of calcium in CD4"CCR7 ™~ T cells by ADWX-1 is shown in Fig.
3B. When both inhibitors were introduced (CsA plus rottlerin),
ADWX-1 exerted no apparent effect on proliferation (p > 0.05,
Fig. 3E), suggesting that this peptide dose not affect any other
IL-2 activation pathway.

Because the calcium signaling-mediated NF-AT pathway has
been investigated using other Kv1.3 inhibitors (28), we specifi-
cally analyzed the effect of ADWX-1 on the Kvl.3-mediated
Lck-PKCH-NF-«B pathway in CD4"CCR7 ™ cells. Representa-
tive Western blots together with the densitometric quantifica-
tions of the phosphorylated activation of NF-kB are shown in
Fig. 3, Fand G. After antigen stimulation, the enhanced level of
phosphorylated NF-kB (compared with the quiescent cells, p <
0.05) was suppressed by 1 nm ADWX-1, 10 nm ADWX-1 (p <
0.05), the PKC# inhibitor rottlerin (p < 0.05), and the NF-«B
inhibitor pyrrolidine dithiocarbamate (p < 0.01, Fig. 3F). Fur-
thermore, we examined the activity of NF-«B following the
activation of T cells from EAE and control rats. We observed
that ADWX-1 preferentially reduces NF-«kB activation in MBP-
stimulated CD4™" T cells from EAE rats (p < 0.05) but not in
anti-CD3 Ab-stimulated cells from control rats (p > 0.05, Fig.
3G). These results suggest that the Kv1.3 channel is activated
and recruited in the pathological state and that the Kv1.3
blocker ADWX-1 might specifically inhibit channel activity to
modulate both the initial calcium signaling and the signaling
events involved in NF-«B activation.

