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Abstract

Electrophysiological and pharmacological studies coupled with molecular identification have
revealed a unique network of ion channels—Kv1.3, KCa3.1, CRAC (Orail + Stiml), TRPM?7,
Clswen—in lymphocytes that initiates and maintains the calcium signaling cascade required for
activation. The expression pattern of these channels changes during lymphocyte activation and
differentiation, allowing the functional network to adapt during an immune response. The Kv1.3
channel is of interest because it plays a critical role in subsets of T and B lymphocytes implicated
in autoimmune disorders. The ShK toxin from the sea anemone Stichoadactyla helianthus is a
potent blocker of Kv1.3. ShK-186, a synthetic analog of ShK, is being developed as a therapeutic
for autoimmune diseases, and is scheduled to begin first-in-man phase-1 trials in 2011. This
review describes the journey that has led to the development of ShK-186.

lon channels were discovered in the immune system in 1984 when it became possible to
record electrical signals from single lymphocytes (DeCoursey et al., 1984; Matteson and
Deutsch, 1984). It is now clear that five types of ion channels—the potassium channels
Kv1.3 and KCa3.1, the Ca2*-release activating Ca2* (CRAC) channel encoded by the Orai
and STIM1 (stromal interacting protein 1) genes, TRPM?7 involved in magnesium
homeostasis, and Clg,ej (Swelling-activated chloride channel)—constitute a network in T
lymphocytes that is vital for cellular homeostasis, activation and differentiation (Cahalan
and Chandy, 2009). The coalescence of Kv1.3, KCa3.1 and CRAC channels at the
immunological synapse (Beeton et al., 2006; Lioudyno et al., 2008; Nicolaou et al., 2007;
Panyi et al., 2004) during antigen presentation has the potential to generate local ionic
accumulation or depletion, and to mediate trans-synaptic signaling by assembling into
molecular aggregates or signalosomes (Cahalan and Chandy, 2009). These channels also
regulate the Ca2* signaling required for lymphocyte activation by maintaining a balance
between Ca2* influx and K* efflux (Cahalan and Chandy, 2009). Of particular interest is the
Kv1.3 channel, which plays a critical functional role in effector-memory (Tgp) cells and
class-switched memory B cells that are implicated in diverse autoimmune diseases (Beeton
et al., 2006; Wulff et al., 2003; Wulff et al., 2004). Potent and selective channel blockers of
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Kv1.3 have been developed, which are effective in diverse animal models of immunological
disorders (Beeton et al., 2005; Beeton et al., 2006; Norton et al., 2004; Pennington et al.,
2009; Schmitz et al., 2005; Wulff and Pennington, 2007).

1. The clinical problem —autoimmune diseases

Nearly 80 different autoimmune disorders are known, affecting more than 125 million
people worldwide. Autoimmune diseases involve virtually every organ system in the body
including joints (e.g. rheumatoid arthritis [RA], ankylosing spondylitis), the central nervous
system (multiple sclerosis [MS]), endocrine organs (type-1 diabetes mellitus [TI1DM],
Hashimoto’s thyroiditis) (Leyendeckers et al., 2002) and skin (psoriasis). Tissue destruction
is mediated by autoreactive (self-reactive) immune cells. The frequency of autoreactive
lymphocytes (e.g. against myelin antigens in the central nervous system) is the same in
healthy individuals as in patients with autoimmune diseases. However, healthy individuals
do not develop autoimmune diseases because these potentially self-destructive cells are
suppressed and maintained in a quiescent naive state by regulatory T cells. Once an
autoreactive T lymphocyte is triggered to proliferate and/or escapes regulation, the presence
of the autoantigen in the body causes the cell to undergo repeated stimulation until it
changes into a terminally differentiated cell called a Tgp-effector, which contributes to
tissue damage. Disease-associated autoreactive T cells in patients with MS (specific for
myelin antigens), TLDM (specific for insulin and GAD65 antigens), RA (synovial T cells)
or psoriasis are Tgp-effector cells (Beeton et al., 2006; Fasth et al., 2004; Friedrich et al.,
2000; Lovett-Racke et al., 1998; Miyazaki et al., 2008; Rus et al., 2005; Viglietta et al.,
2002; Vissers et al., 2004; Wulff et al., 2003). Autoreactive B cells similarly differentiate
upon repetitive autoantigen stimulation into class-switched memory B cells, which are
implicated in MS (Corcione et al., 2004), Hashimoto’s thyroiditis (Leyendeckers et al.,
2002), Sjorgen’s syndrome (Hansen et al., 2002), and systemic lupus erythematosis (Dorner
and Lipsky, 2004; Jacobi et al., 2003). A therapeutic approach that mutes or eliminates Tgp-
effectors and class-switched memory B cells without compromising the protective immune
response mediated by other lymphoid subsets would have significant advantages over
current therapies that broadly suppress the entire immune response.

2. Why target K* channels in immune cells?

K* channels promote calcium influx in lymphocytes

Calcium signaling is essential for lymphocytes to activate, synthesize and secrete cytokines
(or antibodies), migrate /n vivo, and proliferate. In the case of T cells, antigen binding to the
T-cell receptor causes the generation of 1Pz, which releases Ca?* from the ER Ca2* store
(Figure 1). Depletion of the ER store triggers an ER protein called STIM1 to cluster under
the plasma membrane and activate Ca2* influx through CRAC channels formed from Orail
subunits (Lioudyno et al., 2008; Luik et al., 2008; Park et al., 2009; Penna et al., 2008). The
influx of Ca2* raises the cytosolic Ca2* concentration from a resting value of 50-100 nM
into the low micromolar range (Figure 1). Ca2* influx is sustained by the counterbalancing
efflux of K* through Kv1.3 or KCa3.1 (Figure 1). The relative contribution of Kv1.3 and
KCa3.1 varies according to their relative expression level, which changes depending on the
state of differentiation and activation of lymphocytes (Cahalan and Chandy, 2009; Chandy
et al., 2004). This differential K* channel expression pattern allows Ca2* signaling to be
targeted specifically in different lymphocyte subsets.

Kv1.3 and KCa3.1 are differentially expressed during lymphocyte activation and
differentiation

The activation and differentiation scheme for human T and B lymphocytes is shown in
Figure 2. Naive CD4* or CD8* human T cells differentiate into long-lived central memory
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(Tcm) T cells (main memory pool), which then differentiate into Tgy cells on repeated
stimulation. T cells at each stage activate into effectors—naive-effector, Tcp-effector, Tem-
effector—when they encounter antigen. CCR7, a chemokine receptor required for homing to
lymph nodes, is expressed on the cell surface of naive and T¢y cells as well as their
respective effectors, whereas, Tgp cells and Tgp-effectors do not express CCR7 (Sallusto et
al., 1999). Therefore, we divide human T cells into CCR7* (naive and T¢p) and CCR7~
(Tem) subsets. Human B cells undergo a similar differentiation process. Naive human B
cells (IgD*CD27") differentiate into early memory B cells (IgD*CD27%), and on repeated
stimulation these cells differentiate into class-switched memory B cells (IgD~CD27%) that
express 1gG, 1gA or IgE on their cell surface (Agematsu et al., 2000; Nagumo et al., 2002).
For the purpose of this discussion, human B cells are divided into IgD* (naive and early
memory) and IgD™* (class-switched memory) subsets.

