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Microglial Calcium Release-Activated Calcium Channel
Inhibition Improves Outcome from Experimental Traumatic
Brain Injury and Microglia-Induced Neuronal Death

Atsushi Mizuma,** Jong Youl Kim,** Rachid Kacimi,' Ken Stauderman,*
Michael Dunn,* Sudarshan Hebbar* and Midori A. Yenari'

Abstract

Store-operated Ca** entry (SOCE) mediated by calcium release-activated calcium (CRAC) channels contributes to calcium
signaling. The resulting intracellular calcium increases activate calcineurin, which in turn activates immune transcription
factor nuclear factor of activated T cells (NFAT). Microglia contain CRAC channels, but little is known whether these
channels play a role in acute brain insults. We studied a novel CRAC channel inhibitor to explore the therapeutic potential of
this compound in microglia-mediated injury. Cultured microglial BV2 cells were activated by Toll-like receptor agonists or
IFNy. Some cultures were treated with a novel CRAC channel inhibitor (CM-EX-137). Western blots revealed the presence
of CRAC channel proteins STIM1 and Orail in BV2 cells. CM-EX-137 decreased nitric oxide (NO) release and inducible
nitric oxide synthase (iNOS) expression in activated microglia and reduced agonist-induced intracellular calcium accumu-
lation in microglia, while suppressing inflammatory transcription factors nuclear factor kappa B (NF-«B) and nuclear factor
of activated T cells (NFAT). Male C57/BL6 mice exposed to experimental brain trauma and treated with CM-EX-137 had
decreased lesion size, brain hemorrhage, and improved neurological deficits with decreased microglial activation, iNOS and
Orail and STIMI levels. We suggest a novel anti-inflammatory approach for managing acute brain injury. Our observations

also shed light on new calcium signaling pathways not described previously in brain injury models.
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Introduction

ACUTE INFLAMMATORY RESPONSES are known to worsen neu-
rological outcomes in different acute neurological injuries,’
including traumatic brain injury (TBI).> This response is mediated
acutely by microglia, the brain’s resident immune cell, and circu-
lating leukocytes that infiltrate the injured brain. This immune
signaling is, in part, mediated by calcium via the calcium release-
activated calcium (CRAC) channels. The CRAC channels are in-
volved in the regulation of internal calcium stores and are activated
in response to calcium depletion of the endoplasmic reticulum
(ER).3 When activated, these channels replete the calcium stores
and also provide a source of calcium for other cellular activities.
These channels are present on a variety of immune cells, including
microglia.*

The CRAC channel consists of the ER-resident stromal inter-
action molecule-1 (STIM1) and plasma membrane Orai proteins,

with Orail being the major isoform seen on immune cells. The STIM1
senses reductions in ER Ca®* levels, which causes it to interact with
and activate Orail, a channel that allows Ca®* entry.®’ Calcium entry
through this channel can activate calcineurin,® which, among other
things, leads to upregulation of proinflammatory molecules.’

Past work in the area of acute brain injury has shown that the
immune response associated with such insults can contribute neg-
atively to neurological outcome, and its inhibition has been shown,
at least in the laboratory, to be beneficial. Inhibition of the CRAC
channel pathway is possible through calcineurin inhibitors (CNIs)
such as FK506 (tacrolimus) and cyclosporine A (CsA) and has been
shown to improve outcomes from experimental brain trauma and
related acute neurological insults."®"” Clinically available CNIs,
however, are not specific to this pathway and have side effects in-
cluding neurotoxicity, which may limit successful translation.'®!?

We present results of studies of a novel small molecule inhibitor
of the CRAC channel in a model of acute brain injury. This
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inhibitor is selective for Orail CRAC channels and acts upstream
of calcineurin (Fig. 1, Supplementary Fig. 1 and Supplementary
Tables 1 and 2; see online supplementary material at http://www
Jiebertpub.com). We report that CRAC channel inhibition using
this novel small molecule inhibitor suppressed inflammatory re-
sponses in microglia and improved neurological outcomes after
experimental TBI.

