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Multiple Sclerosis (MS) is characterized by central nervous system
perivenular and parenchymal mononuclear cell infiltrates consist-
ing of activated T cells and macrophages. We recently demon-
strated that elevated expression of the voltage-gated potassium
channel, Kv1.3, is a functional marker of activated effector memory
T (Tem) cells in experimental allergic encephalomyelitis and in
myelin-specific T cells derived from the peripheral blood of patients
with MS. Herein, we show that Kv1.3 is highly expressed in
postmortem MS brain inflammatory infiltrates. The expression
pattern revealed not only Kv1.3* T cells in the perivenular infiltrate
but also high expression in the parenchyma of demyelinated MS
lesions and both normal appearing gray and white matter. These
cells were uniformly chemokine receptor 7 negative (CCR7-),
consistent with an effector memory phenotype. Using double-
labeling immunohistochemistry and confocal microscopy, we dem-
onstrated colocalization of Kv1.3 with CD3, CD4, CD8, and some
CD68 cells. The expression patterns mirrored in vitro experiments
showing polarization of Kv1.3 to the immunological synapse. Kv1.3
was expressed in low to moderate levels on CCR7* central memory
T cells from cerebrospinal fluid, but, when these cells were stim-
ulated in vitro, they rapidly became Kv1.3"igh/CCR7~ Tem, suggest-
ing that a subset of cerebrospinal fluid cells existed in a primed
state ready to become Tegm. These studies provide further rationale
for the use of specific Kv1.3 antagonists in MS.
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M ultiple sclerosis (MS) is an immune-mediated disorder in
which inflammatory cells from the peripheral blood (PB)
migrate to the CNS and cause demyelination and subsequent axonal
degeneration (1-4). Several lines of evidence support an early role
of autoreactive CD4* CNS myelin-specific T cells (1, 2). In addi-
tion, there is epitope spreading such that T cell responses are
directed against multiple different myelin antigens (5). Indeed,
therapeutic efforts at antigen-specific therapies have not been
successful or have actually worsened disease, highlighting the
potential danger of antigen-specific approaches (6). The presently
available agents lack specificity for autoreactive cells and have
significant side effects (7, 8). There is a great need for therapies that
target chronically activated memory cells involved in MS patho-
genesis, but that do not cause profound immunosuppression or
toxicity.

Activated T cells require high levels of intracellular calcium,
which enters cells through calcium-release-activated calcium chan-
nels (CRAC) after intracellular stores are depleted of calcium (9).
Membrane hyperpolarization brought about by the opening of the
two lymphocyte potassium (K) channels, the voltage-gated K
channel (Kv1.3), and the calcium-dependent K channel (KCa3.1,
also known as IKCal), promotes calcium entry through CRAC
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channels (10). In quiescent, naive central memory T (Tcwm) cells and
effector memory T (Tgwm) cells, Kv1.3 channels (250-400 channels
per cell) are primarily responsible for the countercurrent efflux of
potassium that sustains the electrochemical gradient necessary for
calcium entry during the first few minutes of activation (10, 11).
KCa3.1 channels are transcriptionally up-regulated in naive
[CD45RA™" /chemokine receptor 7-positive (CCR7%)] and Tcm
(CD45RA~/CCR7") cells after activation (10 — 500 per cell) and
become the predominant functional K* channel in these cells over
the ensuing days and weeks of activation (10-12). In contrast, Kv1.3
is up-regulated to 1,500-2,000 channels per cell in activated Trm
cells (CD45RA~/CCR7") and takes over as the dominant func-
tional K channel (11, 13). Kv1.3 blockers preferentially suppress
proliferation of Tgy cells, whereas naive/Tcwm cells escape inhibi-
tion by augmenting KCa3.1 expression (14). The availability of
highly specific Kv1.3 inhibitors and the important role of the
channel in Tgyp cells make Kv1.3 an interesting therapeutic target
in autoimmune disease in which memory T cells of multiple
antigenic specificities exist at low levels in the blood and presumably
become concentrated in the target organ (10, 14, 15). Indeed,
several Kv1.3 antagonists have been shown to be effective in
ameliorating experimental allergic encephalomyelitis (EAE) (13,
14, 16, 17).