FIGURE 2. Selective regulation of the CD4*CCR7 ™ T cell activation by ADWX-1. A, representative FCM profile depicting CCR7 staining in CD4-gated PBMCs
from each group; values in the histogram indicated the percentage of CD4"CCR7~ T cells. B, sorted CD4*CCR7 ~ and CD4"CCR7™" T cell populations in PBMCs
from EAE rats were treated in vitro with 1 or 10 nm ADWX-1 or PBS (sham) 1 h before activation with MBP for 16 h. Resting control refers to quiescent cells in the
base line. IL-2 levels in the supernatants were assessed by ELISA. C, sorted CD4*CCR7~ and CD4*CCR7* T cell populations in PBMCs from control rats were
treated as outlined in B; IL-2 secretion in vitro was assessed by ELISA. D, sorted human CD4"CCR7~ and CD4"CCR7™" T cells from three healthy donors
were treated as outlined in B; IL-2 secretion in vitro was assessed by ELISA. ***, p < 0.001 versus activated (sham). The data represent the mean = SD from three
independent experiments performed in triplicate. E, top panels, CD4*CCR7~ T cells sorted from the PBMCs of EAE rats were previously CFSE-labeled and
treated with (+) or without (—) 1 nm ADWX-1 and were stimulated with MBP for 96 h in vitro; the numbers in each gate are the percentage of proliferated cells
assessed by CFSE staining. Bottom panels, total PBMCs from EAE rats were treated with (+) or without (—) 1 nm ADWX-1 before the stimulation with MBP for 96 h
in vitro; the cells were gated on CD4, and numbers in each gate were the percentage of CD4"CCR7~ cells. The data are representative of two independent
experiments.
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FIGURE 3. Specific inhibitory effect of ADWX-1 on the CD4*CCR7~ subset IL-2 pathway. A, calcium measurement. The sorted CD4* T cells from the PBMCs
of EAE and control rats were loaded with Fura-2 AM and were preincubated with 1 or 10 nm ADWX-1 for 50 min. The cells were activated for 10 min with MBP
or anti-CD3 Ab. [Ca®*]; was calculated as the mean = S.D. and is the representative of three independent experiments performed in duplicate. B, sorted
CD4*CCR7~ and CD4"CCR7* T cells from the PBMCs of EAE rats were treated as outlined in A, and [Ca®"]; was calculated in the two populations. C, sorted
CD4*CCR7~ and CD4"CCR7™" T cells from the PBMCs of control rats were treated as outlined in A, and [Ca®*]; was calculated in the two populations. *, p < 0.05;
** p < 0.01;and ***,p < 0.001 versus activated (sham). D, schematic diagram of the ADWX-1-mediated anti-IL-2 activation mechanisms. ADWX-1 preferentially
targets the Kv1.3 channels on CD4"CCR7 ™~ T cells to prevent the Kv1.3-mediated downstream cascades for IL-2 activation, including the PKCO pathway (left)
and the calcium signaling pathway (right). E, CD4*CCR7 "~ T cells sorted from EAE rats were treated with CsA, rottlerin, or a combination of the two with the
indicated concentrations of ADWX-1. After MBP stimulation, the normalized numbers of proliferated cells from Mock- (no inhibitor added), CsA-, rottlerin-,
CsA + rottlerin-treated cells were analyzed. ***, p < 0.001 versus 0 nm ADWX-1. F, effects of 1 and 10 nm ADWX-1 on the PKC6-NF-«B pathway in CD4"CCR7~
cells; the activities of NF-«B (phos-p65 Ser-536) stimulated by MBP were detected by Western blotting (WB), and the PKC6-specific inhibitor rottlerin and the
NF-«B inhibitor pyrrolidine dithiocarbamate were used as positive controls. The phosphorylation levels were quantified using Quantity One software, and the
results are presented as a ratio to GAPDH. G, effects of T nm ADWX-1 on NF-«B activity in CD4™ T cells from EAE (MBP-stimulated) and control (anti-CD3
Ab-stimulated) rats were detected by Western blotting. Proteins were analyzed as outlined in F.*, p < 0.05; **, p < 0.01 versus activated (sham). The data are
the representative of three independent experiments performed in triplicate.
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FIGURE 4. Reduced KCNA3 mRNA expression following ADWX-1 engage-
ment in the activated CD4"CCR7~ subset. A, EAE PBMCs were previously
sorted for CD4"CCR7~ and CD4*CCR7 ™ cells, and the two populations were
cultured with MBP for 48 h in the presence (1 or 10 nm) or absence (sham) of
ADWX-1. The cells were harvested for the quantitative RT-PCR analysis of
KCNA3 (Kv1.3) mRNA levels. Resting CD4"CCR7~ T cell gene expression was
used as the base line for gene expression, and all gene quantities were nor-
malized to the expression of GAPDH. The relative mRNA expressions are rep-
resentative of the mean = S.D. from three independent experiments. B, pre-
sorted CD4"CCR7~ and CD4"CCR7" cells from PBMCs of control rats were
treated as outlined in A with anti-CD3 Ab stimulation, and KCNA3 mRNA
expression was determined by quantitative RT-PCR analysis. C, EAE total
PBMCs were cultured with MBP for 48 h in the presence (1 or 10 nm) or
absence (sham) of ADWX-1, and the cells were harvested for sorting of
CD4*CCR7~ (black) and CD4"CCR7* (white) populations. The KCNA3 mRNA
expression in the two populations was determined by quantitative RT-PCR
analysis. *, p < 0.05; **, p < 0.01, and ***, p < 0.001 versus activated (sham).
D, CD4"CCR7™ T cells previously sorted from EAE rats were treated with 1 nm
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ADWX-1 Preferentially Suppresses Kv1.3 Expression in Acti-
vated CD4*CCR7~ T Cell Subsets—Because the Kv1.3 channel
is functionally responsible for the activation of CD4"CCR7~ T
cells through the NF-AT- and NF-«B-mediated IL-2 pathways,
we investigated whether the peptide with a high affinity for the
Kv1.3 channel could selectively mediate the expression of Kv1.3
in CD4"CCR7™ T cells following activation. Our results show
that the mRNA expression of the Kv1.3 gene (KCNA3) in pre-
sorted CD4"CCR7 ™ T cells from EAE rats increased dramati-
cally after antigen activation compared with resting cells (p <
0.001, Fig. 4A). However, the increased expression of KCNA3 in
the activated CD4 " CCR7 ™ T cell subtype was significantly sup-
pressed by ADWX-1 treatment when compared with sham-
treated cells (p < 0.001, Fig. 4A). In contrast, no apparent up-
regulation of KCNA3 mRNA after antigen stimulation was
observed in the pre-sorted CD4*CCR7™" T cells from the EAE
rats, and ADWX-1 exhibited no significant effect on the acti-
vated T cells. Analogous selective effects of ADWX-1 were
observed in cells from control rats stimulated with anti-CD3 Ab
(Fig. 4B). Similarly, when the PBMCs from EAE rats were acti-
vated for 48 h before sorting into CD4*CCR7~ and
CD4"CCR7" populations for quantitative PCR analysis, the
MBP stimuli significantly enhanced the KCNA3 mRNA expres-
sion only in the CD4*"CCR7™ T cells (p < 0.001). This increase
was reversed significantly by 1 nm ADWX-1 (p < 0.01) and 10
nM ADWX-1 (p < 0.001, Fig. 4C).

