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Controlled variation in intracellular calcium concentration is a
key component of the immune response signaling pathway in
lymphocytes. Store-operated calcium entry (SOCE) in these
cells provides a prolonged increase in cytoplasmic Ca?* con-
centrations and ultimately leads to the production of pro-in-
flammatory cytokines. Molecules that inhibit SOCE could there-
fore be useful immunomodulating agents for the treatment of
rheumatoid arthritis, psoriasis, inflammatory bowel disease,
and other conditions. Although the presence of the SOCE sig-
naling pathway in lymphocytes and other cells involved in the

Introduction

Calcium levels in the body are tightly controlled through an in-
tricate network of absorption, elimination, and storage path-
ways.l" In all cells, extracellular Ca®* concentrations and levels
of Ca’" in the endoplasmic or sarcoplasmic reticulum are sev-
eral orders of magnitude higher than Ca’" concentrations in
the cytoplasm.” Calcium channels in the plasma membrane
can depolarize the cell by allowing the influx of Ca’" from the
extracellular environment. The resulting increase in levels of cy-
tosolic Ca>" influences a variety of fundamental cellular pro-
cesses.

The influx of calcium ions into smooth muscle cells leads to
cell contraction.™ Reduction of calcium influx through voltage
operated L-type calcium channels in these cells is the primary
mechanism of action of drugs such as verapamil, diltiazem,
and amlodipine that are used to treat hypertension and
angina (Figure 1).
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Figure 1. Structures of marketed calcium (L-type) channel antagonists.

Calcium-mediated cell-signaling pathways also play impor-
tant roles in the response of B- and T-lymphocytes to extracel-
lular signals (Figure 2).**' Stimulation of cell-surface receptors
leads to the activation of phospholipase C and production of
inositol-1,4,5-trisphosphate [Ins(1,4,5)P;]. This signaling mole-
cule mediates the release of Ca>* from the endoplasmic reticu-
lum (ER) lumen into the cytosol. The resulting depletion of lu-
minal Ca** results in the activation of calcium-release-activated
calcium (CRAC) channels in the plasma membrane and the
influx of external Ca?" into the cytosol. The entry of external
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immune response has been known for many years, key pro-
teins involved in SOCE were identified only recently. The iden-
tification of these proteins may further enable the identifica-
tion of agents that inhibit SOCE without affecting other cellular
processes. This contribution documents representative exam-
ples of the small-molecule inhibitors of SOCE that have been
reported to date. Where possible, methods that were used to
characterize the mechanism of action of the inhibitors are also
described.

Figure 2. Store-operated calcium entry in lymphocytes (reproduced from ref-
erence [13] with permission; copyright 2007, Elsevier, Amsterdam).

Ca** following reduction of the calcium concentration in the
ER is known as either capacitative calcium entry or store-oper-
ated calcium entry (SOCE), while the current generated by the
opening of CRAC channels is termed /cgac.®”

There are also additional, non-CRAC channels that mediate
SOCE. Non-CRAC channels that contribute to SOCE are clearly
distinguished both by the mechanism of channel activation as
well as by the channel conductance properties.”!
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The enzyme calcineurin is a critical mediator of cellular Ca®*
signaling, and its role in lymphocyte activation has been exam-
ined in detail. Calcineurin’s phosphatase activity is regulated
through the reversible binding of Ca?*-calmodulin and is re-
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sponsive to the prolonged oscillations in cytosolic calcium con-
centrations that result from SOCE. An extensively studied sub-
strate of calcineurin is the nuclear transcription factor of acti-
vated T-cells (NFAT). Ca**-dependent NFAT dephosphorylation
promotes nuclear accumulation of the transcription factor
(Figure 2)."" |n the nucleus, NFAT helps to direct transcrip-
tion of several pro-inflammatory cytokine genes such as inter-
leukin 2 (IL-2), interleukin 4 (IL-4) and interferon y (IFN-y). The
immunosuppressive drugs tacrolimus and cyclosporine A, to-
gether with other cellular cofactors, form complexes that bind
to calcineurin and prevent the dephosphorylation of NFAT in
response to elevated levels of cytosolic Ca®".'"” Interference
with calcium-signaling pathways in lymphocytes is therefore
recognized as a clinically useful method of reducing undesired
immune responses.

Although the presence of the SOCE signaling pathway in
lymphocytes and other cells has been known for 20 years, two
key proteins involved in SOCE were identified only recent-
ly.> 1311 The CRAC channel regulatory protein stromal interac-
tion molecule (STIM1) is a transmembrane protein located pri-
marily in the endoplasmic reticulum, while ORAIT—also called
CRACM1—is a subunit of a gated plasma membrane ion chan-
nel. There is now strong evidence that decreased calcium
levels in the ER induce STIM1 to form puncta close to the
plasma membrane, where this protein interacts with the ORAI
subunits of the CRAC channel to permit Ca’" influx into the
cell.

A specific form of the inherited deficient immune response
known as severe combined immunodeficiency (SCID) is charac-
terized by a mutation (Arg91Trp) in the ORAI1 protein.'®'” T-
lymphocytes isolated from patients with this form of SCID do
not show CRAC channel currents and have decreased cytokine
expression, although they appear to develop normally. Two
proteins closely related to ORAI1, termed ORAI2 and ORAI3,
have also been identified.*'® These proteins are known to
form calcium channels that contribute to SOCE."*?" The rela-
tive importance of the various ORAI paralogues in mediating
SOCE may be cell-type or species dependent.”