We recently demonstrated that myelin-reactive T cells from the
blood of MS patients are Kv1.3"eh suggesting they were Tgy cells
that had undergone repeated rounds of activation in vivo. In
contrast, myelin-reactive T cells from the PB of healthy controls are
Kv1.3'% consistent with a naive/Tcym phenotype (11). Our results
corroborate reports by other investigators who have found a
preponderance of chronically activated memory cells in the myelin-
reactive pool in MS patients (18, 19). Here, we provide definitive
evidence that Kv1.3" is highly expressed in the perivenular and
parenchymal inflammatory infiltrates of MS brain tissue and on T
cells from the cerebrospinal fluid (CSF).

Materials and Methods

Brain Tissue. Frozen brain tissue specimens were obtained at au-
topsy from seven patients with a definite diagnosis of MS from the
Human Brain and Spinal Fluid Resource Center, Veterans Affairs
West Los Angeles Health Care Center. Active lesions contained
abundant infiltrates consisting of T cells and macrophages with
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detectable myelin degradation products. Inflammation was re-
stricted to the lesion margins in chronic active lesions. Regions of
non-lesion white matter (NLWM) and non-lesion gray matter
(NLGM) that lacked macroscopic or histological evidence of
demyelination were also used. The samples were derived from
patients between the ages of 30 and 51 with a mean of 44. Four
additional MS brain specimens and three cases of subacute en-
cephalitis (two with rabies and one idiopathic) were obtained at
autopsy from the Brain Resource Center at The Johns Hopkins
University Department of Pathology, Division of Neuropathology.
Four healthy control brain samples were obtained from the Coop-
erative Human Tissue Network, Charlottesville, VA.

PB and CSF Cells. PB CD4" and CD8+ T cells were purified from
whole blood as described (20) and stimulated with soluble anti-CD3
(1 pg/ml), anti-CD28 Abs (1 pg/ml), irradiated (3,000 rad) pe-
ripheral blood mononuclear cells, and 50 units recombinant human
IL-2 (NIH Biological Resources, Bethesda), and either stained at
day 3 (naive-activated) or day 10 (Tcm-activated), or maintained by
restimulation with the above stimuli for 6-10 weeks (Tgm-
activated). Cells were washed, spun onto glass slides, and stained as
described below. Nuclei were stained with DAPI (Molecular
Probes) at 1 pg/ml for 10 min and then imaged.

CSF was obtained from five MS patients and four other neuro-
logical disease controls (one ALS, one sarcoidosis, and two isolated
acute transverse myelitis patients). Cells were stained immediately
or placed in culture with anti-CD3 and CD28 antibodies as de-
scribed below.

Cells were stained with a mouse anti-human CCR?7 antibody
conjugated to FITC and a rabbit anti-Kv1.3 antibody (from
H.-G.K.), followed by a goat anti-rabbit IgG conjugated to Alexa
Fluor 647. Z-stacks through the cells were taken by using a
confocal microscope.

Antibodies. Rabbit anti-human Kv1.3 IgG were from H.-G.K. (21)
and Alomone Laboratories (Jerusalem). Rabbit anti-human CD3
antibody, a monoclonal antibody to human macrophages (anti-
CD68), and glial fibrillary acidic protein (GFAP) were from
DAKO. The monoclonal anti-CD3 and anti-CD4 were from
NovoCastra (Newcastle upon Tyne, U.K.) anti-oligodendrocyte/
myelin, and phosphorylated neurofilamants from Chemicon Inter-
national (Temecula, CA). The horseradish peroxidase-conjugated
rabbit anti-mouse IgG, goat anti-rabbit IgG were from Jackson
ImmunoResearch. The CCR7 antibody was from R & D Systems.