Expression of Kv1.3 and KCa3.1 varies in CCR7* and CCR7~ T cells, and IgD* and IgD™ B
cells, as summarized in Table 1. In humans, quiescent naive, Tcy and Tepy cells express
about 300 functional Kv1.3 channels and about 10-20 KCa3.1 channels per cell (Figure 2).
Their channel-expression-pattern changes upon activation into effector cells (Ghanshani et
al., 2000; Wulff et al., 2003; Wulff et al., 2004). KCa3.1 expression increases to about 500
channels per cell when CCR7* T cells (naive and Tcy cells) activate into effectors (naive-
effectors and T¢\-effectors). Activation by ionomycin alone (which triggers calcium
signaling) does not up-regulate expression of KCa3.1, whereas activation by phorbol
myristate acetate alone (which activates protein kinase C) increases KCa3.1 levels via
transcriptional activation of lkaros and AP-1 sites on the KCa3.1 promoter and new
synthesis of KCa3.1 channel protein (Ghanshani et al., 2000). CCR7~ Tgy cells, in contrast,
up-regulate Kv1.3 to about 1500 per cell (Wulff et al., 2003) when they are activated into
Tem-effectors (Figure 2). This change in CCR7 expression and channel phenotype can be
demonstrated /n vitro by challenging human T cells multiple times with antigen. Repetitive
antigen stimulation causes a progressive decrease of CCR7 and KCa3.1 expression and an
increase in Kv1.3 levels, reflecting the differentiation from CCR7* naive T cells into CCR7~
Tem cells (Wulff et al., 2003).

A similar change in K* channel expression pattern is seen as rat T cells differentiate from
naive to Tgyp cells (Table 1). Quiescent naive rat T cells from normal spleen or lymph node
express fewer Kv1.3 channels (1-10 Kv1.3 per cell) than human naive T cells and the same
number of KCa3.1 channels (10-20 per cell). When activated, naive rat T cells up-regulate
both Kv1.3 (~200 /cell) and KCa3.1 (~300 /cell) and acquire a pattern similar to activated
CCR7* human naive-effector T cells (Beeton et al., 2001). Repeated antigen stimulation of
rat T cells causes them to differentiate into T cells with a channel phenotype similar to
human Tgp-effectors (~1500 Kv1.3/cell; 20-100 KCa3.1/cell) (Beeton et al., 2001).
Antigen-specific rat T cell lines are CCR7™ Tgyp-effectors and exhibit the Kv1.3M9" channel
pattern (Beeton et al., 2006).

In Rhesus and Sootey Mangabey monkeys, naive, Tcyp and Tgpm cells express 70-125 Kv1.3
channels and 5-10 KCa3.1 channels per cell when quiescent (Table 1). Upon activation,
naive and T¢p cells up-regulate both Kv1.3 (250/cell) and KCa3.1 (200/cell) channels
(Pereira et al., 2007), while Tgp, cells up-regulate only Kv1.3 (~1000 Kv1.3/cell; 10-20
KCa3.1/cell). Similarly, T cells from cynomologus monkeys display an outward K* current
with biophysical properties of Kv1.3 and sensitivity to the Kv1.3-specific inhibitor ShK-186
(data not shown).

Of clinical relevance, disease-associated autoreactive T-cell clones from patients with MS
and T1DM are CCR7™ Tg-effectors that express high numbers of Kv1.3 (Beeton et al.,
2006; Wulff et al., 2003). In patients with MS, myelin antigen-specific patient T cells were
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CCRT7™ Tg-effectors that express >1000 Kv1.3 channels per cell, whereas T cells specific
for pancreatic antigens (insulin or GAD) from the same patients were CCR7* T cells and
exhibited the Kv1.3 pattern of naive/Tcp cells (Beeton et al., 2006). In the brains of patients
with MS, CD3*/CD4*/CCRT7~ Tgp cells are abundant in the perivenular infiltrate and
parenchymal infiltrate of the majority of MS plaques, and many of these cells stained
positively for Kv1.3 (Rus et al., 2005). In patients with RA, T cells from the synovial fluid
of affected joints were CCR7~ Tgy cells with >1000 Kv1.3 channels per cell, whereas T
cells from the synovial fluid of non-autoimmune osteoarthritis patients were CCR7* T cells
with low numbers of Kv1.3 (Beeton et al., 2006). Synovial biopsies from affected RA joints
showed the presence of CCR7~ Tg\ cells that stained positively for Kv1.3. The Kv1.3
channel is therefore an interesting target for the treatment of diverse autoimmune diseases.

The biophysical and pharmacological properties of the voltage-gated and calcium-activated
K* channels in human B cells are identical to those of cloned Kv1.3 and KCa3.1
homotetramers and their expression pattern changes during differentiation and activation as
it does in T cells (Figure 2) (Wulff et al., 2004). IgD* B cells (naive and early memory), like
their T-cell counterparts (naive and Tcy cells), up-regulate KCa3.1 upon activation,
whereas IgD™ B cells (class-switched memory), like Tgpy cells, up-regulate Kv1.3 upon
activation (Wulff et al., 2004). Interestingly, quiescent class-switched memory B cells
express much higher Kv1.3 levels than quiescent Tgy cells. It should be noted that these
cells are probably not truly resting since they are enlarged in size and express other
activation markers like CD86 (Wulff et al., 2004).

Pharmacological sensitivity to K* channel blockers parallels the K* channel expression
pattern in lymphocytes

The switch in K* channel phenotype has important functional consequences in T and B
cells. Kv1.3 channels regulate membrane potential and calcium signaling in resting CCR7*
T cells, but when they are activated into effector cells (naive-effector and T -effector)
KCa3.1 takes over this role (Chandy et al., 2004; Wulff et al., 2003). Consequently,
selective blockers of Kv1.3 suppress activation/proliferation (3H-thymidine incorporation)
of CCR7* T cells (Beeton et al., 2006; Ghanshani et al., 2000; Vennekamp et al., 2004;
Wulff et al., 2003), although these cells up-regulate KCa3.1 channels within 6-8 h and
escape Kv1.3 blocker-inhibition while acquiring sensitivity to KCa3.1 blockade (Figure 2).
By contrast, CCR7~ T cells (Tgp and Tgp-effector) depend exclusively on Kv1.3 channels
to provide the counterbalancing K* efflux needed to sustain calcium signaling in the resting
and effector stages (Beeton et al., 2005; Beeton et al., 2006; Schmitz et al., 2005;
Vennekamp et al., 2004; Wulff et al., 2003). These cells remain sensitive to inhibition by
Kv1.3 blockers when they transit from quiescent to Tgpg-effector cells and when Tgp-
effectors undergo further activation (Figure 2). Pharmacological sensitivity again parallels
the K* channel expression pattern in human B cells. KCa3.1-specific inhibitors inhibit
activation/proliferation (3H-thymidine incorporation) of IgD* B cells (naive or early
memory), while Kv1.3 blockers have no effect (Wulff et al., 2004). By contrast, Kv1.3
blockers suppress the proliferation of class-switched memory B cells, while KCa3.1
inhibitors have no effect (Wulff et al., 2004).

Kv1.3 plays an important role in other immune cells

The Kv1.3 channel has also been implicated in the modulation of responses of other immune
cell types. Kv1.3 expression is increased during dendritic cell maturation, and the
predominant outward current in mature dendritic cells is biophysically and
pharmacologically consistent with Kv1.3 (Mullen et al., 2006; Zsiros et al., 2009). Certain
subsets of NK cells that engage and destroy foreign cells, also express Kv1.3 channels, and
their secretion of cytolytic granules and their killing of target cells is dependent on Kv1.3-
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regulation of membrane potential (Schlichter et al., 1986; Sidell et al., 1986). Kv1.3 in
microglia contributes to the respiratory burst in these cells (Khanna et al., 2001) and
microglia-mediated neuronal killing (Fordyce et al., 2005). Thus, Kv1.3 inhibitors such as
ShK-186 may have a role in immune modulation beyond simply the Tgp-effector and class-
switched memory B cell populations.