Next we investigated the possible mechanisms underlying
the modulation of the Kv1.3 expression by ADWX-1 in
CD4"CCR7™ T cells. Using a bio-information forecast, a series
of nuclear transcription factors targeting the cis-acting core
motifs of the KCNA3 5'-flanking and 5'-noncoding region
nucleotide sequence were identified, including the Ca®*- and
calmodulin-dependent nuclear factors nuclear factor of acti-
vated T-cells, Smad, cAMP-response element-binding protein,
AP1, etc. Thus, we hypothesized that the high expression of the
KCNA3 gene following activation is associated with the initial
calcium signaling mediated by Kv1.3 channel activity in the
CD4"CCR7™ T cells. The calmodulin inhibitor calmidazolium
(CDZ) was used to investigate the Ca®>" dependence of Kv1.3
expression. As shown in Fig. 4D, CDZ significantly decreased
the high expression levels of KCNA3 mRNA in the MBP-acti-
vated CD4*CCR7~ T cells (p < 0.05), suggesting that a calci-
um-dependent pathway might be involved in Kv1.3 expression.
ADWX-1-treated (1 nm) cells did not exhibit lower KCNA3
mRNA levels than the CDZ-treated cells (Fig. 4D), possibly
because CDZ is a more potent inhibitor of Ca®>"/calmodulin
than ADWX-1. When the CDZ and 1 nm ADWX-1 treatments
were combined (CDZ + ADWX-1), the expression of KCNA3
mRNA was slightly lower compared with CDZ treatment alone
(Fig. 4D). In addition, ADWX-1 and CDZ had no significant
effect on KCNA3 mRNA expression in nonstimulated
CD4"CCR7™ T cells (Fig. 4D). The results suggest that the
selective modulation of calcium, shown in Fig. 3, Band C, is not

ADWNX-1 or 10 um CDZ or a combination of the two. After MBP activation, the
amounts of KCNA3 mRNA in each group were analyzed (black); the effects of
the peptide and CDZ on theresting T cells were also determined (white).*, p <
0.05 versus sham group (no ADWX-1 or CDZ added).
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only responsible for NFAT activation but is also responsible for
the selective regulation of Kv1.3 expression in CD4*CCR7~ T
cells.

To confirm the selective effect of ADWX-1 on Kv1.3 expres-
sion at the protein level, we also measured the Kv1.3 expression
by staining with a fluorescence-labeled antibody specific for
Kv1.3 and gated on the CD4"CCR7~ and CD4"CCR7" popu-
lations. The Kv1.3 protein expression was quantified by mea-
suring the MFI of the Kv1.3 channels in the two gated popula-
tions (CCR7~ and CCR7™) of CD4™" T cells (Fig. 5A). Within
the overall PBMC system, the Kv1.3 MFl increased ~70% in the
gated CD4"CCR7" cell population following MBP activation
(p <0.001). ADWX-1 also selectively inhibited the Kv1.3 MFI
at 1 nm (p < 0.05) and 10 nm (p < 0.01) in activated
CD4"CCR7 cells but not in CD4*CCR7™ cells (Fig. 54). Fur-
thermore, the Kv1.3 protein expression (MFI) increased ~64%
following activation in the gated CD4™" T cells from the PBMCs
of EAE rats, whereas 1 and 10 nm ADWX-1 inhibited this
increased expression by ~67 and 78%, respectively (Fig. 5B).
Western blotting analysis was used to examine the membrane
protein expression, and the results were consistent with the
FCM data confirming the effect of ADWX-1 on Kv1.3 protein
expression (Fig. 5C). The real time PCR, coupled with the FCM
experiments, demonstrated that 1 and 10 nm doses of ADWX-1
decreased the high levels of Kv1.3 gene (KCNA3) expression
following activation of the CD4"CCR7~ cells at both the
mRNA and protein levels, which parallels the selective inhibi-
tory effect of the peptide on the IL-2 pathway in CD4"CCR7~
cells.

To further examine the effect of ADWX-1 administration on
the Kv1.3 expression in the gated CD4" T cells from the
PBMCs of EAE rats in vivo, we measured the Kv1.3 MFI on
freshly isolated T cells from ADWX-1-injected EAE rats. Com-
pared with control rats, elevated Kv1.3 protein expression was
observed in CD4" PBMCs from EAE rats (Fig. 5D). This obser-
vation is consistent with the high level of Kv1.3 expression in
inflammatory infiltrates in the MS brain (8) because of the
breakdown of the blood-brain barrier, and we speculate that the
infiltrated cells may be auto-activated repeatedly in the periph-
eral circulation by myelin antigen injection. However, lower
Kv1.3 expression levels were observed in ADWX-1-treated
EAE rats when compared with vehicle-treated rats (p < 0.01,
Fig. 5D). The effect of ADWX-1 on Kv1.3 expression in vivo
suggests that ADWX-1 is responsible for the long term inhibi-
tion of activation of the CCR7™ subtype, characterized by the
enhanced Kv1.3 expression in the periphery.