The immunodeficiency of CRAC-defective SCID patients,
combined with our understanding of the particular importance
of SOCE to lymphocyte activation, suggests that the modula-
tion of the ORAI1-containing CRAC channel could be an impor-
tant target for the treatment of inflammatory diseases such as
psoriasis, asthma, rheumatoid arthritis, and inflammatory
bowel disease.”??¥ Molecules that specifically block CRAC
channels may have fewer side effects than drugs that target
the function of other proteins in the calcium signaling path-
way (e.g. STIM1 or calmodulin), as many of these proteins are
thought to contribute to a broad array of fundamental physio-
logical processes.

Identification of SOCE inhibitors

Several methods have been used to identify molecules that in-
terfere with SOCE.®! The recent identification of the ORAI pro-
teins and STIM homologues as critical components of SOCE
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now allow these experiments to be performed using recombi-
nant expression of these proteins.’?*2

A commonly employed approach to the identification of
SOCE inhibitors uses fluorescence-based measurements of in-
tracellular calcium concentration following depletion of intra-
cellular stores.®?%! The depletion of intracellular stores can be
accomplished experimentally with Ins(1,4,5)P; or an agonist of
surface receptors linked to Ins(1,4,5)P; formation. Alternatively,
inactivation of Ca’"-ATPases that transport Ca’* from the cyto-
sol into stores in the ER will lead to store depletion; thapsigar-
gin or cyclopiazonic acid are commonly used to inactivate
Ca’>*-ATPases in these experiments.”””

Electrophysiological methods to characterize Igac currents
are important for studying calcium channels associated with
SOCE™ In the whole-cell patch-clamp method, intracellular
stores are depleted to activate Igac, and current is measured
during systematic variations of the cellular membrane poten-
tial. The small Icgac current, which has distinctive inward rectifi-
cation and high Ca’" selectivity, is directly monitored. This
method is the only technique that permits direct detection of
CRAC channel activity. Patch-clamp experiments therefore
allow significantly more precise characterization of SOCE inhib-
itors than fluorescent methods, which simply report changes
in cytosolic Ca>™ concentrations. In particular, electrophysiolo-
gy experiments can exclude the possibility that inhibitor-in-
duced membrane depolarization is responsible for a decrease
in calcium influx following store depletion.

Molecules that inhibit CRAC channels are also expected to
reduce both the translocation of NFAT and the level of IL-2 pro-
duction in lymphocytes. It is therefore possible to identify
SOCE inhibitors indirectly using established NFAT transloca-
tion®? and IL-2 production®” assays. Subsequent analysis
using fluorescence detection of SOCE or electrophysiological
measurements can then be performed to confirm the mecha-
nism of action of these compounds.

It is important to consider the variety of mechanisms by
which a molecule might decrease SOCE without interacting di-
rectly with the CRAC channel. Compounds that simply reduce
the electrochemical driving force for Ca** entry may be mis-
takenly identified as direct blockers of CRAC channels in assays
that rely on measurements of intracellular calcium concentra-
tions. For example, activators of the TRPM4 channel or K*-
channel blockers could depolarize the plasma membrane and
decrease the magnitude of the
Ierac current.B32 Similarly, com-
pounds that prevent STIM1
translocation could be mistaken
for CRAC channel blockers. Care-
ful electrophysiology studies are
required to determine the pre-
cise mechanism of action of mol-
ecules that are identified as
SOCE inhibitors using fluorescent
probes to track changes in intra-
cellular Ca** concentration.

Most SOCE inhibitors identi-
fied to date appear to be poorly
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Figure 3. Abbott compounds.
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selective for the specific block of CRAC channels. However, the
identification of potent, selective inhibitors of these ion chan-
nels should be facilitated by the recent discovery of ORAI1 and
STIM1 and new high-throughput ion channel inhibition
assays.’™ Herein we document the inhibitors of SOCE that
have been reported so far. Where possible, the methods that
were used to characterize the mechanism of action of the in-
hibitors are also described.

Abbott Labs

In 1999, Abbott disclosed a novel class of NFAT transcription
factor regulators that contain a 3,5-disubstituted pyrazole
bound to a 4-amide-substituted phenyl ring (Figure 3).5%3%35
The initial lead structures 1 and 2 were discovered in a high-
throughput reporter-gene-based screen for inhibition of IL-2
synthesis in stimulated Jurkat T-lymphocytes. Testing of the
compounds in a concanavalin A-induced proliferation assay
using human and rat peripheral blood mononuclear cells
(PBMCs) and several assays measuring cytokine inhibition in
human whole blood and various human cell types demonstrat-
ed the potential of these compounds to function as novel im-
munosuppressive agents (Table 1).5%3>39

Replacement of the isoxazole heterocycle in the initial lead
with a thiadiazole ring led to the very potent compound 3
(Figure 3, Table 1). As described in the following section, re-
searchers at Astellas have reported that 3 is a potent inhibitor
of thapsigargin-induced SOCE in Jurkat T-lymphocytes. Inter-
estingly, independent studies by Abbott showed that 2 did not
inhibit Ca®* influx in Jurkat T-lymphocytes induced by anti-
CD3. These researchers, while not identifying a specific mecha-
nism of action, suggested that the target of compound 2 is
downstream of Ca’" influx.®® Inhibition of immune response
was determined to occur via a calcineurin-independent mecha-
nism, distinguishing these compounds from classic immuno-
suppressive drugs such as cyclosporine A and tacrolimus.””

Compounds bearing fluorinated phenyl and heteroaromatic
rings (e.g. 4, Figure 3, Table 1) showed an additional boost in
potency in several cytokine inhibition and cellular proliferation
assays. The observation that the potency of the compounds in
a concanavalin A-stimulated human PBMC proliferation assay
was not reflected in IL-2 synthesis inhibition in human whole
blood was attributed to the high protein binding (>99.7 %) of
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Table 1. Abbott compounds.