3. The discovery of ShK and development of ShK-186

Stichodactyla helianthusis a common species of sea anemone in the Caribbean Sea around
Cuba. In 1995, Olga Castaneda, Evert Karlsson, Alan Harvey, Reto Stdcklin and their
colleagues found that Stichodactyla helianthus extracts administered to mice by
intraperitonal injection, induced hypersensitivity to touch and sound, excessive salivation,
lacrimation, sweating, motor incoordination and paralysis, reminiscent of poisoning by
cholinesterase inhibitors (Castaneda and Harvey, 2009; Castaneda et al., 1995). However, a
whole-animal study revealed weak cholinesterase inhibitor-activity in the extracts,
suggesting that these toxic symptoms were due to activity against a different molecular
target. Realizing that the K* channel-blocking snake venom toxin dendrotoxin could
produce a similar toxicity pattern via enhanced cholinergic impulses, these investigators
used a screening assay based on 125|-dendrotoxin binding to synaptosomes to identify a
peptide, ShK, that blocked K* channels in cultured neurons (Castaneda et al., 1995). Soon
after, Michael Pennington, William Kem, Ray Norton and their colleagues synthesized the
peptide (Pennington et al., 1995), determined its three-dimensional structure (Tudor et al.,
1996), and showed that ShK blocked the Kv1.3 channel in T cells with low picomolar
affinity (Pennington et al., 1996).

ShK contains 35 amino acids including six cysteines that form three disulfide bonds (Figure
3) (Pohl et al., 1995). ShK blocks Kv1.3 with an 1Csq of ~10 pM (Kalman et al., 1998), but
it also blocks two other channels with picomolar potency (Kv1.1, Kv1.6) and three others
(Kv1.2, Kv3.2 and KCa3.1) with nanomolar potency (Table 1). It was therefore important to
develop ShK analogs with improved selectivity for Kv1.3 over the other channels. As a first
step, an Ala scan of non-Cys residues was utilized to identify ShK residues required for
interaction with Kv1.3 (Arg!?, His1®, Ser?0, Lys22 Tyr23, Arg?4); these residues were found
to be clustered on one surface of the peptide (Pennington et al., 1996; Rauer et al., 1999)
(Figure 4). Complementary mutagenesis and double mutant cycle analysis were then used to
characterize the ShK-binding site on Kv1.3 (Kalman et al., 1998; Lanigan et al., 2002). ShK
binds to a shallow vestibule at the outer mouth of the Kv1.3 channel pore where it interacts
predominantly with two adjacent subunits of the channel, and Lys?2 occludes the pore lumen
like a cork in a bottle (Figure 4) (Kalman et al., 1998; Lanigan et al., 2002).

Guided by this knowledge, some 380 ShK analogs have been generated with the goal of
developing a Kv1.3-specific inhibitor. Our early work focused on the full-length peptide as a
significant decrease in potency was observed if we truncated ShK, made mono- and bis-
disulfide analogs by replacing its disulfide bridges with the isostere surrogate alpha amino
butyric acid, or stabilized its helical motifs with lactam rings (Lanigan et al., 2002;
Pennington et al., 1999). When Lys22 was replaced with the shorter positively charged
unnatural amino acid diaminopropionic acid (Dap), this analog, ShK-Dap22 (Kalman et al.,
1998), blocked Kv1.3 with picomolar potency and exhibited >75-fold selectivity for Kv1.3
over Kv1.1 and other related channels (Table 2). Scientists at Amgen Inc., Thousand Oaks,
California, have made a number of interesting ShK analogs (Sullivan et al., 2010). One of
these, ShK-Q16K-PEG[20K], has ~1600-fold selectivity for Kv1.3 over Kv1.1 (Table 2).
Another analog contains the heavy chain of an antibody attached to a single ShK-Q16K; this
peptibody exhibits >1400-fold selectivity for Kv1.3 over Kv1.1 (Sullivan et al., 2010). Both
these analogs may last longer in the circulation than ShK. Our analogs that are progressing
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to the clinic have modifications at the N-terminus of the peptide (Table 2). ShK-170
contains a L-phosphotyrosine attached via a aminoethyloxyethyloxy-acetyl (Aeea) linker to
the a.-amino group of Arg! (Beeton et al., 2005). ShK-170 blocks Kv1.3 channels with an
ICsq of 69 pM, and it is 100-fold selective for Kv1.3 over Kv1.1, 260-fold selective over
Kv1.6, 280-fold selective over Kv3.2, 680-fold selective over Kv1.2, and >1000-fold
selective over all other channels tested including KCa3.1 (Table 2). To stabilize the C-
terminus of ShK-170 and improve its manufacturing aspects, we replaced the C-terminal
carboxyl with an amide to minimize digestion by carboxypeptidases. The new analog,
ShK-186 (Beeton et al., 2006), retains the selectivity and potency profile of ShK-170.
Another analog, ShK-192, includes three stabilizing elements to minimize degradation: the
N-terminal phosphotyrosine was replaced with the nonhydrolyzable phosphate mimetic
para-phosphonophenylalanine (Ppa), Met?! was replaced with the isosteric homolog
norleucine to avoid methionine oxidation, and the C-terminal was amidated (Pennington et
al., 2009). ShK-192 blocks Kv1.3 with an 1Csq of 140 pM and exhibits 30-fold selectivity
over Kv3.2, 75-fold selectivity over Kv1.6 and 157-fold selectivity over Kv1.1 (Table 2).

4. ShK analogs are immunomodulatory

In vitro studies

ShK-186 inhibits Ca?* signaling in human Tgy clones in a dose-dependent fashion with an
ICs50 200 pM (Beeton et al., 2006). ShK-186 is significantly more effective in suppressing
IL-2 and IFN-y production by human CCR7~ Tgy cells than CCR7* naive/Tcp cells, but it
is less effective in suppressing the production of TNF-a and I1L-4 by either subset (Figure 5)
(Beeton et al., 2006). ShK-186 is ~10-fold more effective in suppressing proliferation
([®H]thymidine incorporation) by human CCR7~ Tgy cells compared with CCR7* T cells
(Figure 5) (Beeton et al., 2006). When these cell populations are activated for 48 h, rested,
and restimulated, CCR7~ Tgp-effectors cells remain exquisitely sensitive to ShK-186
inhibition (1IC5q ~ 100 pM), whereas CCR7* effector cells (naive-effector, Tcp-effector) are
resistant (Figure 6). This “escape” by activated CCR7* naive/Tcy cells is due to up-
regulation of KCa3.1 that provides the counterbalancing K* efflux in these cells in place of
Kv1.3. A significant aspect of this finding is that Kv1.3 blockers, unlike current
immunomodulatory therapies that broadly suppress the immune response, would selectively
suppress CCR7™ T cells (Tepm/Tem — effectors) implicated in autoimmune diseases, but not
CCR7* T cells that are major mediators of immune protection. In support of this therapeutic
concept, ShK-186, preferentially suppresses disease-associated autoreactive CCR7™ Tgp
cells (myelin- or GAD65-specific T cells or synovial T cells from affected joints) of MS and
RA patients, respectively, without affecting other T cell subsets from these patients (Beeton
et al., 2006).

ShK analogs have similar effects on rat T cells. ShK-170 suppressed myelin antigen-
triggered proliferation of the rat CCR7™ Tgy cell line, PAS (ICsg = 0.08 nM), >100-fold
more effectively than mitogen-induced proliferation of rat splenic T cells (IC5g = 100 nM)
(Beeton et al., 2005). Proliferation of the PAS cell line was also inhibited by Amgen’s ShK-
Q16K-PEG[20K] analog (ICsg = 0.170 nM) and their ShK-Q16K-peptibody (ICsg = 0.84
nM) (Sullivan et al., 2010).

Delayed-type hypersensitivity (DTH), an in vivo model for inflammation caused by skin-
homing CCR7~ Tgy cells

We used the DTH model to determine the /n vivo immunomodulatory efficacy of ShK
analogs. Lewis rats were immunized with ovalbumin and complete Freund’s adjuvant, and a
week later, one ear of each rat was injected with ovalbumin and the other ear with saline.
Within 24 h, the ovalbumin-injected ear was significantly swollen, red and inflamed
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compared to the saline-injected ear. Once daily subcutaneous injections (in the flank) of
ShK-170 (10 pg/kg), ShK-186 (10 or 100 ug/kg) or ShK-192 (1, 10, or 100 pg/kg)
suppressed the DTH response compared to rats administered saline (Beeton et al., 2005;
Matheu et al., 2008; Pennington et al., 2009). [Note that ShK-170 and ShK-186 are
identical, except for the C-terminal carboxyl in 170 is replaced by an amide in 186].