Immunohistochemistry on Frozen and Paraffin Sections. Cryosections
were fixed in acetone containing 0.3% H,O,, incubated with rabbit
polyclonal antibody against Kv1.3 (diluted 1/5,000), overnight at
4°C, then incubated for 1 h with goat anti-rabbit horseradish
peroxidase-conjugated IgG. Specific reaction was developed by
using NovaRED (Vector Laboratories). Nuclei were counter-
stained with Harris’s hematoxylin (Sigma). Controls were prepared
by immunostaining without the primary antibody, by using control
isotype IgG or a blocking peptide as described (21). A similar
indirect immunoperoxidase technique was used for CD3 and CD68
staining and oligodendrocytes (OLG)/myelin as described (22).

Paraffin sections were deparaffinized, heated in a pressure
cooker in 10 mM citric acid (pH 6.0) for 1 min, treated with 4%
normal goat serum/0.4% Triton X-100/Tris-buffered saline (TBS)
for 1 h and overnight incubated with anti-Kv1.3 (1:100, Alomone
Laboratories) or CD4. Sections were rinsed with TBS and incu-
bated with biotin-conjugated secondary antibody followed by
Vectastain Elite ABC and diaminobenzidine (DAB).

Immunofluorescence for Confocal Microscopy. Paraffin sections of
MS brain tissue were prepared and blocked as described above.
Rabbit anti-human Kv1.3 antibody and mouse monoclonals against
either CD3 or CD4 were incubated at 4°C for 48 h and then
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incubated overnight at 4°C in Alexa Fluor 555- and 488-conjugated
secondary antibodies against the primary species antibodies
(Molecular Probes). The slides were analyzed by using a Zeiss LSM
510 confocal microscope. CSF T cells were plated onto polylysine-
coated coverslips, fixed with 1% paraformaldehyde (PFA), perme-
abilized with 0.1% Triton X-100, and incubated overnight at 4°C in
blocking solution (PBS/5% goat serum/5% bovine serum-
albumin/0.1% sodium azide).

Four-Color Flow Cytometry. Single-cell suspensions were prepared,
stained, and analyzed on a FACSCalibur flow cytometer by using
CELLQUEST software (BD Immunocytometry Systems) as described
(20). All antibodies were from Pharmingen.

Electrophysiology. CSF cells were put on poly-L-lysine-coated cov-
erslips, kept at 37°C and 5% CO, for 10 min to attach, and then
patch-clamped in the whole-cell configuration as described (11, 13).
Kv1.3 currents were elicited by repeated 200-ms pulses from a
holding potential of —80 mV to 40 mV, applied every second to
visualize the characteristic cumulative inactivation of Kv1.3, or
every 30 s in experiments to measure block of ShK-F6CA (14).

Results

MS Brain Tissue. We performed immunohistochemical analysis on
20 different areas of grossly involved white matter plaques and areas
of grossly uninvolved tissue from MS patients, 10 areas of healthy
brain tissue, and 8 areas from brains of patients with encephalitis
(Table 1 and Figs. 1 and 2). As expected, we found a predominance
of CD3*/CD4+* T cells in the perivenular infiltrate (Fig. 1 4 and B
Inset). Many of these cells stained positively for Kv1.3 (Fig. 1B). In
addition, Kv1.3* cells were highly evident in the parenchymal
infiltrate of the majority of MS plaques, and the cells exhibited a
membrane pattern of Kvl.3 staining (Fig. 1C). Serial sections
through areas of intense Kv1.3 staining on lymphocytes (Fig. 1D)