Astellas Pharma

and IL-5 secretion in PMA-stimulated human T-cells.

whole blood. [c] Inhibition of IL-2 production in anti-CD3/CD28-stimulated human PBMC. [d] Inhibition of IL-4

Compd ICso [NM] In screening assays targeted
PBMC PBMC IL-2 IL-2 IL-4 IL-5 toward the discovery of novel
proliferation proliferation whole blood™ PBMCY inhibition'” inhibition . .
human® rat immunosuppressive agents, re-

searchers at Yamanouchi Phar-
1 301 9603 6032 380 150 150 .
maceuticals now Astellas
2 322 1266 1978 314 110 150 . . ,(
3 173 687 1735 102 50 80 Pharma) identified 5-pyrazol-5-yl-
4 42 141 496 NA 48 22 2-thiophene-carboxamide 6 as a
5 82 146 182 NA NA NA moderately potent SOCE inhibi-
[a] PBMC proliferation stimulated by concanavalin A. [b] PMA/ionomycin-induced IL-2 synthesis in human tor (Figure 4)#1 Modification

of the initial lead was guided
both by the ability of the com-

these compounds. To decrease
protein binding, the lipophilic
CF; group at position 5 of the
pyrazole was varied. In general,
decreased protein binding and
therefore improved potency in
the whole-blood assay was ach-
ieved by introducing the more

hydrophilic  substituents  CN, N
OMe, and OCHF, (i.e. 5, Figure 3,
Table 1).

The most promising com- Figure 4. Astellas compounds.

pound, 5, inhibited IL-2 produc-

tion in whole blood 10-fold

more potently than cyclospori-

ne A. This compound also displayed an excellent pharmacoki-
netic profile in rats (t,~6.5h) and monkeys (t;,~8h).” In
two-week toxicity studies in monkeys, 5 was reported to be
generally well tolerated, although some neurological side ef-
fects were observed."® In addition, 5 showed good efficacy in
an Ascaris-induced nonhuman primate model of asthma as
compared with cyclosporine A.”% More recently, compound 5
was shown to prevent high-glucose-induced NFAT-c3 accumu-
lation in cerebral arteries.®**”

e~

g
N/u\?(

3 H o os N

pounds to inhibit thapsigargin-
induced Ca’>* influx in Jurkat T-

V4
N~
/N

FsC _—
H@ N,,L R Hb w\Q 0
FyC 7 8 cl

CF, Br

=

N
\©\ O

NM

9 H syM

F.e—Q
N

lymphocytes, and selectivity versus inhibition of voltage-oper-
ated calcium channels (Table 2). These studies revealed that
compounds bearing an ortho-substituted phenyl ring (e.g. 7)
were highly active and selective SOCE inhibitors. The authors
observed a correlation between the degree of hydrophobicity
of the corresponding acetamides and the inhibitory potency.
Subsequently, the role of the pyrazole moiety on the CRAC
channel inhibitory activity and selectivity was studied.”*” The
hydrophobic trifluoromethyl group at position 3 of the pyra-
zole ring proved to be essential for inhibitory activity and se-

Table 2. Astellas compounds.

Compd ICso [um] ICso [uM] Selectivity™ ICso [um] EDs, [mgkg™' p.ol Inhibition [%] EDs, [mgkg™' p.o.]
CRACH voc®! Inhibition of IL-2 Hepatitis in mice' DTH in mice!” Eosinophilia in rats

6 0.13 0.75 5.8 0.53 NA NA NA
7 0.30 10 33 0.053 12.7M NA NA
8 0.085 2.6 31 0.21 4.2 NA NA
3 0.15 47 31 0.017 0.61 100" 24

9 0.092 2.6 28 0.0059 NA 8.3 NA
10 0.077 27 % >130 0.018 NA 44 NA
1" 0.29 41% >34 0.033 NA 64 1.3

12 0.4 3.5 8.8 NA NA NA NA

[h] 67 % inhibition. [ EDs,=1.1 mgkg™"' p.o.

[a] Inhibition of thapsigargin-induced Ca”" influx in Jurkat T-lymphocytes. [b] Inhibition of Ca®* influx in KCl-stimulated PC12-h5 cells. [c] Selectivity =
(1Cs0vod)/(ICs crac)- [d] Inhibition of PHA-induced IL-2 production in Jurkat T-lymphocytes. [e] Inhibition of concanavalin A-induced liver injury in mice. [f] In-
hibition of TNCB-induced contact hypersensitivity in mice; percent inhibition at 30 mgkg™". [g] Inhibition of OA-induced airway eosinophilia in rats.
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lectivity, as well as a small substituent at position 1, which
maintained a specific torsional angle between the pyrazole
and the thiophene rings. The authors also found that the NH
group of the amide linkage is essential for high potency. Re-
placement of the central thiophene ring by other heterocycles
or a phenyl ring resulted in a loss of activity.

Interestingly, compound 8, which bears a 1,4-phenylene
core and an amide linkage that is inverted relative to the origi-
nal series of inhibitors, showed improved inhibitory potency
and selectivity (Figure 4, Table 2). The high potency of the
compounds was attributed to their extended ground-state
conformation. These inhibitors also maintained a distance be-
tween the CF; group and the amide proton similar to that
found in the original thiophene series (~9.4 A).