Methods
Materials

Reagents were purchased from Sigma (St Louis, MO). Lipopo-
lysaccharide (LPS; Escherichia coli, 026:B6) was purchased from
Sigma. Peroxidase-labeled Griffonia simplicifolia isolectin-B4
(IB4; L2140) was purchased from Sigma. Anti-CD68 antibody
(ab53444) and anti-inducible nitric oxide synthase (iNOS) antibody
(ab3523) were purchased from Abcam (Cambridge, MA). Alexa
Fluor 488 (A-11008), Alexa Fluor 568(A-21043), and Alexa Fluor
594 (A-21213) were purchased from Life Technologies (Mulgrave,
VIC, Australia). Anti NF-xBp65 (SC#8808), ORAI1 (SC# 68895),
and STIM1 (SC#66173 used only for double labeling) antibodies
were purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). Antibodies against nuclear factor of activated T cells (NFAT,
#34389) and STIM1 (#5668S) were obtained from Cell Signaling
Technologies Inc. (Danvers, MA). 4’,6-diamidino-2-phenylindole
(DAPI; H-1500) was purchased from Vector (Burlingame, CA).
The CRAC channel inhibitor (CM-EX-137) was kindly provided
by CalciMedica (La Jolla, CA).

Cell culture

BV2 cell. The immortalized mouse microglia cell line, BV2,
was cultured as described previously. These cells were exhaus-
tively shown to exhibit many phenotypical and functional prop-
erties of reactive microglia cells and are a suitable model of
neuroinflammation.’®?' Cells were grown and maintained in
Roswell Park Memorial Institute medium (RPMI) supplemented
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with 10% fetal bovine serum and antibiotics (penicillin/streptomycin,
100U/mL). Under a humidified 5% CO,/95% air atmosphere and at
37°C, cells were plated in 75 cm? cell culture flasks (Corning, Acton,
MA) and were split twice a week. For the experiments, cells were
plated on six-well dishes (0.5 % 10°cells/well).

Cell treatment. Cells were cultured to approximately 80%
confluence, and fresh serum-free medium was added for 4-24h
before administration of LPS, Poly (I:C), IFNg, or PMA either
alone or in combination with the CRAC channel inhibitor (CM-EX-
137). The CM-EX-137 was dissolved in sterile dimethyl sulfoxide
(DMSO) and applied to cultures 1h before agonist application.
Control cultures received DMSO only as a vehicle.

Calcium imaging studies. Changes in intracellular free Ca**
concentration were monitored using the fluorescent Ca®* indicator
Rhod-3 (Life Technologies, Carlsbad, CA). The BV2 cells were
grown on poly-d-lysine-coated dishes. Cells were either incubated
for 1h with vehicle, LPS, or LPS in combination with the CRAC
channel inhibitor. Media was removed from treated cells and wa-
shed twice in phosphate buffered saline (PBS). Cells were then
incubated in loading buffer containing physiological buffer,
250 mM probenecid, Power Load Component and 2.5 uM Rhod-3-
AM (Life technologies, Carlsbad, CA) for 35 min at room tem-
perature in dark. Cells were then washed twice in physiological
buffer. Live cell fluorescence microscopy of Rhod-3 (excitation/
emission 560/600nm) was performed. Images were acquired
for Rhod-3-loaded cells and collected using an inverted epi-
fluorescence microscope (Zeiss Axiovert 40 CFL; Carl Zeiss Inc).
Images were captured on a cooled CCD camera. Image acquisition
and analysis were performed and visualized by fluorescence, and
images were obtained on a PC computer using a Zeiss Axiovert 40
CFL fluorescence microscope with Zeiss Zhen microscope soft-
ware (Zeiss Inc).

Immunofluorescence microscopy. Fluorescence immuno-
cytochemistry was performed on cells as described previously.?*?!
After washing, cells were fixed with acetone/methanol (1:1) for

Immune response
4 1L-2, IFNy, TNF-a

Calcium release-activated calcium (CRAC) channel pathway and sites of inhibitor action. Activation of various immune

receptors, including T cell receptor (TCR) and the P2Y purinergic receptors, cause release of Ca>* from the endoplasmic reticulum (ER)
via IP5 receptors. The resulting decrease in ER Ca®" is sensed by stromal interaction molecule-1 (STIM1), which oligomerizes and
moves to positions close to the plasma membrane where it gates Orail. Calcium entry through Orail then activates calcineurin, a
phosphatase sensitive to cyclosporin A (CsA) and FK506 (tacrolimus). Calcineurin de-phosphorylates the transcription factor nuclear
factor of activated T cells (NFAT), which then translocates to the nucleus and activates the transcription of various genes and cytokines
(e.g., interleukin [IL]-2, interferon [IFN]y, and tumor necrosis factor [TNF]o). The novel channel-selective inhibitor studied here (CM-

EX-137) interacts with the CRAC channel formed by Orail.