Table 1. Expression of KV1.3 in MS lesions and control brain

Kv1.3 expression

Case no. Peri- Paren-
(age, sex) Lesion (no.) Lesion type vascular  chymal
1(47,F) Frontal plaques (2) Acute ++ +++
Non-lesion WM ++ +/++
2 (50, M) Frontal plaques (3) Chronic active ++ +
Non-lesion WM ++ +
Non-lesion GM ++ ++/
+++
2 (50, M) Temporal plaques (2) Acute +/++ ++
Non-lesion WM ++ +
3 (50, M) Occipital plaques (3) Acute ++ ++
Non-lesion WM ++ ++
Non-lesion GM + ++
4(51,F) Frontal plaques (2) Acute +/++ +/++
Non-lesion WM ++/ +
+++
5(38,F) Parietal plaques (3) Chronic active ++ +/++
Non-lesion WM ++ ++
Non-lesion GM +/++ -
6 (38) Occipital Plaque (3) Acute ++ +/++
Non-lesion WM + ++
Non-lesion GM +/++ ++
7 (30, F) Frontal plaque (2) Chronic active +++ ++
Non-lesion WM +/++ ++
8-11 Normal (10) Control GM — —
Control WM - -
12-14 Encephalitis (8) Encephalitic —to —
+/++

F, female; M, male; WM, white matter; GM, gray matter. —, negative; +,
slightly positive; ++, positive; +++, highly positive.
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Fig. 1. Expression of Kv1.3 on inflammatory cells in MS brain. Paraffin
sections were stained by indirect immunoperoxidase for Kv1.3, CD3, CD4,
CCR7, and CCR5. Areas used in sectioning were from a white matter plaque.
There were many perivascular inflammatory cells that stained positively for
CD3 (A), Kv1.3(B), and CD4 (B Inset) on consecutive sections. (C) Kv1.3 was also
localized on inflammatory cells in the white matter parenchyma (Inset reveals
membrane polarization of Kv1.3 staining). (D) Consecutive sections through
another perivascular infiltrate revealed numerous Kv1.3* inflammatory cells,
which were predominantly CCR7~ (E) (Inset reveals rare CCR7 positive stain-
ing), and CCR57 (F). (Scale bar, 50 um in A and Band 20 umin C, D, E, and F.)

revealed negative CCR7 (Fig. 1E), but positive CCRS staining (Fig.
1F) on some of the infiltrating cells. CCR7 was routinely detected
on PB cytospins by using the same antibody (data not shown) and
was rarely detected on perivascular cells (Fig. 1F Inset). These
Kv1.3* cells are therefore activated Tgwm cells (CCR77). We have
previously shown that our staining method does not detect naive
and Tcem (both CCR7%) in the spleen and lymph node due to the
low numbers of Kv1.3 channels they express (23). There was no
expression of Kv1.3 in either white matter or gray matter in normal
brain tissue. We did occasionally identify a low level of Kv1.3
expression in the perivascular infiltrates from three cases of en-
cephalitis, consistent with a CD8 memory response in cases of
virally mediated encephalitis occurring over several weeks. We
previously reported that CD8 memory T cells also express high
levels of Kv1.3 and convert to Tgy faster than CD4 (11).
Interestingly, sections with grossly uninvolved white and gray
matter also had areas with perivascular and parenchymal inflam-
matory infiltrates (Fig. 2). Many of these cells were Kv1.3* inflam-
matory cells in grossly normal appearing white (Fig. 24) and gray
matter (Fig. 2C). Many of these cells were CD68* mononuclear
cells (Fig. 2B). No Kv1.3 staining of neurons or axonal structures
was observed in gray or white matter, but, on a serial section with
Kv1.3* cells (Fig. 2C), we saw axonal fragmentation and neuronal
swelling using a neurofilament stain, consistent with potentially
tissue damaging effector immune cell activation (Fig. 2D). Some of
the inflammatory cells had a morphology suggestive of ramified
microglia (Fig. 2F), and, in double-labeling experiments, some but
not all of the CD68™ cells also expressed Kv1.3 (Fig. 2F). However,
consistent with the serial section analysis in Fig. 1, most Kv1.3* cells
double-labeled with CD3 (Fig. 2G). No background staining could
be detected by using isotype control primary antibodies (Fig. 2H).
To better examine the localization of Kv1.3 on immune cell
subsets, we examined several MS brain sections with confocal
microscopy. Kv1.3 clearly localized to the cell membrane of CD3*
and CD4* T cells in perivenular and parenchymal sections (Fig. 3).
There were two patterns of staining for Kv1.3. The first was modest
punctate expression of Kv1.3 in the membrane (Fig. 34). The
second was extensive coexpression of Kv1.3 in the membrane with
CD4 (Fig. 3B) and in some cases CD8 (Fig. 3C). In some cells, there
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Fig. 2. Tissue expression of Kv1.3 in normal appearing white and gray
matter. MS brain cryostat sections that were grossly uninvolved were exam-
ined for Kv1.3 expression. (4) Kv1.3 deposits were found on perivascular and
parenchymal inflammatory cells in the normal appearing white matter. (B)
Many of these cells stained positively for CD68. (C) Kv1.3 staining was also seen
on parenchymal cells in the gray matter. (D) Phosphorylated neurofilament
staining showed axonal fragmentation and swelling in a normal appearing
gray matter area, which was a consecutive section for the Kv1.3 staining seen
only on inflammatory cells in C. (E) Some of the cells were branched process
bearing cells with an appearance suggestive of microglia. (F) Double labeling
identified some Kv1.3" cells as CD68" cells (arrows red-Kv1.3, dark brown
CD68); not all CD68 cells expressed Kv1.3 (arrowheads). (G) Double labeling
with CD3 (dark brown) and Kv1.3 (red) was also clearly seen. Not all Kv1.3-
expressing cells are CD68 positive. (H) Control of the immunoperoxidase
reaction. (Scale bar, 20 um in A, B, D, G, and H; 50 um in Cand F; and 10 um
inE.)