A new series of inhibitors was designed based on the 1,4-
phenylene core, the reversed amide and an N-bound bis(tri-
fluoromethyl)pyrazole moiety. As observed in the original thio-
phene series, substituents neighboring the amide bond result-
ed in higher inhibitory potency and selectivity. Compound 3
(Figure 4, Table 2), now commonly known as YM58483 or BTP2,
effectively and selectively blocked thapsigargin-induced Ca**
influx through store-operated channels in Jurkat T-lymphocytes
(IC5,=150nm).%". In an electrophysiology assay, Astellas
showed that extracellularly applied 3 blocked Ins(1,4,5)P;-
evoked /gac in Jurkat T-lymphocytes and in rat basophil leuke-
mia cells (IC;,=2.2 and 0.5 um, respectively).?? The discrepan-
cy between these values and the ability of these compounds
to suppress cytokine production at nanomolar concentrations
[ICso(IL-2, Jurkat)=17 nm] was explained by the observation
that 3 activates the cation channel TRPM4.%? In these studies
it was shown that 3 does not interact with K* channels or ClI~
channels.*? However, He et al. later suggested that 3 may in-
hibit TRPC3 and TRPC5 channels.”*®

Zitt et al. determined ICy, values of 10 and 14 nm for 3-medi-
ated inhibition of thapsigargin-induced SOCE channels in
Jurkat T-lymphocytes and peripheral blood lymphocytes, re-
spectively.”® These authors attributed the difference in the
magnitude of their inhibitory constants from the value report-
ed by Astellas to the different extracellular Ca>* concentrations
and pre-incubation times used in the assays. They also showed
that 3 inhibits SOCE independent of the method chosen to
stimulate store depletion (anti-CD;, thapsigargin, Ins(1,4,5)P;).
Compound 3 inhibited IL-2 secretion in CD4+ cells,”® as well
as IL-5 production from human whole blood in a manner that
was again similar to the known immunosuppressants predniso-
lone and cyclosporine A%

Given the impressive in vitro immunosuppressive activity of
compound 3, this inhibitor served as a new lead structure for
further investigations.®” The substituent at position 5 of the
pyrazole was varied, and SOCE inhibitory activity was com-
pared with the calculated torsion angle between the pyrazole
and the benzene rings. The key message was that highly
active compounds show a torsion angle greater than 40°. The
best results with respect to inhibitory activity and selectivity
were obtained when the CF; moiety was replaced with small
or electron-withdrawing groups such as CHs, CN, Cl, or Br (e.g.
9, Figure 4, Table 2). As mentioned above, identical substruc-
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tures were evaluated by Abbott on a slightly different series of
compounds.

Variation of the heteroaromatic right-hand portion of the in-
hibitors revealed that a certain degree of torsion between the
amide moiety and the right-hand portion was also important
for maintaining CRAC channel inhibitory activity. The introduc-
tion of a halogen atom at position 5 or a methyl group at posi-
tion 6 of a pyridine-3-yl ring improved both activity and selec-
tivity in this series (10 and 11, Figure 5, Table 2).*" Various an-
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Figure 5. Astellas compounds.

nulated pyrazoles were disclosed in a separate patent (e.g. 12
and 13, Figure 5).°? Compound 12 inhibited activity of the
CRAC channel and had good selectivity with respect to the in-
hibition of a VOC channel (Table 2).5"°% All Astellas inhibitors
were potent suppressors of induced IL-2 production in Jurkat
T-lymphocytes and other cytokines in different cell
types.[“'42'47'5”

In vivo studies of the orally available Astellas compounds
(i.e. 3 and 8, Table 2) revealed their ability to inhibit concanava-
lin A-induced hepatitis in mice, with compound 3 showing an
EDs, value of 0.61 mgkg™"' p.o. in this model.*"*? Several inhib-
itors also proved to be active in a contact hypersensitivity
model in mice (3, EDs,=1.1 mgkg ', Table 2).1#*"

The effect of CRAC channel inhibition on antigen-induced
eosinophilia was studied using asthmatic models in rats and
guinea pigs, and compared with known corticosteroids and cy-
closporine A.#**% Additionally, the influence of 3 in a mouse
graft-versus-host disease (GVHD) model was examined. Inhibi-
tor 3 inhibited anti-host cytotoxic T-cell activity in a dose-de-
pendent manner. This compound also inhibited spleen T-cell
proliferation (ICs,=330 nm) and the sheep red blood cell in-
duced delayed type hypersensitivity response in mice follow-
ing oral administration. Little is known regarding the safety
profile of 3. It has been reported that there was no significant
change in general activity in mice following oral administration
up to 30 mgkg "

Finally, inhibitor 11 was identified in a patent application as
a preventive or remedy for inflammatory bowel disease. This
compound prevented water secretion from gastrointestinal ep-
ithelial cells and relieved diarrheal symptoms in a series of
in vivo tests in rodents. In this model, 11 performed equally to

ChemMedChem 0000, 00, 1- 14


www.chemmedchem.org

SOCE Inhibitors

or better than econazole, cyclosporine A, sulfasalazine, and
prednisolone.”

Boehringer Ingelheim

In the same year that Abbott and Astellas disclosed their dis-
covery of the pyrazole immunosuppressive agents, Boehringer
Ingelheim revealed a very similar series of compounds as in-
hibitors of IL-2 production in T-lymphocytes (Figure 6).°>>¢
Again, the 3,5-bis(trifluoromethyl)pyrazole moiety served as a
common motif. Many inhibitors contained a pyridine ring at-
tached at the 3-position of the pyrazole ring (e.g. 15). Several
examples of the invention contained amide linkages, although
similar alkyl amines were also claimed.

OB PR
H 7
14 15

FSC'QN O k@gc )\CL J\@

Figure 6. Boehringer Ingelheim compounds.