Two-photon microscopy was then used to image skin-homing CCR7™ Tgp-effectors during
DTH and assess the action of ShK-186 (Matheu et al., 2008). Within 3 h of antigen-
challenge, GFP-labeled ovalbumin-specific CCR7™ Tgyp-effectors were visible in
ovalbumin-injected ears where they formed stable contacts with tissue antigen-presenting
cells. These Tgp\s-effectors activated over the course of a day, enlarged and began crawling
rapidly along collagen fibers. This behavior coincided with massive swelling of the
ovalbumin-injected ear. The saline-injected ear did not swell up, and very few ovalbumin-
specific Tgp-effectors were seen. Treatment with ShK-186 (100 pg/kg once daily by
subcutaneous injection) inhibited the DTH response by rendering CCR7~ Tgy-effectors
immotile in the ear and preventing their activation and enlargement (Matheu et al., 2008).
The same dosing regimen had no effect on the motility of CCR7* T cells in lymphoid tissue,
and it did not affect the motility of bystander cells. Prolonged immobilization of CCR7~
Tem-effector cells in inflamed tissues due to Kv1.3 blockade might prevent these cells from
receiving activation and survival signals, thus leading to Tgp, Senescence via cytokine
deprivation or the ‘death-by-neglect’ mechanism. In support of this, Kv1.3 channel blockers
(margatoxin and correolide) suppress DTH to tuberculin in mini-pigs, and 2-3 weeks
following the cessation of treatment, DTH cannot be elicited by repeat challenge with
tuberculin (Koo et al., 1999; Koo et al., 1997). This period of ‘remission’ by Kv1.3 blocker
therapy may be the result of the death-by-neglect mechanism whereby tuberculin-specific
skin-homing CCR7~ T cells are immobilized and then deleted at the site of DTH. Note, Koo
et al., attributed the remission following Kv1.3 blocker-therapy to cellular depletion of the
thymus (Koo et al., 1999; Koo et al., 1997).

Experimental Autoimmune Encephalomyelitis (EAE) —a model for multiple sclerosis

Myelin-specific T cells in patients with MS are predominantly CCR7~ Tgp-effector cells
with elevated Kv1.3 expression (Beeton et al., 2006; Wulff et al., 2003). To test whether
such cells might be disease-inducing, we generated rat myelin-specific CCR7~ Tgp-effector
cell lines and compared their ability to induce experimental autoimmune encephalomyelitis
(EAE) following adoptive transfer to healthy rats. Cells that expressed high numbers of
Kv1.3 channels induced severe adoptive EAE compared to cells with lower numbers of
Kv1.3 channels (Beeton et al., 2005; Beeton et al., 2001). Furthermore, ShK-170 suppressed
myelin antigen-triggered proliferation of these Kv1.3"9" CCR7~ Tgyp-effectors, and its daily
administration (10 pg/kg/day subcutaneous injection) both prevented and effectively treated
adoptive EAE (Beeton et al., 2005). In the same model, Amgen’s ShK-Q16K-PEG[20K]
analog prevented adoptive EAE in a dose-dependent manner when administered once daily
by subcutaneous injection (Sullivan et al., 2010).

Most patients with MS exhibit a relapsing and remitting clinical course of disease. EAE with
a similar relapsing-remitting pattern can be induced by immunizing Dark Agouti (DA) rats
with autologous spinal cord in emulsion with complete Freund’s adjuvant. This disease is
termed chronic relapsing-remitting EAE (CR-EAE). T cells in the central nervous system of
these rats are predominantly CCR7™ Tgm/Tem-effectors during the chronic relapsing-
remitting phase of the disease (Matheu et al., 2008). ShK-186 administered by once-daily
subcutaneous injections (100 pg/kg/day) from the start of symptoms ameliorated CR-EAE
by decreasing inflammatory cell-infiltration into the central nervous system and by
decreasing demyelination (Matheu et al., 2008). Over the last 4 years, we have repeated
these studies multiple times. In figure 7, we have compiled our data and compared clinical
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scores in rats with CR-EAE that were treated with once-daily subcutaneous injections of
vehicle (n=91), ShK-186 (100 pg/kg/day, n =53), or ShK-192 (100 pg/kg/day, n =20;1 pg/
kg/day, n=20). A repeated-measures two-way ANOVA statistical test shows that ShK-186
and ShK-192 significantly reduced severity of disease (cumulative p<0.001).

Pristane-induced arthritis —a model for rneumatoid arthritis and psoriatic arthritis

ShK-186 was evaluated in a third autoimmune disease model. DA rats injected with pristane
oil develop arthritis within 7-10 days, which is believed to be similar to RA and psoriatic
arthritis (Hultgvist et al., 2006). In saline-treated rats, disease severity worsened
continuously with time. Significant periostitis, erosion, and deformity were visible in X-rays
of the joints, and pathological evaluation revealed severe synovitis, inflammatory cell
infiltrate, and cartilage ulceration. ShK-186, administered from the start of symptoms by
once-daily subcutaneous injections (100 pg/kg/day), significantly reduced the number of
affected joints, and the rats showed significant improvement in radiological and
histopathological findings (Beeton et al., 2006).

Autoimmune glomerulonephritis

In a rat model of anti-glomerular basement membrane glomerulonephritis, the majority of
CD4* T cells and some CD8* T cells in the kidney were Kv1.3M9" Ty, cells (Hyodo et al.,
2010). Some macrophages in the kidney infiltrate also expressed Kv1.3. Rats treated with
the Kv1.3 inhibitor Psora-4 showed less proteinuria and fewer crescentic glomeruli than rats
administered vehicle (Hyodo et al., 2010). ShK-186 may therefore be useful in the treatment
of autoimmune kidney disease.

Inflammatory disorders of the skin

In a rat model of contact dermatitis, CD8* Tgp, cells predominated amongst T cells
infiltrating the skin during the elicitation phase (Azam et al., 2007). PAP-1, a Kv1.3
inhibitor (Table 2) (Schmitz et al., 2005), suppressed this disease by inhibiting the
infiltration of CD8" Tgp cells and by reducing the production of the inflammatory cytokines
IFN7y, IL-2, and IL-17 (Azam et al., 2007). In studies on psoriasis, more Kv1.3* immune
cells were found in skin from patients with psoriasis than in normal human skin (Gilhar et
al., 2011). Grafting of human psoriatic skin on to beige-SCID mice produced a condition
resembling psoriasis, and local injections of ShK ameliorated disease by significantly
reducing the number of Kv1.3* infiltrating cells (Gilhar et al., 2011). Interestingly,
clofazimine, a drug that treats pustular psoriasis in humans (Chuaprapaisilp and
Piamphongsant, 1978; Nair and Shereef, 1991), has been shown to block Kv1.3 with
specificity over closely related channels (Ren et al., 2008) (Table 2). Seven decades of
clinical use has revealed clofazimine to be generally safe, although it causes reversible skin
discoloration in many patients, and prolonged therapy with high concentrations of
clofazimine results in the formation of drug crystals in tissues, leading to eye problems,
splenic infarction, and, in one case, death (Craythorn et al., 1986; McDougall et al., 1980)
(Parizhskaya et al., 2001) (Mathew et al., 2006). These reports highlight the promise of
Kv1.3 blockers such as ShK-186 for the treatment of inflammatory skin disorders.