was marked colocalization of Kv1.3 and CD3 (Fig. 3D). The latter
pattern was rarer, consistent with the fact that the majority of T cells
found in postmortem tissue have not been recently activated even
in sites of chronic active inflammation. Extensive colocalization of
CD4 and Kv1.3 was seen on acutely activated CD4*/CCR7~ Tem
cells (24-96 h) (Fig. 3 F and G) resembling the MS brain pattern
in (Fig. 3D). Activated CD8 Tgym cells also stained positively for
Kv1.3 and exhibited extensive CD8 and Kv1.3 colocalization (Fig.
31). In contrast, in vitro polyclonally stimulated CD4* naive/Tcwm
cells (7 days after stimulation) and in vitro-activated naive CD8* T
cells did not exhibit visible Kv1.3 staining (Fig. 3 E and H). These
data correlate well with known Kv1.3 electrophysiological currents
that can be detected in resting and activated CD4* and CD8™ naive
Tcem and Tey cells (11).

CSF Cells. We also examined CSF cell samples derived from MS
patients and controls. The cells were predominantly (90-95%)
lymphocytes (CD4 > CDS8) of the Tcy phenotype (CD45RA ™/
CCR7") (Fig. 44). Because our data and several previous reports
have suggested that CSF cells from MS patients are primed memory
cells that express high levels of CXCR3 and have effector functions,
we postulated that these cells would rapidly convert into Tgy after
stimulation (24-27). Indeed, upon stimulation in vitro, we found
that the CSF cells from MS patients rapidly became CCR7~ at day
7 and maintained this phenotype at day 14 (Fig. 4 B and C). In
contrast, CSF cells from noninflammatory neurological controls

Rus et al.