ADWX-1 Regulates CD4"CCR7~ T Cell Restimulation—
Considering the in vivo repeated activation of T cells in the EAE
model, we tested the efficacy of ADWX-1 on T cell restimula-
tion. Based on the channel expression tests above, we propose
that the ability of CD4"CCR7~ T cells to reactivate might be
impaired by ADWX-1 when the Kv1.3 expression is suppressed
by ADWX-1 in the first stimulation. CD4"CCR7~ and
CD4"CCR7" T cells purified from EAE and control rats were
pretreated with ADWX-1 during the first antigen activation.
The cells were washed after 48 h and were allowed to rest for 3
days before rechallenging with antigen in the absence of
ADWX-1. The restimulated CD4"CCR7~ subtype pretreated
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FIGURE 5. Further modulation of Kv1. 3 protein expression by ADWX-1 in
the activated CD4"CCR7~ subset. A, EAE total PBMCs were treated as out-
lined in Fig. 4C; the cells were harvested for gating of CD4"CCR7~ (black) and
CD4*CCR7™ (white) populations. The amounts of Kv1.3 MFl in the two popu-
lations were determined by FCM analysis. The representative Kv1.3 MFI in
sham- or 1 nm ADWX-1-treated cells in the two populations are shown in the
histogram (left panels). Statistical fold changes of the Kv1.3 MFl representing
protein expression in the two populations from each group were determined
using FCM (right panel). The Kv1.3 MFl in resting T cells was used as the base
line for protein expression. B, Kv1.3 MFI measurement in the whole CD4™
population gated from the cells in A; the numbers in the representative his-
tograms are the mean = S.D. of the Kv1.3 MFl values. ¥, p < 0.05; **, p < 0.01;
and ***, p < 0.001 versus activated (sham). The data are representative of
three independent experiments. C, membrane proteins were isolated from
the EAE CD4™ population (as outlined in B) for Western blot (WB) analysis of
the Kv1.3 protein level to support the MFI data in B. D, Kv1.3 expression in
vivo; the numbers in the histograms (left panel) are representative of the Kv1.3
MFI in the CD4-gated population of PBMCs from EAE (black) and control
(white) rats; statistical Kv1.3 MFI in CD4™ populations of PBMCs from each
group (n = 6) were assessed (right panel). **, p < 0.01 versus EAE (vehicle).

with ADWX-1 in the first activation exhibited lower [Ca®"],
compared with the non-ADWX-1-treated cells in both EAE
(p < 0.01, Fig. 6A) and control rats (p < 0.01, Fig. 6B). The
calcium regulation by ADWX-1 partly contributed to the pep-
tide-mediated signaling of IL-2 activation. Consistently, the
restimulation by antigens also resulted in significant IL-2 secre-
tion (p < 0.001) in the CD4" CCR7 ™ T cells from both EAE (Fig.
6C) and control rats (Fig. 6D). However, the IL-2 levels in the
supernatant of the sorted CD4*"CCR7 ™ T cells from EAE (Fig.
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supernatants from the EAE group (C) and the control group (D) were collected for IL-2 measurement using ELISA. *, p < 0.05; **, p < 0.01, and ***, p < 0.001
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6C) and control rats (Fig. 6D) also decreased (p < 0.05) when
the cells were previously activated and treated with ADWX-1
before reactivation. Furthermore, no significant changes were
observed in the supernatants from ADWX-1-pretreated
CD4"CCR7" T cells (Fig. 6, C and D). Therefore, the change in
the Kv1.3 expression pattern induced by ADWX-1 produced a
further and sustained inhibition of the CD4"CCR7~ pheno-
type where Kv1.3 activity was involved in the cell activation
signal. The modulation of CD4"CCR7~ T cell reactivation in
vitro by ADWX-1 also suggests that this peptide may physio-
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logically inhibit the repeated activation of T\, cells in vivo, thus
preventing the high expression of Kv1.3 in the EAE model (Fig.
5D) with a parallel down-regulation of the number of
CD4"CCR7™ T cells (Fig. 24). The data indicate that the spe-
cific Kv1.3 blocker peptide ADWX-1 preferentially inhibits
CD4"CCR7™ T cells activation, as evidenced by IL-2 produc-
tion, through regulating both channel activity and channel
expression.