http://www.liebertpub.com
http://www.liebertpub.com

998

S min at —20°C. Alternatively, cells were fixed in 4% paraformal-
dehyde (PFA) for 30 min at room temperature. After fixing, the
cells were washed twice with PBS containing 0.2% Triton X-100
for 15 min. Non-specific binding sites were blocked in blocking
buffer (2% bovine serum albumin [BSA] and 0.2% Triton X-100 in
PBS) for 2h. Cells were then incubated with primary antibodies
selective for NF-xB or NFAT at 1:100 dilutions in blocking buffer
overnight at 4°C, followed by washing three times with blocking
buffer, 10 min per wash. The cells were incubated with Alexa Fluor
488- or Alexa Fluor 594-conjugated secondary antibodies (Life
Technologies), respectively, at 1:100 dilution in blocking buffer at
room temperature for 1 h, then washed two times in blocking buffer
and once in PBS. Fluorescence was visualized with an epi-
fluorescence microscope (Zeiss, Carl Zeiss Inc), and images were
obtained on a PC computer using Zeiss ZEN microscope software
(Zeiss Inc).

Immunoblotting. At the end of the treatment period, cells
were washed with cold PBS and scraped into 500 uL radio-
immunopreciptation lysis buffer with antiprotease/phosphatase and
incubated for 30 min in ice with agitation as described previous-
ly.2%?! Lysates were sonicated and centrifuged at 10,000 g for
5 min. The supernatant was collected and either used immediately
or frozen at —80°C. Protein concentration was determined using the
bicinchoninic acid protein assay (Pierce, Rockford, IL), and equal
amounts of protein were loaded per lane onto 10-12% sodium
dodecyl sulfate-polyacrylamide gels and were electrophoresed as
before. Gels were then transferred onto polyvinylidene difluoride
membranes in transfer buffer containing 48 mM Tris, 150 mM
glycine, and 10% methanol using a Trans-Blot apparatus (Bio-Rad,
Hercules, CA) at 100V for 1h at 4°C. The membranes were sat-
urated in 10 mM Tris, pH 7.4, 150 mM NacCl, 0.1% Tween-20, and
5% non-fat dry milk for 1 h at room temperature, then probed with
specific antibodies for iNOS, Orail, or STIM1 using the same
buffer for 1 h at room temperature with gentle agitation.

Rabbit and mouse primary antibodies were used at working di-
lutions of 1:500 and 1:1000, respectively. Membranes were washed
three times with 10mM Tris, pH 7.4, 150 mM NacCl, and 0.1%
Tween-20. Bound antibodies were identified after incubation with
peroxidase-conjugated anti-rabbit antibodies (1:2000 dilutions in
10 mM Tris, 150 mM NaCl, 0.1% Tween buffer) for 1h at room
temperature. Membranes were then rewashed thrice, and the po-
sition of the individual proteins was detected by enhanced chemi-
luminescence according to the manufacturer’s instructions
(GE Healthcare Bioscience Corp, Piscataway, NJ).

NF-xkB and NFAT nuclear translocation. Cytoplasmic and
nuclear extracts were prepared as described previously.”> NFAT
and NF-xB in nuclear extracts were evaluated by Western blot
using specific antibodies for NFAT and NF-xkBp65. We also as-
sessed nuclear NFAT and NF-kB translocation using immuno-
fluoresence as described previously.?

Detection of nitrite. Nitrite accumulation in media was de-
termined as described previously.?""* Briefly, BV2 cells seeded
onto 6-12 well plates (2x 10° cells/well) were cultured overnight,
then switched to serum-free medium for 2—4h, and subsequently
stimulated with 1 ug/mL LPS, Poly (I:C, 100 mg/mL), or IFNg
(100 ng/mL) with or without CM-EX-137 for 24 h. Nitric oxide (NO)
was detected in the culture supernatants using the Griess assay; 50 uL
of culture supernatant from each sample was transferred to a 96-well
plate in triplicate, to which an equal volume of Greiss reagent
(Sigma-Aldrich, St. Louis, MO) was added. Absorbance was read at
540 nm on a microplate reader (Molecular Devices, Sunnyvale, CA)
using Softmax Pro software analysis. After a 10 min incubation, the
nitrite concentration was calculated with reference to a standard
curve of freshly prepared sodium nitrite (0—100 pM).
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In vivo studies

Animal protocols were approved by the institutional panel on
laboratory animal care. All animal procedures were conducted in
accordance with the National Institutes of Health (NIH) guidelines
for the use of animals in research. Male C57/B6 mice (3—4 months
of age and weighting 20-25 g, Simonsen Laboratories. Gilroy, CA)
were housed and underwent a surgical procedure described in strict
accordance with institutional guidelines. Forty-six mice were used
in our studies as follows: sham-operated group (n=2), mice un-
derwent TBI with/without CM-EX-137 treatment and survived
three (22 or n=11/group) or 14 days (16 or n=8/group), and mice
injected with LPS with/without CM-EX-137 (6 or n=3/group).
Controls were treated with vehicle.