Fig. 3. Confocal microscopy of Kv1.3 and CD3/CD4 in MS brain tissue.
Confocal microscopic images of 20-um floating sections of postmortem MS
brain tissue. (A and B) Parenchymal infiltrate with positive CD3 and punctate
Kv1.3staining in the membrane. (C) A cluster of lymphocytes stained positively
for Kv1.3 and CD4, as well as occasional CD8 (Inset). (D) CD3* cells showed
extensive Kv1.3 and CD3 colocalization in the membrane. Immunofluorescent
staining of PB-derived T cells concentrated on a slide by cytospin showed
membrane patterns of staining of CD4, CD8, and Kv1.3. (E) Day 7-activated
naive and Ty are CD4*, CCR7* (data not shown) and Kv1.37. (F) Chronically
stimulated resting Tem were CD4", CCR7~ (data not shown) and expressed
Kv1.3in the membrane but with minimal colocalization with CD4. (G) Tgm that
had been recently activated expressed increased amounts of Kv1.3 and dem-
onstrated more colocalization with CD4 similar to the brain tissue lymphocyte
in D. (H) Naive CD8" T cells expressed no Kv1.3 but, when chronically stimu-
lated and activated (/), exhibited intense Kv1.3 expression and colocalization
with CD8. (J) Isotype controls using nonspecific rabbit primary antibody
followed by usual secondary label and with primary rabbit anti-human and
nonspecific labeled mouse anti-rabbit secondary antibody showed no back-
ground staining.

were predominantly Tey and retained the Teym phenotype after
stimulation, suggesting that these cells are in an earlier state of
differentiation (Fig. 4 D and E). The very low frequency of these
cells made it difficult to track them for longer periods of time. CD4*
T cells from the PB of healthy controls or MS patients were either
of the naive or Tcm phenotype but, upon identical stimulation for
7 and 14 days, did not convert to Tgwm cells (Fig. 4 F-H).

We studied Kv1.3 currents in ex vivo CSF cells from five patients
with MS. Cells from three patients were examined immediately
after isolation, whereas samples from two others were activated for
7-14 days and then patch-clamped. The K* currents in these cells
displayed biophysical and pharmacological properties closely re-
sembling those of Kv1.3. Depolarizing pulses of 500-ms duration
applied from a holding potential of —80 mV to various voltages
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induced a family of outward K* currents (Fig. 4/). From these data,
we generated a conductance—voltage curve (Fig. 4K) and calculated
Vip tobe =28 mV (V32 for Kvl.3 = —29 to —33 mV). Repeated
depolarizing pulses applied every second resulted in a decrease in
maximal current amplitude with each successive pulse (Fig. 4L),
which is characteristic of Kv1.3. The activation (3 = 0.3 mV,n =5)
and inactivation (280 = 15 ms, n = 5) time constants at 40 mV were
also constant with the current being Kv1.3. The current was blocked
by the most selective Kv1.3 inhibitor currently known, ShK(LS),
with a concentration dependence identical to Kv1.3 (Fig. 4 M
and N).

The Kv1.3 channel numbers per T cell are shown in Fig. 4I. CSF
sample 1 expressed the Kv1.3Meh pattern of activated Tgy effectors
(=1,300 Kv1.3 per cell), whereas cells from CSF samples 2 and 3
exhibited the Kv1.3'% pattern of activated naive/Tcwm cells (=600
Kv1.3 per cell). Due to the small numbers of cells in these CSF
samples, we were unable to assess the Kv1.3 channel numbers after
activation in samples 1-3. Instead, CSF samples 4 and 5 were
activated for 7-14 days with anti-CD3/28 beads and then patch-
clamped. Consistent with the flow cytometry data (Fig. 4 A-H),
these cells acquired the Kv1.3Meh pattern of Tgy effectors after
activation (Fig. 41). In contrast, anti-CD3-activated PB T cells from
MS patients expressed the Kv1.3'¥ pattern of activated naive/Tcwm
cells (Fig. 41), similar to PB T cells from healthy controls; myelin-
specific T cells in the blood are at such low frequency that the
chances of patching these cells is very low.