Experimental autoimmune diabetes mellitus —a model for TIDM

Rats of the BB/Wor strain begin developing experimental autoimmune diabetes mellitus at
the age of 70 days, and by 110 days disease-incidence is close to 100%. Once-daily oral
administration of PAP-1 (50 mg/kg) significantly delayed the onset of disease in rats and
only 47% of the rats had developed disease by 110 days (Beeton et al., 2006). Disease
amelioration was associated with reduced infiltration of pancreatic islets by T cells and
macrophages, and decreased B-cell destruction. Although Kv1.3 inhibitors are reported to
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increase glucose uptake in mouse adipocytes by stimulating GLUT4 translocation (Li et al.,
2006; Xu et al., 2004), PAP-1, ShK or margatoxin did not increase basal or insulin-
stimulated glucose uptake by isolated cultured rat adipocytes, and did not enhance
production of the insulin-sensitizing adipocyte hormone adiponectin by these cells (Beeton
et al., 2006), indicating that PAP-1"s therapeutic activity is likely to be via
immunomodulation rather than a metabolic effect. ShK-186 (100 pg/kg once daily) delayed
the onset of diabetes in these rats by about 10 days (Wulff and Pennington, 2007), but did
not decrease disease incidence (data not shown). Differences in pharmacokinetic properties
might explain the difference in efficacy of PAP-1 and ShK-186 in this model.
Pharmacokinetic studies show that PAP-1 (logP 4.03) concentrates in the pancreas (a
lipophilic organ) when compared to blood, and this accumulation may contribute to its
therapeutic effectiveness (Beeton et al., 2006). ShK-186, a peptide with a net basic charge is
unlikely to concentrate in the pancreas.

Studies on Kv1.37~ mice suggest that Kv1.3 blockers might be effective in treating type-2
diabetes mellitus and obesity (Xu et al., 2003). Kv1.37/~ mice are more insulin sensitive and
gain less weight on a high-fat diet than wild-type littermates, and blockade of Kv1.3 with
margatoxin, a peptide from scorpion venom, increases peripheral insulin sensitivity in wild-
type C57BL mice, and in db/db and ob/ob mice with type 2 diabetes mellitus and obesity
(Xu et al., 2003). One mechanism for these therapeutic effects is that genetic deletion of
Kv1.3 or pharmacological blockade of the channel promotes the translocation of the glucose
transporter to the plasma membrane in adipose tissue and skeletal muscle, thereby enhancing
peripheral insulin sensitivity (Xu et al., 2004). However, a recent study performed by
scientists at Pfizer concluded that Kv1.3 is not involved in the modulation of peripheral
insulin sensitivity (Straub et al., 2011). These authors demonstrated that Kv1.3 was not
expressed in human adipose or skeletal muscle from healthy individuals or patients with
type-2 diabetes mellitus, Kv1.3 blockers (PAP-1 or MgTX) did not alter glucose uptake into
human skeletal muscle cells or mouse adipocytes, administration of PAP-1 failed to improve
insulin sensitivity in hyperglycemic ob/ob mice at free plasma PAP-1 concentrations that are
specific for inhibition of Kv1.3, and insulin sensitivity was only increased when PAP-1
concentrations were sufficient to inhibit other Kv1 channels (Straub et al., 2011). In other
studies, deletion of Kv1.3 in mice lacking the melanocortin-4 receptor (MC4R ™~/
Kv1.377) caused them to live longer, have a lower bodyweight, and enjoy increased
reproductive success compared to MC4R™~ mice (Tucker et al., 2008). These changes were
attributed to decreased fat deposition, reduced fasting leptin levels, and enhanced dark-phase
locomotor activity and mass-specific metabolism (Tucker et al., 2008).

Transplantation

Of the approximately 20 billion T cells in human skin, about 85% are skin-homing CCR7~
Tem cells (Clark, 2010), which are probably critical for the rejection of skin transplants.
Kv1.3 blockers may therefore be effective in preventing the rejection of skin grafts. In
support of this idea, clofazimine, an inhibitor of Kv1.3 channels, prevented the rejection of
grafted skin in an animal model (Ren et al., 2008). Human foreskin was grafted onto Pfb-
Rag2~~ mice that lack T, B and NK cells (Ren et al., 2008). After the graft had healed, 100
x 108 human peripheral blood lymphocytes from an unrelated donor were adoptively
transferred into the same animals and rejection of the skin graft was monitored. The graft
was rejected within 11 days in vehicle-treated mice, but mice treated for 10 days with
clofazimine did not reject the graft for 35 days, 20 days after the cessation of treatment (Ren
etal., 2008).

In a study on kidney transplantation, ShK (80 pg/kg three times daily s.c.) in combination

with the KCa3.1 blocker TRAM-34 (120 mg/kg/day i.p.) was as effective as cyclosporine A
(5 ma/kg/day s.c.) in reducing infiltration of a kidney graft (from Fisher to Lewis rats) by
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mononuclear cells, CD8* T cells and macrophages (Grgic et al., 2009). In another study,
ShK-186 (300 pg/kg/day twice daily s.c.) and TRAM-34 (20 mg/kg/day twice daily, i.p.)
delayed by two days rejection of pancreatic islets from Lewis rats that were grafted under
the kidney capsule of DA rats. In contrast, rats that received cyclosporine A (5 mg/kg s.c),
an immunomodulator that affects both CCR7* and CCR7~ effectors, did not reject the
transplanted islets for 60 days, and after cessation of the drug, islets were rejected in 2
weeks (Figure 8). Animals that received cyclosporine A for 21 days followed by either
vehicle or ShK-186 (100 pg/kg/day s.c.), rejected islets in 2 weeks indicating that ShK-186
alone does not prevent acute rejection. Chronic rejection is believed to be mediated by
CCR7™ Tgpm cells, and should be prevented by Kv1.3 blockers. In fact, clofazimine has been
reported to prevent chronic graft-versus-disease in humans following bone marrow
transplantation (Lee et al., 1997).

5. Pre-clinical development of ShK-186

Manufacture and formulation of ShK-186

ShK-186 has been manufactured under full GMP regulations at up to the 30 g scale using
standard Fmoc-tBu solid-phase synthesis methods. Synthesis at this scale demonstrates the
robustness of the manufacturing process, and is adequate to support clinical development
through the expected range of human doses (approximately 1 — 15 pg/kg/week). Disulfide
bond formation is achieved by air oxidation or using a glutathione exchange reaction. The
manufacturing process provides a consistently pure and potent peptide with dissociation
constants as measured on the cloned Kv1.3 channel consistent with published reports.
Formulation of ShK-186 takes advantage of the inherent high degree of stability and
solubility of this polybasic peptide (Tudor et al., 1998). Ideal liquid formulations are
composed of phosphate-buffered isotonic solutions with a pH optimum around 6.0. Small
amounts of surfactants can be added to the formulation to enhance resistance to peptide
aggregation under various stress conditions. The resulting formulations are resistant to
aggregation, exposure to ultraviolet light and serial freeze-thaw cycles. In addition, and
despite the presence of a single oxidizable methionine in the peptide (Figure 4), formulated
ShK-186 demonstrates good stability under forced oxidation conditions (0.01% hydrogen
peroxide) for several hours. The resulting formulated drug product demonstrates long-term
stability as a frozen or liquid formulation and is readily appropriate for early clinical
development of the drug. The longer-term commercial development of a subcutaneous
formulation will take advantage of the drug's solubility and potency to permit the use of
small dose volumes and autoinjectors or needle-free injection systems.