Controlled cortical impact (CCl)

The CCI to model TBI in vivo was performed according to a
previously established protocol.* Mice were anesthetized by face
mask using isoflurane (4% induction; 2% maintenance) in a mix-
ture of O,:N,O gases in the ratio of 2:1. The depth of anesthesia was
assessed every 15min during operation (absence of a toe pinch
response, absence of any spontaneous movements, and the absence
of a positive blink reflex to a puff of air directed at the eyes). Rectal
temperature was maintained between 36.5-37.5°C with heating
pads and a lamp during operation.

Initially, anesthetized mice were fixed in a stereotaxic frame, and
amidline scalp incision was made, followed by a burr hole (5 mm in
diameter) in the left parietal plate immediately posterior to bregma.
The dura was not disrupted. Subsequently, CCI was performed with
an automated impactor (Pinpoint Precision Cortical impactor,
Hatteras Instruments, Cary, NC) with a tip size of 3 mm (diameter)
at 1.5 m/sec velocity to generate 2 mm penetration with a 100 msec
dwell time. The excised cranial bone was replaced immediately,
and the incision was then closed with suture. Mice were euthanized
three days or 14 days after CCIL.

Brain inflammation model

As a positive control for neuroinflammation, a separate set of
mice was given LPS (5 mg/kg) by intraperitoneal (IP) injection. In
this model, transient brain inflammation develops, but the animals
do not have any brain cell death.?” The LPS was prepared in sterile
physiological saline before injection, and mice were euthanized
one day after LPS injection.”

CRAC channel inhibitor treatment

The same inhibitor studied in the above in vitro studies (CM-EX-
137) was administered at a dose of 5 mg/kg/day IP starting 20 min
after CCL. This treatment continued once daily for a maximum of
seven days. This dosing regimen was chosen based on previous
pharmacokinetic data that estimated a brain:plasma ratio of 4-5
after IP dosing and a relatively long half-life of approximately 43 h
(Supplementary Fig. 2; see online supplementary material at http://
www.liebertpub.com). Dosing continued for seven days because
past work in a related model indicated that this is the period during
which microglia are activated with peak numbers by 5-7 days.*®
The CM-EX-137 was dissolved in a sterile mixture of Carbowax
400 (NF) and pharmaceutical grade Trappsol in a 3:1 mixture.
Carbowax 400/Trappsol was given as vehicle. Based on previous
dose response and brain penetration studies performed by Calci-
Medica and pilot studies in our laboratory, the dose of 5 mg/kg
CM-EX-137 was chosen to have sufficient tolerability and brain
penetration after IP administration to achieve brain levels within
the range that produced neuroprotection and microglial suppression
in our in vitro studies.
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Behavior studies

Neurological deficits were assessed before operation (baseline)
and at one, three, seven, and 14 days after CCI, as described pre-
viously.?” All tests were recorded using a video camera, and scoring
was performed by two different investigators blinded to the ex-
perimental conditions.

Elevated body swing test. The elevated body swing test was
performed to evaluate motor deficits. Initially, mice were sus-
pended vertically by the tail with their heads elevated 3 inches
above the test bench. A lateral swing was counted each time the
animal moved its head >10 degrees away from the vertical axis.
Each trial lasted 15 secs, and for each mouse, the number of right-
biased swings (contralateral to the injury) was counted and com-
pared with the total number of swings (reported as % bias). A
decrease in the % bias indicated improvement.

Adhesive removal test. To estimate deficits in sensorimotor
function, 50-mm? (4-mm diameter) adhesives were attached to the
palm of each forepaw, and mice were observed for 2 min and scored
for identifying the presence of (contact time, which estimates the
ability to sense the adhesive and is thus a measure of sensory
function) and removal of (removal time, which estimates motor
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function) the adhesive. Shorter contact and removal times indicate
improved neurological function.