ADWX-1 Suppresses Th17 Activation but Not Differentiation—
Considering the effects of ADWX-1 on the activation and pro-

JOURNAL OF BIOLOGICAL CHEMISTRY 29489



Selective Effect of ADWX-1 on Tg,, Cells in EAE Model

A i . . D ADWX-1 (=) ADWX-1 (+)
Unstimulated Differentiated - — e
o [sm Som s
-
10° 10° 5 1o o
0.0% 1.4% 0.0% 6.8% 3 0.0% 8.9% ‘a‘“’ Ex
. 10 108 5 1079&"#. e
E w [ A TR T T
10' 10' 10" CD4
N s e o E EAE (vehicle) ) EAE (ADWX-1) ) Control
o = oo AR " = g
%) oo%  |a1% Soow 22w ook | 17%
= =
- = (3 10 10 10
1‘0" ';I;‘ 1|I7Z 10° i i ||l7° i I1I0‘ v11!)’ ) 'Iﬂ’ 100 I‘D‘ 1’02 10°
cbh4 —mM8M8M8M8M8 ™ cbh4 —mM8MmMm ™ IL-17 ————> ] w
L 'y 10 ":- 3 0% BW m’% "r g2 |5 a;—“?;,,i
0.0% | 6.9% 0.0% | 6.2% ) 10.0% |63% . = 1 &g . e .‘ iﬁl
Primary+ Primary+ 1 Primary+ T e e e e T e
v 0nMADWX-1 | '3 1nMADWX-1| '3 10 nM ADWX-1 .
3 o [2s% oo |aen Joon |sew
10’ 10" 10' w’j 100 102
" ] 4 3
@ w o i
2 7% *
)
w

1 0.0%

10°=

3 0.0%

5.4% R R
Restimulation+

Restimulation+ 1 nM ADWX-1

0 nM ADWX-1

21% . .
Restimulation+

1onmapwx-1| F Serum G Spinal Cord
Wl EAE (Vehicle) !
— = [IEAE (ADWX) == I EAE (Vehicle)

220 — O control 5 O EAE (ADWX-1)
£ g 800 O control
g E)
e g
2 i
$ 10 % 300
g <

T o o

102 10

> ¢ o
el TGF-p L7 TGF-p

(@)

Primary Restimulation
BB 0nMADWX-1 —

= a0 B 1nMADWX1  F 4gp —_—
£ 3 10 nM ADWX1 £
=] >
S =2
N 400 N~ 150.
~ A\
E =

[ 0

Il 0 nM ADWX-1
B 1 nM ADWX-1
3 10 nM ADWX-1

FIGURE 7. Assessment of ADWX-1 in Th17 differentiation and EAE development. A, dot plots showing the representative frequency of CD4"IL-17" T cells
when naive CD4™ T cells were differentiated into Th17 using TGF-B and IL-6 plus anti-CD3/CD28 beads for 5 days; CD4 and IL-17 double-staining in Aand B were
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using ELISA. *, p < 0.05; **, p < 0.01, and ***, p < 0.001 versus EAE (vehicle).

liferation observed in CD4™" T cells and because the polariza-
tion process requires antigen stimulation in addition to cyto-
kine induction, we next investigated whether the modulation of
CD4™ T cell activation by ADWX-1 regulates CD4"IL-17" T
cell differentiation. In the absence of ADWX-1, ~7% of the rat
naive CD4™ T cells in culture was converted into CD4*IL-177
cells by IL-6 and TGF- induction (Fig. 7A), and the differenti-
ated Th17 cells appeared mostly as the CCR7 ™ phenotype (Fig.
7A). The cells differentiated in the presence of ADWX-1 exhib-
ited no obvious differences in the numbers of CD4*IL-17" cells
compared with the cells differentiated in the absence of
ADWX-1 (Fig. 7B). However, when the fully differentiated
Th17 cells were restimulated with anti-CD3 Ab and were
treated with ADWX-1, their expansion was suppressed com-
pared with the untreated cells (Fig. 7B). The ELISA analysis of
the primary culture supernatant, as well as the supernatants
from effector Th17 cells restimulated with anti-CD3 Ab over-
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night, revealed a similar decrease in IL-17 production (p < 0.05
or p < 0.01) only in the restimulation culture in the presence of
ADWX-1 (Fig. 7C). In addition, ADWX-1 did not exert a sig-
nificant effect on CD4*Foxp3™ Treg cell proliferation in vitro
(Fig. 7D). Our data suggest that ADWX-1 directly regulates the
expansion of Th17 cells in vitro but not the differentiation of
Th17 cells and that this efficacy is based on the cell selectivity of
ADWX-1 on the CD4"CCR7™ T cells.