To confirm the patch-clamp data, we stained cells from CSF
samples 3 and 5 with antibodies specific for CCR7 and Kv1.3 and
then visualized the stained cells by confocal microscopy. Sample 3
with Kv1.3'% cells stained strongly for CCR7 but was negative for
Kv1.3 (Fig. 40), consistent with these cells being naive/Tcwm cells.
In contrast, sample 5 with Kv1.3Mgh cells stained strongly for Kv1.3
and weakly for CCR7 (Fig. 40). Sample 3 was CCR7"Kv1.3lo%
whereas sample 5 was Kv1.3"Meg"CCR7"¥, confirming the patch-
clamp data. The staining intensity is presented in Fig. 4P.

To ensure that the channel protein was in the membrane, a set
of Z-stack images were captured and analyzed (Fig. 40); these
images show that Kv1.3 is in the membrane in CSF T cells. Taken
together, these data indicate that T cells in the CSF of MS patients
rapidly transition into Kv1.3heh CCR7-activated Tgy effectors
upon stimulation.

Discussion

We have observed extensive positive staining for the voltage-gated
potassium channel Kv1.3 on CD3* lymphocytes in MS brain tissue.
Most of these Kv1.3* cells were CCR7~, which strongly suggests
that the majority of the inflammatory infiltrate in MS brain are
activated Tgy cells that have undergone repeated antigen stimu-
lation in vivo during the course of disease. Our finding of Kv1.3*-
activated Tgp cells in MS brain tissue infiltrates and of Kv1.3high-
activated Ty cells in CSF from MS patients is a demonstration of
elevated Kv1.3 expression in lymphocytes in target autoimmune
tissue. These results extend our recent demonstration that myelin-
reactive T cells in the PB of MS patients are Kv1.3"gh-activated Ty
cells (11). Our findings in MS are distinctly different from EAE in
mice, in which only a small percentage of the inflammatory
infiltrate are antigen-specific cells and the majority of the cells are
likely to have been nonspecifically recruited (28). The relative ease
of targeting nonspecifically recruited cells that have many early
activation markers could explain why EAE is more amenable to
therapeutic interventions than the human disease MS, in which
differentiated Tgm cells predominate in the brain.

The loss of CCR7, a lymph node-homing receptor, seems to be
a critical switch that correlates with the up-regulation of the T
helper 1-associated chemokine receptor CCRS and allows T cells to
migrate to tissue sites of inflammation and perform effector
activities (29). Potassium channels play a critical role in maintaining
the electrochemical gradient required for sustained calcium entry
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Fig.4. Immunofluorescence and electrophysiology of peripheral and CSF T cells. FACS plots revealed staining patterns of CCR7 vs. CD45RA. (A) CD4-gated MS-derived
CSF cells revealed a predominantly Tem phenotype immediately ex vivo, but with rapid conversion to short-lived Tem after 7 and 14 days of stimulation using
anti-CD3/CD28 coated beads (B and C). By comparison, negatively sorted CSF derived from noninflammatory neurological controls showed CD4™" cells that were
predominantly Tew (D) and remained Ty at day 7 despite identical manner of stimulation (E). (F-H) CD4 cells derived from PB were predominantly Tem and naive
phenotype (F), and maintained high levels of CCR7 even after 7 and 14 days of stimulation using anti-CD3/CD28 coated beads (G and H). (/) Single cell patch-clamp
analysis of MS-derived CSF cells revealed high Kv1.3 channel numbers per cell; mean channel number per cell was 1,082 + 489 (mean = SEM, n = 28). Shown for
comparison on the right are mean Kv1.3 channel numbers from activated PB T cells from three MS patients (n = 32), and from 10 healthy controls (n = 33). (J and K)
Family of currents. The test potential was changed from —60 to 60 mV in 10-mV increments every 30 s (V3 = —28 mV). (L) The current in CSF cells exhibited the
characteristic use-dependence of Kv1.3 when 200-ms pulses were applied every second to 40 mV. (M and N) Pharmacological blockade with the potent and selective
Kv1.3 inhibitor ShK(L5) (14) confirmed that the current is carried by Kv1.3. (O) Representative images of CSF resting (top) or activated (bottom) T cells stained with
anti-Kv1.3 and CCR7 Abs. (P) Staining intensities for Kv1.3 and CCR7 in resting and activated CSF T cells. (Q) Z-stack of confocal images through an activated CSF T cell.