Pharmacodynamic assay to measure ShK-186's immunomodulatory effect in vivo

A critical feature of the development of new drugs with novel mechanisms of action is the
coordinate development of pharmacodynamic assays to measure and relate drug activity
with drug exposure /n vivo. Antagonism of Kv1.3 provides a special challenge due to its
highly restricted functional role in CCR7™ T cells (Tgpm/Tepm-effector) and the paucity of
this T cell subset in the vascular compartment (only 5-15% of the total T cells). An early
attempt to characterize the pharmacodynamic activity of Kv1.3-selective inhibitors involved
the ex vivo stimulation (PMA plus ionomycin) of peripheral blood mononuclear cells from
minipigs treated with the scorpion toxin margatoxin (Koo et al., 1997). Drug treatment
suppressed [3H]-thymidine incorporation (Koo et al., 1999; Koo et al., 1997). This work was
later expanded by Amgen to demonstrate that ex vivo stimulation of whole blood from
cynomolgus monkeys treated with ShK analogs resulted in reduced expression of IL-2, IFN-
v, and IL-17 (Sullivan et al., 2010). Our analysis of ex vivo stimulated human whole blood
suggests that a direct effect on Kv1.3 channel blockade can be measured using stimulations
that exclusively trigger calcium signaling. For example, thapsigargin, an inhibitor of the
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SERCA pump, empties the ER Ca2* store and triggers the activation of CRAC channels on
the cell surface, resulting in Ca2* influx into T cells. The ensuing calcium-signaling cascade
stimulates cytokine production without up-regulating the KCa3.1 channel by CCR7* T cells
and their escape from Kv1.3 blocker-inhibition. This permits the effect of ShK-186 to be
measured over the entire T cell population. Figure 9 shows that ShK-186 suppressed
thapsigargin-induced production of cytokines by T cells in whole blood at picomolar
concentrations with the following potency sequence: IL-2 = Thl (IFN-y) > Th17 (IL-17) >
Th2 (IL-4). In a similar assay, ShK-Q16K-PEG[20K] inhibited IL-2 (ICso: 109 pM) and
IFN-y (ICsq: 240 pM) production by human T cells, and IL-17 production by cynomolgus
monkey T cells (Sullivan et al., 2010). Th1 and Th17 cells are implicated in the
pathophysiology of autoimmune diseases (Damsker et al., 2010; Hemdan et al., 2011;
Miossec et al., 2009). These drugs have no apparent effect on IL-6 or TNF-a production
using the same system.

Amgen used the ex vivoassay to monitor the immunomodulatory effect of their ShK-Q16K-
PEG[20K] analog in cynomolgus monkeys selected for high numbers of CD4* CCR7™ Tgm

cells (Sullivan et al., 2010). Monkeys received four once-weekly subcutaneous injections of
the analog at 0.5 mg/kg. IL-17 was profoundly suppressed, and this suppression lasted for 2

weeks after cessation of treatment.

Pharmacokinetic studies

ShK analogs are clearly immunomodulatory if administered once daily by subcutaneous
injection. We used a patch-clamp bioassay to ascertain whether circulating levels of ShK
analogs after subcutaneous injection were sufficient to inhibit Tgp cells. ShK-170 was
detectable in serum 5 min after a single subcutaneous injection of 200 ug/kg, peak levels of
12 nM were reached in 30 min and the level then fell to a baseline of approximately 0.3 nM
over the next 7 h (Beeton et al., 2005). The disappearance of ShK-170 from the blood could
be fitted by a single exponential curve, and the circulating half-life was estimated to be ~50
min. After a 20-fold lower dose of ShK-170 (10 pg/kg), the peak serum concentration
reached ~500 pM within 30 min, and repeated once-daily administration of this dose
resulted in steady-state levels of 0.3 nM (Beeton et al., 2005). This steady-state level
suggests that the peptide accumulates in the body on repeated administration. The route of
administration—subcutaneous or intravenous—did not alter the steady-state level, indicating
that this depot is not the skin, but rather lies elsewhere. ShK-186 and ShK-192 are also
cleared from the circulation with a half-life of 30-50 min, but sufficient amounts of these
peptides to cause immune suppression of CCR7~ Tgp cells (0.2 nM) can be detected in the
serum even 2 days after subcutaneous injection (Pennington et al., 2009). These results
suggest that the peptide undergoes rapid clearance from the circulatory compartment into
peripheral compartment(s), and then returns to the circulation at a steady-state level of ~0.2—
0.3 nM. Interestingly, ultrafiltration followed by RP-HPLC shows that ~90% of ShK-186 is
bound within 15 min to proteins in serum from rats, cynomoglus and humans (Figure 10).
Serum protein-bound ShK-186 may constitute a reservoir of drug, although there are likely
to be other compartments in the body. These data are consistent with the behavior of other
positively-charged peptide drugs, which demonstrate rapid distribution from the central
compartment and large apparent volumes of distribution (Boswell et al., 2010). These effects
are thought to be mediated by low-affinity charge interactions between positively-charged
drugs and abundant negatively charged surfaces throughout the body (Boswell et al.; Omar
etal., 1992). Studies with the D-diastereomer of ShK emphasize that renal clearance rather
than proteolysis is the major determinant of elimination-half-life of ShK peptides (Beeton et
al., 2008). More careful pharmacokinetic studies with LC-MS and/or ELISA methods, or
with radiolabeled ShK-186, are required to further characterize the pharmacokinetic
properties of the peptide.
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Amgen conducted pharmacokinetic studies with ShK-Q16K-PEG[20K] by the intravenous
and subcutaneous routes of administration in mice, rats, beagles, and cynomolgus monkeys
at doses ranging from 0.2 — 2 mg/kg. Following a single injection of 2 mg/kg ShK-Q16K-
PEG[20K] to rats, peak levels of ~1000 ng/ml were measured at 24 h and the level dropped
to 1 ng/ml 7 days later (Sullivan et al., 2010). After a single subcutaneous injection of 0.5
mg/kg to cynomolgus monkeys, a peak level of ~1000 ng/ml was measured during the first
24 h and the level remained high (~100 ng/ml, ~ 25 nM) 10 days later, indicating that the
circulating half-life of this analog is significantly longer in monkeys than rats. Similar
results were obtained with beagle dogs.

Safety studies

We performed a number of non-GLP studies in rats to determine the relative safety of ShK
analogs. To determine if ShK-186 compromised the protective immune response, we
examined whether rats treated with the peptide could clear infections of rat-adapted
influenza virus or Chlamydia, a common sexually transmitted disease. Dexamethasone, a
steroid that broadly suppresses the immune response, was used as a positive control, and
saline as a negative control. Rats treated with saline or ShK-186 (100 pg/kg/day) cleared
influenza infection in 4 days and Chlamydia infection in 14 days, whereas clearance of these
infections was significantly delayed in dexamethasone-treated rats (Matheu et al., 2008).
The small molecule Kv1.3 blocker PAP-1 similarly did not delay the clearance of influenza
virus (Matheu et al., 2008). Thus, ShK-186, at concentrations that are therapeutic in DTH,
EAE and PIA, does not compromise the protective immune response against acute infectious
agents.

ShK-170, ShK-186 and ShK-192 were not cytotoxic on a panel of mammalian cell lines, and
were negative in the Ames test (Beeton et al., 2005; Pennington et al., 2009). These peptides
exhibit 10,000-fold selectivity for Kv1.3 over the HERG (Kv11.1) channel (Table 2), which
underlies many drug-induced cardiac arrhythmias, and ShK-170 (10 pg/kg/day) did not alter
heart rate variability parameters in rats (Beeton et al., 2005). ShK-186 administered once
daily for 28 days to female Lewis rats by subcutaneous injection (100 ug/kg or 500 ug/kg
per day) did not perceptibly alter blood cell counts or serum chemistry parameters, and it did
not cause any histopathological changes in several tissues (brain, heart, lung, liver, kidney,
gastrointestinal tract, pancreas, adrenal glands, urinary bladder, uterus, ovaries, thymus,
spleen, mesenteric lymph node and bone marrow) (Beeton et al., 2006). We did detect low
titer anti-ShK-186 antibodies in these rats (Beeton et al., 2006), but it remains to be
determined whether these antibodies are neutralizing or have the potential to reduce the
long-term therapeutic effectiveness of the peptide. In a study performed on cynomolgus
monkeys at Amgen, no anti-peptide antibodies were detected in the animals that received
low or high doses of ShK-Q16K-PEG[20K], whereas animals that received an intermediate
doses of (0.5 mg/kg) developed such antibodies (Sullivan et al., 2010).