The compounds showed ICg, values less than 10 um in an IL-
2 production assay and were specifically identified as inhibitors
of SOCE (Table 3). Compounds 14 and 15 showed ICs, values
of 214 and 300 nwm, respectively, for the inhibition of anti-CD3-
stimulated Ca”" influx in Jurkat T-lymphocytes. Additionally, 14
and 15 proved to be potent inhibitors of soluble epoxide hy-
drolase.®® In vivo studies showed that 14 and 15 inhibited an
allogenic transplant response in mice.>>>®

In a subsequent series of patents, Boehringer Ingelheim re-
searchers identified three additional compound classes as in-
hibitors in an IL-2 promoter assay in which the pyrazole
moiety was replaced by an indole or imidazole ring.*”*®,
These inhibitors are represented by 16, 17, and 18, and show
ICs, values less than 10 um in an IL-2 production assay

e O

(Figure 6). Notably, these applications did not refer to the abili-
ty of these compounds to inhibit SOCE.

Finally, a series of 4-substituted [-carbolines (e.g. 19,
Figure 6, Table 3) was disclosed by Boehringer Ingelheim in
2000. These compounds inhibited Ca** influx and IL-2 produc-
tion in T-cells. Several inhibitors also proved to effectively sup-
press the graft-versus-host (GVH) reaction in mice.>”

Synta Pharmaceuticals

As early as 2005, Synta Pharmaceuticals reported the identifica-
tion of inhibitors of Igac in human primary T-cells, Jurkat T-lym-
phocytes, and rat basophil leukemia (RBL) cells.*® Importantly,
it was claimed that these inhibitors showed selectivity for
CRAC inhibition over modulation
of K,1.3, hERG, TRPM4, or TRPM7
channels. Since that time, many
applications have been filed by
Synta that describe a large
number of structurally differenti-
ated SOCE inhibitors.

ke

O i The initial patents in this area
N from Synta disclosed the activity
19 of a new series of Igac inhibitors
in which the pyrazole ring of the
Astellas compounds had been
replaced with an ortho-substitut-
ed phenyl ring (Figure 7).%? Compounds were tested for in-
hibition of I in RBL cells using a whole-cell patch-clamp
assay. The potency of selected compounds is shown in Table 4.
lcrac inhibition was observed in Jurkat T-lymphocytes and pri-
mary T-cells. The ability of compounds 20 and 22 to inhibit cy-
tokine release was determined in whole blood following ad-
ministration of the inhibitors to monkeys. After phorbol 12-
myristate 13-acetate (PMA)/ionomycin stimulation, both com-
pounds inhibited the production of IL-2 and TNF-a with a po-
tency similar to that of cyclosporine A (Figure 7, Table 4). Stud-
ies with phytohemagglutinin-stimulated PBMCs also indicated
that compounds 20, 21, and 22 potently inhibited cytokine
production. Compound 20 also reduced degranulation in RBL
cells (IC5,=0.38 pm).

Biphenyl compounds

All of the Igac inhibitors claim-
ed in this application® were

Table 3. Boehringer Ingelheim compounds.

also reported to inhibit the activ-
ity of K,1.3 ion channels, al-
though no data were provided.

Compd ICs [NnM]
CRAC®  SEH IL-2 reporter  IL-2 inhibition, IL-4 inhibition, IFN-y inhibition, |  In addition, some compounds
inhibition®™  assay'” pBMC pPBMC PBMC were found to activate TRPM4
14 214 464 190 NA NA NA channels. For example, com-
15 300 60 80 20 22 pound 23 (Figure 7) activated
19 500 NA 230 300 NA NA TRPM4 in HEK-293 cells overex-

cretion in PBMCs. [e] Inhibition of thapsigargin-induced Ca**

[a] Inhibition of anti-CD3-induced Ca®" influx in Jurkat T-lymphocytes. [b] Inhibition of soluble epoxide hydro-
lase activity. [c] Inhibition of IL-2 promoter-driven luciferase activity in Jurkat cells. [d] Inhibition of cytokine se-
influx in Jurkat T-lymphocytes.

pressing TRPM4 with an 1Cs,
value of ~50 nm. However, lgac
inhibitor 21 had no effect on
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Figure 7. Early Synta compounds.

Table 4. Synta inhibitors.
Compd 1C5 [NM]
Ierac™ Jurkat IL-2"! PBMC TNF-o“ Other

20 100 NA 68 380"
21 300 NA 271 4309
22 200 NA 81 NA
23 NA NA NA 501
24 20 4 NA 25201
25 40 2 NA NA
26 70 4 NA NA
28 220 30-50 NA NA
29 NA <30 NA NA
30 NA 29 424 NA
31 NA 3 47 NA
32 NA <100 NA NA
33 60 6 NA NA
34 150 75-150 NA NA
35 NA 5 NA NA
36 100 1 NA NA
37 NA 18 NA NA

[a] Inhibition of /.zac measured in RBL cells. [b] Inhibition of IL-2 produc-

tion in Jurkat T-lymphocytes. [c] Inhibition of TNF-a production from

human PBMCs. [d] Inhibition of degranulation in RBL cells. [e] Inhibition

of TRPM4 expressed in HEK-293 cells.

TRPM4 currents in electrophysiology studies with Jurkat T-lym-
phocytes.

Further investigation led to the identification of a number of
Icrac inhibitors, exemplified by 24 and 25 (Figure 7), that con-
tain esters or ester isosteres in the 5-postion of the terminal
phenyl ring.®® Both of the highlighted compounds potently
decreased /s in RBL cells and the production of IL-2 from
Jurkat T-lymphocytes (Table 4). In addition, compound 24 was
an active inhibitor of degranulation in anti-IgE-stimulated RBL
cells.