in the time frame required for activation and effector function (10).  activated memory cells to perform their effector functions. Block-
We previously reported that activated Tgy cells have a 4- to 6-fold  ade of the Kv1.3 channel suppresses antigen-driven proliferation
elevation in the numbers of functional Kv1.3 channels expressed per  and cytokine production by these cells, and selective Kv1.3 blockers
cell compared with activated naive/Tcy cells (11). This enhanced ~— ameliorate EAE in rats induced by the adoptive transfer of myelin-
Kv1.3 expression is likely to promote calcium signaling necessary for  specific activated Trm cells (13, 14, 16).

11098 | www.pnas.org/cgi/doi/10.1073/pnas.0501770102 Rus et al.



Lo L

P

1\

=y

Our discovery that CCR7* CSF lymphoblasts have slightly
increased Kv1.3 channels on their membrane, but are primed to
rapidly become Kv1.3Meh Tgy has important implications in
understanding CNS recruitment. These data are consistent with
a recent report by another group (30) in which CSF cells were
CCRT7* but parenchymal cells were CCR7~. We considered the
possibility that CCR7 expression might reflect their activation
state because we and others have reported that CCR7 is tran-
siently up-regulated on T helper 1 cells during early activation
(20, 31). However, our MS-derived CSF cells rapidly became
CCR7~ Tgm within a week of strong TCR engagement and
costimulation in vitro, and their Kv1.3 channel number increased
dramatically, unlike PBL or control CSF cells. We have never
seen this rapid conversion of Tcym to Tem while generating
antigen-specific T cell clones in vitro, which suggests that the MS
CSF cells are in a primed state, but require a second strong signal
within the CNS to allow their conversion to effector cells that are
then retained within the parenchyma. The concept of a primed
CCR7%/CXCR3* cell, such as is the phenotype of MS CSF cells,
was recently described in vitro and is considered the precursor of
T helper 1 cells (32, 33). The requirement for a strong reacti-
vating signal at the blood-brain barrier may be an important
regulatory mechanism to prevent damaging effector cell infil-
tration when not needed.

The expression of Kvl.3 on a number of macrophages and
microglial cells was of additional interest. Several groups (34-40)
have described Kv1.3 expression on macrophages and microglia in
vitro or in rodent tissues, but never in human brain tissue. Kv1.3
channels are required only for the later stages of proliferation of
rodent microglia, whereas Kv1.5 channels are necessary during the
early stages (36). Other studies suggest that Kv1.3 channels, to-
gether with Kir2.1, Kv1.5, KCa3.1, and BK¢, channels, modulate
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macrophage and microglia function (35, 38, 41-43). Kv1.3 blockers
may therefore have effects on chronically activated Tgym cells, and
may also partially influence the function of microglia and brain
macrophages.

In summary, these pathological findings, in conjunction with our
previous in vitro report, suggest that Kv1.3 is a functional marker of
activated Tgy cells, and that these are the predominant lymphocyte
cell type in MS inflammatory brain infiltrates. The therapeutic
appeal of Kv1.3 is that it does not require knowledge of antigen
specificity, which may be critical in diseases where epitope spread-
ing occurs. Further, the presence of elevated Kv1.3 levels on both
CD4* and CD8* activated Tgpy cells suggests that Kv1.3 antago-
nists could target both CD4 and CD8 Tgym functions such as the
release of the destructive protease granzyme B, which has been
implicated in mediating direct cytolytic damage in progressive MS
(44, 45). The availability of Kv1.3-specific antagonists with dem-
onstrated efficacy in vitro and in Lewis rat adoptive EAE makes
Kv1.3 an attractive therapeutic target in MS, and possibly other
autoimmune diseases (10, 11, 14).
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