Amgen has conducted pharmacokinetic and toxicological studies on a number of ShK
analogs in rats, dogs and monkeys. Single intravenous doses were evaluated in rats between
0.04 and 5 mg/kg. Repeat dose studies in rats evaluated weekly or every-third-day dosing of
0.1 - 5.0 mg/kg by the subcutaneous route for up to two weeks duration. Intravenous
administration ShK-Q16K-PEG[20K], over all doses and subcutaneous administration at
>0.3 mg/kg produced a consistent pattern of lethargy, weight loss, cyanosis, and vascular
collapse in rats, with mortality in several of the dosing groups (Sullivan et al., 2010). These
effects were observed in all rat strains tested (single 5 mg/kg SC dose) but not in studies
involving administration to dog (single 0.2 mg/kg IV or 0.5 — 2.0 mg/kg SC dose), mouse
(single 0.2 mg/kg IV dose, 0.6 — 5.0 mg/kg/day SC for 14 days), or cynomolgus monkey
(single 0.2 mg/kg 1V dose, 0.7 mg/kg SC every-third-day for two weeks or 0.1- 2.0 mg/kg/
week SC for two weeks (Sullivan et al., 2010). Telemetrized rats also showed a reduction in
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mean arterial blood pressure and increased heart rate following a single 0.7 and 2.5 mg/kg
SC injection (Sullivan et al., 2010). Clinical observations were coincident with a finding of
elevated serum histamine, leading the investigators to speculate that the adverse
observations were due to mast cell degranulation (Sullivan et al., 2010). Positively-charged
drugs like ShK are known to mediate IgE-independent anaphylactoid reactions (Mathelier-
Fusade, 2006). In support of this idea, high doses (micromolar concentrations) of ShK-
Q16K-PEG[20K], the ShK-Q16K-peptibody and ShK-192 released histamine from rat
peritoneal mast cells in culture as effectively as known degranulators (e.g. compound
48/80). Patch-clamp studies of rat peritoneal mast cells did not reveal a Kv1.3 current, and
the current in these cells was not sensitive to ShK analogs. This suggested a non-channel-
dependent mechanism. Interestingly, these analogs did not induce histamine release from
human or mouse mast cells, suggesting that the effect was species-specific (Sullivan et al.,
2010). Furthermore, cynomolgus monkeys that received 0.7 mg/kg of ShK-Q16K-
PEG[20K] every third day for 2 weeks, or 2 mg/kg once weekly for 2 weeks, or 0.5 mg/kg
once weekly for four weeks, gained weight normally, no electrocardiogram changes were
observed, and macroscopic and microscopic pathology analysis was normal. Total serum
exposure to the peptide was significantly higher in these animals (mean AUC value of
584,000 ng x h/ml value) than in the rat toxicology studies. Based upon these observations,
it is unlikely that humans receiving ShK analogs will exhibit histamine-mediated responses,
since human T cells are >10,000 times more sensitive to Kv1.3 blocker-inhibition by ShK
compared to the off-target degranulating effect on mast cells.

6. Overview and future directions

Three ion channels—Kv1.3, KCa3.1, Stim/Orai—regulate calcium signaling during the
activation process in lymphocytes. All three of these channels cluster at the immunological
synapse, the narrow cleft formed between the antigen-presenting cell (e.g. dendritic cell or
macrophage or class-switched memory B cell) and the T lymphocyte. Kv1.3 and KCa3.1
regulate the membrane potential of lymphocytes and allow efflux of positively-charged ions
(K*) to counterbalance the influx of Ca2* through CRAC (Stim1/Oral) channels. The
contribution of Kv1.3 and KCa3.1 to this process varies according to their relative
expression level in CCR7* and CCR7™ T cells, or IgD* and IgD~ B cells. Following antigen
stimulation, human CCR7* T cells and IgD* B cells up-regulate KCa3.1 channels within 24
h, which then provides the counterbalancing K* efflux to sustain calcium signaling. In
contrast, antigen stimulation of human CCR7~ cells and IgD~ B cells, the two lymphoid
subsets implicated in autoimmune diseases, results in the up-regulation of Kv1.3. The
sensitivity of these two subsets to Kv1.3 channel-blockade offers opportunities for subset-
selective immunomodulation in autoimmune disorders and chronic rejection. Kv1.3 blockers
have been shown to be effective in numerous animal models of autoimmune disease, and
disease-associated autoreactive T cells in the blood and tissues of patients with MS, RA and
T1DM are Kv1.3"9h CCR7~ Tgyp-effectors. A synthetic derivative of a sea anemone
peptide, ShK-186, blocks Kv1.3 at low picomolar concentrations and shows a high degree of
selectivity for Kv1.3 over other channels. ShK-186 attenuates calcium signaling in CCR7~
Tem cells, suppresses cytokine production, proliferation and migration of these cells, and is
effective in ameliorating DTH, and reducing disease-severity in animal models of MS and
RA. Large-scale manufacture of this peptide has been achieved, a pharmacodynamic method
has been developed for assessing immunomodulation /in vivo and pharmacokinetic studies
are underway. We anticipate beginning phase 1 human clinical trials with ShK-186 in 2011.
Amgen has made PEGylated analogs of ShK and a peptibody of ShK, but the development
status of these molecules is not known.
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Figure 1. Kv1.3 channels provide the counterbalancing K* efflux for ca* entry into CCR7~
Tem-effector cells

Top left of the figure is an antigen-presenting cell (APC), which processes and presents
antigen via MHC to the T-cell receptor (TCR) on a Tgpy cell. A signaling cascade is initiated
involving the production of IP3 and the release of calcium from internal stores via the IP3-
triggered 1P receptor leading to an increase in cytosolic calcium to about 250 nM.
Emptying of the stores causes calcium to enter T cells via CRAC channels, resulting in the
calcium level rising to about 1 pM. The calcium signaling cascade initiates new gene
expression via the calmodulin-calcineurin-NFAT pathway.
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Figure 2. K* Channel-expression patterns in human T and B cells, and sensitivity to block by
Kv1.3 and KCa3.1 blockers

A, Numbers of Kv1.3 and KCa3.1 channels per cell in CCR7* naive or CCR7* T cells as
they activate into naive-effectors or To\-effectors, respectively, and in CCR7™ Tgy cells
when the activate into Tgp-effectors. Activation was with anti-CD3 antibody. In some
experiments, the cells were washed, rested, reactivated with anti-CD3 antibody. The effect
of Kv1.3-specific and KCa3.1-specific blockers on proliferation ([3H]-thymidine
incorporation) during activation is shown. B, Kv1.3 and KCa3.1 channels/cell in IgD* B
cells (naive or early memory) and IgD~ B cells (class-switched memory) following
activation, and the effect of K* channel inhibitors.

Toxicon. Author manuscript; available in PMC 2012 July 16.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chietal.

A

Stichodactyla helianthus ShK Toxin
Stichodactyla mertensii SmK Toxin
Thalassianthus aster TaK Toxin
Heterodactyla hemprichi HhK Toxin
Stichodactyla gigantean SgK Toxin
Stichodactyla haddoni ShaK Toxin
Cryptodendrum adhaesivum CaK Toxin
Heteractis magnifica HmK Toxin-1
Heteractis magnifica HmK Toxin-2
Anemonia erythraea AnerK Toxin
Bunodosoma granulifera BgK Toxin
Actinia equine AcegK toxin
Anemonia sulcata AsKs Toxin
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RSCIDTIPKSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC P29187
RSCIDTIPKSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC BAJ23160
RTCIDTIPKSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC BAJ23163
RTCIDTIPKSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC BAJ23162
RSCIDTIPQSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC BAJ23158
RSCIDTIPQSRCTAFQ- - - -CKHSMKYRLSFCRKTCGTC BAJ23159
RTCIDTIPKSRCTAFQ- - - -CKNSMKYRLSFCRKTCGTC BAJ23161
RTCKDLIPVSECTDIR- - --CRTSMKYRLNLCRKTCGSC 016846
RTCKDLMPVSECTDIR- - - -CRTSMKYRLNLCRKTCGSC AAB97830
RACKDYLPKSECTQFR- - - -CRTSMKYKYTNCKKTCGTC QOEAES
VCRDWFKETACRHAKSLGNCRTSQKYRAN-CAKTCELC P29186
GCKDNFSANTCKHVKANNNC -GSQKYATN-CAKTCGKC P81897
ACKDNFAAATCKHVKENKNC-GSQKYATN-CAKTCGKC Q9TWG1

100
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Figure 3.