Furthermore, we used the EAE model to evaluate whether
ADWX-1 targets mature Th17 in vivo. The administration of
ADWX-1 prevented Th17 cell development in PBMCs (Fig. 7E)
and slowed the progress of the disease, which resulted in a less
severe decrease in CD4 " Foxp3™ Treg cells compared with the
model group (Fig. 7E). Consistently, IL-17 production in the
serum of the EAE rats was reduced by ADWX-1 (p < 0.05)
without further inhibition of TGF-B production (Fig. 7F). Fur-
thermore, IL-17 production in the tissue (spinal cord) of EAE
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ADWX-1-mediated signaling in CD4*CCRY7- T, cells
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FIGURE 8. Putative mechanisms of the effect of the Kv1. 3 blocker ADWX-1 on T, cells. ADWX-1 preferentially inhibits CD4"CCR7~ Ty, subtype cells
through two inhibitory pathways; one pathway mediates the transcriptional activation of IL-2 via NF-AT and NF-«B, and the other pathway regulates channel
expression by affecting the binding of transcriptional factors to the Kv1.3 promoter via the upstream calcium signaling. This cell selectivity mechanism of
ADWX-1 on CD4"CCR7/CCR7™" cells can be expanded to the activation of CD4*IL-17"/CD4 " Foxp3™ cells.

rats decreased after ADWX-1 administration (p < 0.05), with-
out any changes in TGF-B production in the CNS (Fig. 7G).
These results demonstrate that ADWX-1 injection reduces
Th17 generation in vivo and confers protection against EAE.

DISCUSSION

Using the rat EAE model, we have investigated the therapeu-
tic effect of a novel Kv1.3 blocker peptide, ADWX-1, and the
mechanisms underlying the treatment. Our data suggest that
ADWX-1, designed from toxin as a specific blocker of the Kv1.3
channel, is a promising drug for the clinical therapy of MS. It
has been reported that patients with multiple sclerosis exhibit
high numbers of effector memory T cells characterized by a
high levels of Kv1.3 expression, mainly because the numbers of
Kv1.3 channels on activated CD4"CCR7  CD45RA ™ Tpg,, are
significantly greater (~1,500) than on resting T .\, cells (~300)
after repeated activation (7, 29). The difference in the number
of channels following activation suggests that Kv1.3 is a prom-
ising drug target for Tp,,-mediated autoimmune disease and
the specific Kv1.3 blocker peptide ShK can suppress the prolif-
eration of T, cells (5, 7, 30). Based on these data, we proposed
that the novel Kv1.3 blocker peptide ADWX-1 exhibits cell
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selectivity between CCR7~ Ty, and CCR7 ™ naive/T,, cells
and that the preferential effect of ADWX-1 on the proliferation
of T, cells might be associated with its regulation of the initial
signals for cell activation.

In this study, our results suggest that ADWX-1 preferentially
mediates the CD4*CCR7 ™~ Tg,, phenotype through two differ-
ent inhibitory pathways (Fig. 8). One of these inhibitory path-
ways is the classic channel activity pattern in which IL-2 is tran-
scriptionally activated by calcium-related nuclear factor
NE-AT and the PKC6-related nuclear factor NF-«B. The other
pathway is the channel expression pattern in which the KCNA3
gene expression is transcriptionally activated. Because Kv1.3
channels on CD4"CCR7~ Tp,, cells modulate signals for the
binding of nuclear factors to the KCNA3 promoter, blocking
the channel may functionally alter the transduction of the
KCNA3 promoter signaling and change the expression pattern
of Kv1.3 on CD4"CCR7~ Tgy, cells. In return, the expressed
channels will influence cell reactivation. Therefore, ADWX-1
exhibits its inhibitory effect on the activation of CD4" CCR7~
phenotype by regulating Kv1.3 from function to gene. Despite
the report that hypoxia regulates the expression and activity of
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Kv1.3 channels in T cell proliferation (31), the Kv1.3 blocker
peptide ADWX-1 may directly mediate both the activity and
expression of Kv1.3 channels in T}, cell activation.

First, we determined that the Kv1.3 blocker ADWX-1 specif-
ically inhibited the activation and subsequent proliferation of
CD4"CCR7™ Tgy, cells with a limited effect on CD4"CCR7™"
naive/T,, cells (Fig. 2, B and C). In the EAE model,
CD4"CCR7" T cells were less sensitive to MBP antigen stim-
ulation, which is consistent with the observation that myelin-
reactive T cells from MS patients are predominantly T, cells
(7, 25). However, 1 nm ADWX-1 was more potent at inhibiting
the activation of CD4" T cells from EAE rats than from the
normal rats (data not shown). This observation is consistent
with the effect of ADWX-1 on the total PBMCs in vitro, as
shown in Fig. 1F, possibly because of the dominance of the
CD4"CCR7" naive/T,, phenotype over the CD4"CCR7"~
Ty cell phenotype in normal rats (Fig. 24). We also studied
primary human T cells because they are physiologically similar
to the human leukocyte microenvironment. The inhibitory
effect of ADWX-1 on human T cells was similar to the reported
effects of ShK on freshly isolated CD4* T cells, sorted Ty, cells,
or chronic Ty, cells in humans (22).