Central heteroaromatic ring

Substitution of the central phenyl ring of the Synta com-
pounds provided further families of /czac inhibitors (Figure 8).1%¢
The majority of the compounds exemplified in these patents
featured a 2,5-substituted or a 3-substituted terminal phenyl
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Figure 8. Synta heterocycles.

ring and a pyridine or pyrazine central aromatic group. Pyra-
zine 26 inhibits RBL Iz With an ICg, value of 70 nm and de-
creases IL-2 secretion in Jurkat T-lymphocytes at low concen-
trations (Table 4). Thiophene 27 has similar activity in these
assays. The amide group of the thiophene inhibitors has been
transposed relative to the original Synta compounds in accord-
ance with the structure-activity relationships originally de-
scribed by Astellas.
In separate applications, phenylthiazole compounds such as
8 (Figure 8, Table 4) were demonstrated to be Igac inhibi-
tors.® A large number of compounds with different substitu-
ents at the 4-position of the thiazole ring were claimed to be
immunomodulators in this application. A more recent applica-
tion described annulated thiazoles similar to 29 that decrease
IL-2 production in Jurkat T-lymphocytes, although no electro-
physiology data were provided.”*

Heterocyclic compounds in the western portion

Small molecules containing 6,5-heterocycles were discovered
by Astellas and Boehringer Ingelheim to be potent SOCE or IL-
2 production inhibitors. An application from Synta describes
several examples of compounds claimed to modulate Icgac,
TRPM4, and Ky1.3 (Figure 9). The structure of inhibitor 30 is
representative of the majority these compounds, and 30 was
claimed to inhibit K,1.3 in patch-clamp experiments.®” Both 30
and 31 inhibited the secretion of cytokines from stimulated
PBMCs (Table 4). Inhibitor 32 was specifically mentioned to be
an activator of TRPM4, while closely related pyrazine 33 was
reported to be a potent inhibitor of Igsc in RBL cells

Fo¥P gop
ook a¥ )@@@

32 H;CO 33

Figure 9. Synta benzimidazoles.
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(Figure 9).%¥ In a delayed-type hypersensitivity test in rats,

compound 33, administered orally, was found to have efficacy
similar to cyclosporine A.

Additional classes of compounds recently claimed to be /cgac
inhibitors include the tetrahydropyridinyl compounds 34 and
35 (Figure 10, Table 4).%°7 Electrophysiology data were pro-

&Q%}QNF}Q@

S \

O
C&@@ o
N 36 ° © 37 © F

Figure 10. Recent Synta compounds.

fi

vided for 34, and excellent pharmacokinetic parameters were
obtained for inhibitor 35 following oral administration of the
corresponding dihydrochloride salt to rats. Further elaboration
of this portion of the inhibitors appears to be possible. For ex-
ample, 36 inhibited Iac with an 1Cy5, value of 100 nm, and
compounds related to 37 were reported to inhibit cytokine
production in Jurkat T-lymphocyte incubations (Figure 10,
Table 4).71

Miscellaneous SOCE Inhibitors

SKF-96365 was one of several imidazole compounds to be
clearly identified as an inhibitor of SOCE (Figure 11).72” In as-
sessments of the ability of SKF-96365 to block thapsigargin-in-
duced calcium entry into Jurkat T-lymphocytes, the compound
demonstrated an ICs, value for Igac inhibition of ~12 um. SKF-
96365 is also known to be an inhibitor of voltage-gated calci-
um channels. In the initial publications it was suggested that
this compound might decrease Igac either by interfering with
cytochrome P450 activity or by affecting the activity of calmo-
dulin. The structurally related imidazole compounds econazole
and miconazole were also determined to inhibit SOCE
(Figure 11).7¥ In a separate study, it was found that both eco-
nazole and an impermeable econazole derivative blocked Icgac
in Jurkat T-lymphocytes when applied extracellularly, but not
when added intracellularly.” This observation was inconsistent

O
mcomN N N

with the hypothesis that the imidazoles reduce SOCE indirectly
by decreasing the activity of P450 enzymes.

In mouse smooth muscle, trifluoromethylphenylimidazole
(TRIM), was determined to block SOCE (Figure 11, EC;,=
42 um).” Although this compound was less potent than SKF-
96365 in this system, experiments suggested that TRIM had
improved selectivity versus inactivation of voltage-operated
calcium channels.

Several small molecules were tested for their ability to
reduce SOCE in human carcinoma cells.”® The triazole deriva-
tive N-1-n-octyl-3,5-bis-(4-pyridyl)triazole (DPT),””’® sulindac
sulfide, and mefenamic acid were found to inhibit SOCE follow-
ing thapsigargin-induced store depletion (Figure 12). The au-

N\

/

H A cou

N-1-n-octyl-3,5-bis-(4-pyridyl)triazole sulindac sulfide

[ j\ o ol
CO,H N
q cl c HZN)»J>/~NH
o

mefenamic acid L651582

Figure 12. N-1-n-octyl-3,5-bis-(4-pyridyl)triazole, sulindac sulfide, mefenamic
acid, and L651582.

thors suggested that SOCE might be important for cell prolifer-
ation, and the possibility that SOCE inhibitors may function as
novel agents for the treatment of cancer has been highlighted
recently.””

Along these lines, the antiproliferative compound L651582
(Figure 12) inhibits Ms muscarinic receptor-mediated calcium
influx in Chinese hamster ovary (CHO) cells that do not
depend on voltage-operated calcium channels.®™ Although no
electrophysiology studies were reported, L651582 did not
affect levels of Ins(1,4,5)P; or 3’',5'-cyclic adenosine monophos-
phate (cAMP), consistent with a mechanism of action involving
block of SOCE.