100

I— AsKsTx

A, Alignment of ShK and related sea anemone toxins: The six cysteines are in grey and
the disulfide pairing is shown. Lys?2 and Tyr22 are highlighted in blue. Lys?2 occupies the
lumen of the Kv1.3 channel pore. GenBank Accession numbers are listed next to each
sequence. Many of these sea anemone toxin sequences have been characterized for K*
channel-blocking activity (Castaneda et al., 1995; Cotton et al., 1997; Gendeh et al., 1997a;
Gendeh et al., 1997b; Honma et al., 2008; Shiomi, 2009) (Yamaguchi et al., 2011). B, A

phylogenetic tree based on the multiple sequence alignment and generated with the

PHYLIP program (http://www.genebee.msu.su/genebee.html): ShK (ShK-Tx) and toxins
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from six other sea anemones (S. mertensii [SmK-TX], S. haddoni [ShaK-TX], S. gligantean
[SgK-TX], T. aster[TaK-Tx], C. adhaesivum [CaK-Tx], H. magnifica [HhK-Tx]) have the
same number of residues as ShK, share remarkable sequence similarity, and cluster in one
sub-group. Two toxins from Heteractis magnifica (HmK-Tx1, HmK-Tx2) and the toxin
from Anemonia erythraea (AnerK-Tx) have the same number of residues as ShK, and
comprise a closely-related but distinct cluster. Toxins from three other sea anemones (B.
granulifera [BgK-Tx], A. equine [AceqK-Tx], A. sulcata [AsKs-Tx]) exemplified by the
BgK toxin contain four extra residues between cysteines 3 and 4, and constitute a distinct,
yet ShK-related group.
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Figure 4.

A, Stereo view of the closest-to-average structure of ShK in solution (PDB id 1ROO) (Tudor
etal., 1996). The three disulfide bridges (Cys3-Cys3°, Cys!2-Cys?8, and Cys!7 Cys32) are
shown in yellow. B, Surface views of ShK with key residues coloured as follows: Lys22
blue, Tyr23 magenta, His19 deep purple, Ser20 orange and Arg24 cyan. Met?1, which is
susceptible to oxidation, is colored yellow and Arg? is colored teal as a reference point. In
the right hand view, Arg? is not visible and Arg? lies at the far left of the structure; this
orientation is similar to that of ShK-192 in part C. C, Structure of ShK-192 docked with a
model of the pore-vestibule region of Kv1.3 (Pennington et al., 2009). Kv1.3 is shown in a
ribbon representation, while ShK-192 is shown as a molecular surface, with all residues
colored wheat except Lys?2, which is colored blue, Tyr23 magenta and the N-terminal
extension pink.
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Figure 5. Effect of ShK-186 on cytokine production by human T cell subsets activated with anti-

CD3 antibody
Adapted from (Beeton et al., 2006).
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Figure 6. Effect of ShK-186 on proliferation ([3H]-thymidine incorporation) by human T cell
subsets activated with anti-CD3 antibody

(adapted from (Beeton et al., 2006). The K* channel expression patterns of CCR7* and
CCR7~ T cells are shown when they are at rest, when activated into effectors, and when
reactivated. The pharmacological sensitivity to ShK-186 depends on the channel expression
pattern. ShK-186 suppresses CCR7* naive/T¢p cells with an ICsg value of 2-5 nM, whereas
CCR7™ Tg cells are suppressed with an 1C5q value = 0.1-0.2 nM. The roughly 10-fold
lower sensitivity of CCR7* T cells is because they up-regulate KCa3.1 during the activation
process. When CCR7* effectors are reactivated, they are insensitive to ShK-186 because
their membrane potential is dominated by ShK-186-resistant KCa3.1 channels, whereas
CCR7~ effectors are suppressed with an ICsg = 0.08-0.1 nM. Similar results are obtained
with rat T cells. ShK-170 suppresses mitogen-induced proliferation of rat splenic T cells
with an 1Cgq = 100 nM, whereas it suppresses antigen-triggered proliferation of the rat
CCR7™ Tgpm cell line, PAS, with an 1C5p = 0.08 nM.
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Figure 7. ShK-186 and ShK-192 reduce disease severity in chronic relapsing-remitting
experimental autoimmune encephalomyelitis in DA rats

A, Effect of vehicle-, ShK-186- and ShK-192-treatment in rats with CR-EAE. ShK-186 and
ShK-192 were administered by once daily subcutaneous injections, both at 100 pg/kg/day).
Treatment was started at the onset of disease (clinical score=1). Cumulative p value from
repeated measures two-tailed ANOVA for both ShK-186 and ShK-192 is p<0.001. B, Effect
of treatment with ShK-192 at 100 and 1 pg/kg/day in rats with CR-EAE (cumulative p <
0.001). Clinical scores. 0.5=distal tail limp; 1=loss of tail tone; 2=mild paraparesis and
ataxia; 3=moderate paraparesis, tripping while walking; 3.5=one hind limb paralyzed;
4=complete hind limb paralysis; 5=complete hind limb paralysis and incontinence;
6=moribund, difficulty breathing, does not eat or drink, euthanized immediately.
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Figure 8. Effectiveness of ShK-186, TRAM-34 and cyclosporine A in preventing the rejection of
transplanted pancreatic islets

A, Blood glucose levels from diabetic dark agouti (DA) rats transplanted with pancreatic
islets from Lewis rats under the kidney capsule, that received either vehicle, ShK-186 (300
ug/kg twice daily s.c.) + TRAM-34 (20 mg/kg twice daily i.p), or cyclosporine A (5 mg/kg.
s.c.). Cyclosporine A was stopped on day-60. Red *: p<0.01. Blue *: p < 0.001. Only two
blue * are shown next to the cyclosporine A data, but every day thereafter until day 60 was
statistically significant at p < 0.001. B, Blood glucose levels from transplanted DA rats that
were treated with Cyclosporine A for 21 days followed by ShK-186 (100 pg/kg/day) or
vehicle. DA rats were made diabetic by Streptozotocin (20 mg/kg, i.p., administered a total
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of 5 times every 3rd day). Freshly isolated islets (40001EQ) from Lewis rats were
transplanted under the kidney capsule of DA rats 21 days after they developed diabetes
mellitus (two consecutive readings of over 350 mg/dL of blood glucose was considered to
be indicative of diabetes). Rats became euglycemic following islet transplant. The
recurrence of diabetes was considered a sign of graft rejection.
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Figure 9. ShK-186 suppresses cytokine production in human T cells from whole blood

T cells were stimulated with thapsigargin, an inhibitor of the ER SERCA pump. ShK-186
was most effective in suppressing the production of IL-2 and the Th1l cytokine IFN-vy. It was
less effective in suppressing IL-17 (Th17 cells) and least effective in inhibiting IL-4 (Th2
cells).
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Variance in ShK-186 Bound to Multiple Serum Types
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Figure 10. ShK-186 exhibits significant binding (90%0) to proteins in human, rat (Sprague-
Dawley) and Cynomolgus monkey serum

Sera were incubated for 15 min at room temperature with ShK-186, before being subjected
to ultrafiltration (Millipore Centrifree Ultrafiltration Device - Cat#: 4104) followed by RP-
HPLC. The sera were spiked with 1X or 10 uL/ml Halt™ Protease and Phosphatase
Inhibitor cocktail and 1X or 10 pl/ml EDTA (0.5 M) to prevent dephosphorylation of
ShK-186.
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