Considering the question of how ADWX-1 modulates
CD4"CCR7" cell activation, we investigated the activation of
the IL-2 (Fig. 3D). A non-calcium-dependent but Kv1.3-related
IL-2 activation model that involves Lck and Kv1.3 may modu-
late TCR activation and downstream NF-kB events, and it is
reported that Kv1.3, KvB2, SAP97, ZIP, and p56lck (Lck) co-cap
with CD4 in human CD4 ™" T, cells (25, 32). Because the phys-
ical association and functional correlation between active Lck
and Kv1.3 channel activity have been examined (33), ADWX-1
targeting Kv1.3 might be associated with TCR signaling cas-
cades via Lck in the early stages of T cell activation. A recent
report claimed that the Disc large 1 (Dlgl)-tyrosine kinase Lck
complex mediates protein kinase Al, which selectively regulates
Kv1.3 channels in human T lymphocytes (34), proving the inter-
action of Lck, Kv1.3, and protein kinase. Because phosphorylation
by Lck may be required to induce protein kinase C (PKC) activa-
tion (35, 36), and PKC6 as a member of PKC family selectively
expresses on T lymphocyte, blocking the Kv1.3 channel may affect
the function of Lck and the downstream signaling events for PKC6
activation (37). Furthermore, the downstream Carmal complex
transmits PKC8 signaling to IKKs, which ultimately phosphory-
lates the IkB in this cascade (38, 39).

It is remarkable that the specific Kv1.3 blocker peptide
ADWX-1 regulates Kv1.3 channel expression on activated T,
cells and that the expressed Kv1.3 channels are functionally
important for the IL-2 activation of T, cells. We adopted two
different cell culture sorting patterns for the assay of mRNA
levels (Fig. 4, A and C). To rule out interference from other cells,
we used the sorted cells (CD4"CCR7 /CD4+"CCR7") for
ADWX-1 treatment in vitro to investigate the targeting func-
tion of ADWX-1 on the two cell subtypes. Meanwhile, the
PBMCs from whole blood treated with ADWX-1 in vitro were
used to evaluate the effect of the drug on the leukocyte
microenvironment because the CCR7" and CCR7 ™ subsets in
CD4" T lymphocytes are physiologically mixed in vivo. Our
results demonstrate that ADWX-1 selectively lowers the
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enhanced expression of Kv1.3 channels in CD4"CCR7 ™ T cells
upon activation at both the mRNA and protein levels. In con-
trast, the enhancement of Kv1.3 expression was not apparent in
the EAE CD4"CCR7™" T cells, and ADWX-1 had no effect on
this subtype of T cells because the antigen-specific T cells were
mainly CD4"CCR7 ™~ Tg,, Kv1.3"" cells in MS/EAE (25).
However, in control rats, although the CD4*CCR7" cells
responded to anti-CD3 Ab stimulation, the expression of the
Kv1.3 channel increased only slightly without a substantial
change in Kv1.3 expression on CD4"CCR7" T cells after
ADWX-1 treatment. It is likely that the activation of CCR7~
cells depends on Kv1.3 channels but that CCR7 ™" cell activation
depends on IKCal channels, which exhibit functions that are
equivalent to Kv1.3 (7, 25). Because the Kv1.3 channel is not
mobilized in CCR7™ cells, the level of Kv1.3 expression was not
as high as in CCR7 " cells and the Kv1.3 blocker ADWX-1 did
not have a functional effect.

The effect of ADWX-1 on channel expression is similar to
that reported for diclofenac, a nonsteroidal anti-inflammatory
drug that inhibits Kv1.3 expression in activated T lymphocytes
(40). However, diclofenac is not a specific Kvl.3 channel
blocker, and the mechanism involved in its inhibition of Kv1.3
expression is unknown. In this study, we elucidated the tenta-
tive mechanism of the ADWX-1 peptide on channel expression
based on the Kv1.3 promoter and Ca®" signal transduction (Fig.
4D). Interestingly, the high expression of Kv1.3 in CD4"
CCR7 " T cells was dependent on calcium and calmodulin, and
calcium signaling is in turn mediated by the Kv1.3 channel in
this cell subtype (Fig. 3B); thus, there is a cross-talk between
channel activity and channel expression in CD4"CCR7~ T
cells. Furthermore, the lower Kv1.3 expression impairs the
Kv1.3-dependent CD4"CCR7~ cell reactivation, which is
Kvl.3-dependent; thus, pretreatment with ADWX-1 can also
specifically lower IL-2 production in CD4" CCR7 ™ cells when
they are restimulated (Fig. 6, C and D). However, the selective
inhibition of channel expression differs from expression elimi-
nation by siRNA or other channel gene knockdown methods in
that quiescent T cell channel expression remains unchanged
after ADWX-1 treatment (Fig. 4D). Therefore, when compared
with other identified immunological genes associated with the
risk of developing MS (41), the changes in expression of KCNA3
suggest that it is a gene that specifically regulates Tg,, cells
activation (41).