The diphenylborinate 2-APB (Figure 13) has been widely
used to characterize CRAC channel activity, although the ef-

fects of 2-APB are concentration dependent.’*8"82 At
low concentrations, some current potentiation is ob-
served, whereas at high concentrations, application
of the inhibitor causes temporary enhancement fol-

cl .

% O N CF, lowed by Igac block. It has been reported that this

/@A/\O @N&N compound also blocks a variety of potassium chan-

H;CO Cl = nels and TRP channels while activating TRPV6 chan-
SKF-96365 X=H econazole TRIM

X =Cl miconazole

Figure 11. Imidazole derivatives.
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nels. Compounds structurally related to 2-APB have
also been found to inhibit SOCE.®¥ Screening of 150
phenylboronate compounds led to the identification
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Figure 13. Borinate SOCE inhibitors.

of DPB163 (Figure 13), which reduced thapsigargin-induced
SOCE in various cell lines at sub-micromolar concentrations.
Receptor-operated calcium entry was also affected by these
analogues.

Capsaicin (Figure 14 was reported to inhibit CRAC at high
concentrations (IC5o=30 pum).®*® Again, K™ channels were
also modulated at these concentrations, while activation or in-

o O OH
\’/\/\/\)J\N OCH3 A
H
OH HO

capsaicin diethylstilbestrol

Figure 14. Phenol SOCE inhibitors.

hibition were described for various TRP channels. More recent-
ly, the lipophilic phenol diethylstilbestrol (Figure 14) was found
to inhibit SOCE in a variety of cell types.®® In RBL cells, the ICs,
for inhibition of Izac was approximately 0.6 um. Interestingly,
when diethylsilbestrol was applied intracellularly, no inhibition
of Icgac Was observed. Monovalent cation currents mediated by
TRPM7 were not affected by this inhibitor. Furthermore, trans-
stilbene, a structurally related alkene, did not affect Icpac.

The mechanism by which the acidic chloride channel blocker
NPPB (Figure 15) blocks store-operated calcium channels was
studied by scientists at AstraZeneca.®”®® As the ability of CI~
channel blockers to decrease Iy Was not proportional to the
potency with which these compounds reduced Cl~ channel
block, it was argued that the inhibition of /. by NPPB in-
volves a mechanism distinct from their CI~ channel-blocking
activity. From whole-cell I recordings in Jurkat T-lympho-
cytes, NPPB was found to be a reversible inhibitor with an ICg,
value of 5 um. Kinetics measurements and inhibition studies at
various extracellular pH levels suggested that the neutral form
of NPPB interacts directly with the CRAC channel in Jurkat T-
lymphocytes. Other CI~ channel blockers that have also been
found to be weak inhibitors of /.c in rodent cell lines include
NPPA and niflumic acid (Figure 15).%*°? Finally, the oligomy-

NS

©:NH N° 'NH

H CF;
NPAA

NPPB niflumic acid

Figure 15. CI~ channel inhibitors that decrease SOCE.
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cins, which affect CI~ currents and mitochondrial ATP produc-
tion, were found to inhibit /gac (ICs, for oligomycin B: ~0.5 um)
in Jurkat T-lymphocytes.®"

The irreversible iPLA2 inhibitor 38 (Figure 16) inhibits thapsi-
gargin-induced calcium influx in Jurkat T-lymphocytes and
other cell types, although the exact mechanism of SOCE inhibi-
tion remains undefined.” The identification of this inhibitor
supports the potential role of iPLA2 and other cellular factors
as components of the SOCE pathway.®

Br F
!
0
: YO RaS!
99 " i
39
38 OCHj;
OCH,
peobatliee
=N
HyCO HyCO N
O N OCH, N
0 OCH, 0
40 OCH, 4

Figure 16. SOCE inhibitors.

In 2001 BASF disclosed a new class of SOCE inhibitors based
on cycloalkyl-piperazinylethanol derivatives (39, Figure 16).°% It
was reported that these compounds were effective at low-mi-
cromolar concentrations. High selectivity for the inhibition of
store-operate calcium channels compared to receptor-operat-
ed calcium channels was observed.

Boehringer Ingelheim reported a series of dihydroisoquino-
lines (Figure 16) that were effective blockers of thapsigargin-in-
duced Ca?* influx in RBL cells. These compounds were thought
to inhibit SOCE by blocking Na* and K* channels. Compounds
40 and 41 had IC,, values of 3.47 and 7.57 um, respectively.”

Nifedipine and nitrendipine (Figure 17), marketed dihydro-
pyridine L-type calcium channel blockers, have been reported
to block SOCE in Jurkat T-lymphocytes.®®*” In this system, the

NO,
NO,
HyCOLC CO,CH;  H,COC CO,CH,
(1. (]
N ~"NH, N
H H

nifedipine nitrendipine

OCH;

T
OO ~HD

mibefradil

Figure 17. Voltage-operated calcium channel blockers that inhibit SOCE.
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structurally distinct L-type blockers verapamil and diltiazem
(Figure 1) did not inhibit SOCE, and it was emphasized that ni-
fedipine did not appear to inhibit calcium entry by a mecha-
nism involving plasma membrane depolarization. Mibefradil
(Figure 17), a T-type calcium channel blocker, was also found
to inhibit SOCE. The effect of mibefradil was considered to be
due to the specific inhibition of store-operated channels, as
other T-type calcium blockers did not show an effect on calci-
um entry following store depletion.”®

In experiments investigating the block of SOCE by CD95,
whole-cell patch-clamp recordings revealed that C2 ceramide,
C6 ceramide, and sphingosine reversibly and dose-dependently
blocked Icgac in single T-cells (Figure 18).°? C2 ceramide also
blocked NFAT activity in lymphocytes, albeit at high concentra-
tions (100 pm).

CH,

NH, HN™ ~O

// OH /%~$\;7\V/L\/OH
HmM He T Ty
OH OH
sphingosine C2 ceramide

Figure 18. Sphingosine and C2 ceramide.

Several kinase inhibitors have been found to interfere with
SOCE."™ The myosin light chain kinase inhibitors wortmannin
and ML-9 were found to decrease calcium influx following
store depletion in human macrophages, while the kinase inhib-
itor methyl-2,5-dihydroxycinnamate decreased SOCE in human
platelets (Figure 19).'°"%% Based on these results, the authors

L-9 wortmannin

%ﬁﬂ

methyl-2,5-dihydroxycinnamate

Figure 19. SOCE inhibitors.

suggested that certain kinases and phospholipases involved in
microtubule formation may play a role in SOCE. Recent publi-
cations from other laboratories have suggested that the micro-
tubule cytoskeleton may play a role in STIM1 redistribution fol-
lowing Ca’* store depletion.'®*'® YC-1, an inhibitor of cyclo-
piazonic acid-activated SOCE in neutrophils, may also disrupt
the integrity of the cytoskeleton necessary for calcium influx
following store depletion (Figure 19).'
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It is well known that lipophilic acids can modulate ion chan-
nel function by nonspecifically changing the physical proper-
ties of the membrane bilayer in which the channel resides."*
More specific and higher-affinity interactions are also possi-
ble."® The unsaturated fatty acids arachidonic acid and oleic
acid were found to inhibit SOCE following thapsigargin-in-
duced store depletion in several cell types at micromolar con-
centrations.'® Progesterone, a lipophilic steroid that is known
to have a high affinity for membranes, was also found to inhib-
it SOCE in Jurkat T-lymphocytes."® Experiments with radiola-
beled progesterone revealed that the extent of inhibition was
proportional to the levels of membrane-bound progesterone.
Interestingly, related steroids did not appear to significantly
affect SOCE in this system.

The antimalarials primaquine and chloroquine (Figure 20)
block Igac induced by store depletion in rat megakaryo-
cytes."” As these drugs are known to disrupt vesicle transport,
it was initially postulated that vesicle transport may play a role
in SOCE."™ Primaquine was also found to reversibly inhibit
SOCE in frog oocytes.""? Mechanistic studies in oocytes sug-
gested that membrane fusion processes were less likely than
protein-signaling pathways to be involved in SOCE.

HNJ\/\/NHZ HNJ\A/'Q

X
N o” ¢ N

primaquine chloroquine

Figure 20. Antimalarial compounds that block SOCE.

Summary

In response to activation by cell-surface receptors, store-oper-
ated calcium entry (SOCE) produces a sustained influx of Ca**
into the cytoplasm. While the resulting calcium-release-activat-
ed current (Icpac) Was discovered more than a decade ago and
has been characterized extensively, key proteins involved in
this pathway were discovered only recently. The identification
of these proteins is likely to accelerate efforts targeted at the
discovery of inhibitors of SOCE that selectively block the calci-
um-release-activated calcium channel (CRAC).

Many inhibitors of SOCE were discovered using methods
that measure intracellular calcium concentration following
store depletion. As SOCE involves the action of several differ-
ent proteins, the exact mechanism of action of many of these
inhibitors remains undefined. Nevertheless, these studies have
provided useful pharmacological tools for studying calcium-
signaling pathways.

A number of structurally diverse agents that inhibit SOCE
have also been characterized using electrophysiological meth-
ods. It is likely that these compounds are able to directly block
the CRAC channel. Some of these compounds, however, are
also thought to affect the function of other ion channels.

Recent patents and papers focus on series of aryl amide
CRAC channel inhibitors. Characterization of these compounds

www.chemmedchem.org
These are not the final page numbers! 77


www.chemmedchem.org

MED

in vitro suggests that the aryl amide inhibitors reduce cytokine
production in lymphocytes and prevent degranulation of mast
cells. CRAC channel inhibitors have also shown efficacy in sev-
eral animal disease models.

Outlook

The identification of the ORAI and STIM proteins, along with
the fairly well-understood process by which calcium functions
as a second messenger in lymphocytes, will encourage further
efforts in the pharmaceutical industry to identify selective
CRAC channel inhibitors. The ORAI proteins, however, are
widely expressed in various tissues, and the ability of even se-
lective CRAC channel inhibitors to provide safe immunomodu-
lators remains to be demonstrated. Although lymphocytes are
particularly dependent on CRAC channel function, this path-
way is thought to play a role in a number of cell types. In par-
ticular, CRAC channels may be important for signaling process-
es in skeletal muscle, smooth muscle, and neurons.

Small molecules, most notably thapsigargin, SKF-96365
(Figure 11), and compound 3 (Figure 3 and 4), have been
useful tools for developing our understanding of SOCE. Future
generations of compounds may help us gain insight into the
function of the CRAC channel in various tissue types and the
role that the ORAI paralogues play in CRAC. Ultimately it is
hoped that one of these inhibitors will further validate the
CRAC channel as an important therapeutic target.
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REVIEWS

Z. K. Sweeney,* A. Minatti,* D. C. Button,
S. Patrick

Small-Molecule Inhibitors of Store-
Operated Calcium Entry

Molecules that inhibit store-operated
calcium entry (SOCE) are potentially
useful immunomodulating agents. The
identification of proteins involved in
this pathway may further enable the
identification of selective inhibitors.
Herein we document some examples of
the small-molecule inhibitors of SOCE
that have been reported to date. We
also describe methods that were used
to characterize the mechanism of action
of these inhibitors.
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