In addition to the classic Thl type CD4™ T cells, the latest
studies show that Th17 and regulatory T cells (Treg) play vital
roles in autoimmune diseases and inflammation. As a new lym-
phocyte subtype found in the EAE model, Th17 promotes
inflammatory development, which is contrary to the anti-in-
flammatory role of Treg cells, and the receptors on the Th17
subsets contribute to their differentiation (42—44). To under-
stand whether ADWX-1 affects the inflammatory Th17 cells,
we shifted the focus of our research from cell proliferation to
cell differentiation. The results showed that ADWX-1 did not
suppress the Th17 cell polarization and IL-17 secretion in vitro,
possibly because the cells were differentiated from naive CD4 ™,
which isa CCR7 " phenotype, and that ADWX-1 was not effec-
tive in this type of cell. However, the peptide affected the
restimulation of fully differentiated Th17 cells due to the
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CCR7~ phenotype in these polarized CD4*IL-17" T cells. In
contrast, there was no apparent change in CCR7"-based
Treg cells (45) after ADWX-1 treatment (Fig. 7D). Indeed, the
CCR7*CD45RA™ naive T cells and the CCR7*CD45RA™ T,
cells with the entry code of CCR7 were retained in the lymph
node, whereas the CCR7 CD45RA™ Ty, cells without CCR7
infiltrated the inflamed tissue, resulting in effects such as cyto-
kine secretion (5). The large proportion of CCR7™ cells in the
Th17 population accounts for the recruitment of Th17 to the
lesion tissues in autoimmune diseases. The IL-17 levels were
lowered in the tissue in particular following ADWX-1 treat-
ment. Although Treg cells were down-regulated in the EAE
model, ADWX-1 inhibited the exacerbation of the disease by
suppressing Th17 cell development but not inhibiting the Treg
cells further. These results demonstrate that ADWX-1 balances
Th17 and Treg cells in vivo and ameliorates the MS/EAE dis-
ease. Similarly, studies of other peptides used for the treatment
of MS report the involvement of Treg cells (46); however, the
mechanisms for targeting Th17/Treg cells may differ for these
peptides. The role of ADWX-1 in differentiation involves nei-
ther the replacement of cytokines, which trigger differentiation,
nor synergy with cytokines to promote differentiation but
rather the suppression of differentiated Th17 cells without
affecting the Treg cells.

The selective effects of ADWX-10on CCR7 ™ T cell activation
rather than on CCR7™ T cells restore the balance of CCR7 "/
CCR7™" T cells, which might differ from the way Kv1.3 mediates
the reversion of T effectors to central memory lymphocytes via
cell cycle signaling (47). As a representative Kv1.3 blocker pep-
tide, the mechanisms of ADWX-1 can be expanded to other
Kv1.3-targeting toxin peptides or even to other chemical Kv1.3
blockers. The cell selectivity of ADWX-1 provides further support
for the therapeutic potential of Kv1.3-specific channel blockers in
Tey-mediated autoimmune disease without side effects and
broad immunosuppression (5, 48). At the same time, disease-as-
sociated autoreactive T cells in rheumatoid arthritis or type-1 dia-
betes mellitus patients mainly consist of CD4*CCR7~ CD45RA™
effector memory T cells (T, cells) with elevated Kv1.3 potassium
channel expression, and ADWX-1 may ameliorate these diseases
in rat models (25). Furthermore, it is reasonable to suggest
ADWX-1 for broader immunotherapies in other effector memory
T-related autoimmune diseases, such as psoriasis, chronic graft
versus host disease, inflammatory bowel disease, and systemic
lupus erythematosus.

In conclusion, the Kv1.3 blocker peptide ADWX-1 inhibited
the excessive activation and proliferation of CD4"CCR7~
effector T cells by suppressing the channel activity-mediated
IL-2 signaling and the expression of the Kv1.3 channel
Although MS is a multifocal demyelinating disease with multi-
ple inducements, the multiple functions of ADWX-1, especially
its dual inhibitory roles in both channel activity and channel
expression in specific CD4"CCR7 Ty, cells, make it a prom-
ising candidate drug for MS therapy.
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