Hemorrhage size. Hemorrhage size was assessed three days
after CCI (n=8/group). This time point was used because hemor-
rhage size is difficult to assess at later times because of resorption of
blood. On sacrifice, mice were transcardially perfused with PBS.
Brains were removed quickly, submerged in PBS, and cut into
2 mm-thick sections. Gross brain sections were scanned using a
Hewlett-Packard Scanjet. Hemorrhage volumes were digitally
quantified using an ImageJ (v. 1.31; publicly available through
NIH), as reported previously by our group.?® We estimated the total
area of brain occupied by any blood multiplied by the section
thickness (hemorrhage volume).

Lesion size. Lesion size was assessed 14 days after CCI from
cresyl violet-stained brain sections (n = 8/group). On sacrifice, mice
were perfused with PBS and 4% PFA. Brains were removed, fixed
in PFA overnight, and subsequently cryoprotected by sinking them
in increasing concentrations of sucrose (5-20%). Brains were then
frozen and cut into 25 um thick sections on a cryostat. The six
centermost sections containing the bulk of the lesion were taken for
further investigation and were averaged to approximate lesion size
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FIG. 2. Calcium release-activated calcium (CRAC) channel inhibition in cultured microglia. Microglial BV2 cells were stimulated
with either lipopolysaccharide (LPS) 1 ug/mL, Poly (I:C [PIC], 100 ug/mL), or interferon [IFN]y (100 ng/mL) with increasing doses of
the CRAC channel inhibitor (1-20 uM, CM-EX-137) for 24 h. (A) Western blots show constitutive expression of CRAC channel
components stromal interaction molecule-1 (STIM1) and Orail. The STIM1 and Orail were not affected by LPS exposure, and these
changes in protein expression were prevented by treatment with CM-EX-137 (CM+). Similar patterns of reduced protein expression
were observed for proinflammatory agonists PMA, IFNy, and PIC) (not shown). Inducible nitric oxide synthase (iNOS), as a measure of
microglial activation, was increased by LPS and decreased by CM-EX-137. (B) Nitric oxide accumulation is inhibited in a dose-
dependent manner by CM-EX-137 after LPS exposure. (C,D) Similar dose dependency was observed when BV2 cells were stimulated
by PIC (C) and by IFNy (D). (E) CRAC channel inhibition blunts LPS-induced calcium in BV2 cells. Increased intracellular Ca?*
concentration was documented in cultured microglial BV2 cells after exposure to LPS. When CM-EX-137 was added to the LPS-treated
microglia (CM+), the LPS-induced increase of intracellular Ca** was almost completely prevented. Unmanipulated BV2 cells are shown
for comparison (Control). Data are shown as mean =+ standard error of the mean of 3-5 experiments. p <0.05 * vs. control, # vs. LPS.
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relative to the ipsilateral hemisphere according to a previously
established protocol.>*?’

Histochemistry and fluorescence microscopy

For immunohistochemistry and immunofluorescence, an addi-
tional three brains/group were assessed three days post-CCI. Brains
were frozen and cut into 15 um thick sections on a cryostat. After
fixing with 4% PFA for 15 min, sections were reacted with 0.5%
Triton X-100 for 10 min at room temperature, blocked with 2%
normal goat serum in PBS for 1h at room temperature, then in-
cubated overnight at 4°C with primary antibodies in PBS or
blocking solution, followed by secondary antibody. Antigen re-
trieval was used for STIM1 and Orail staining, employing 0.1%
trypsin-ethylenediaminetetraacetic acid for 30 min at 37°C before
incubation with the primary antibody.

Immunohistochemistry. Microglia were identified by lectin
histochemistry. Sections were blocked with 2% normal goat serum
in PBS, followed by incubation in 0.3% H,O, for 5 min at room
temperature. Sections were incubated in peroxidase-labeled 1B4,
then colorized with diaminobenzidine (Vector Laboratories, Bur-
lingame, CA) and counterstained with hematoxylin. The images
were captured on a PC computer using a microscopy camera (IN-
FINITY2; Lumenera, Ottawa, Ontario, Canada).
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Immunofluorescence. The following primary antibodies and
concentrations were used: anti-CD11b (1:200), anti-CD68 antibody
(1:50 dilution), and anti-iNOS antibody (1:200 dilution). After
incubating in primary antibodies overnight, sections were incu-
bated with secondary antibody (Alexa Fluor 594 for CD68 and
Alexa Fluor 488 for iNOS) at 1:200 dilution in blocking solution for
1h at room temperature. The STIM1 and ORAI1 activation were
also assessed by double staining. The following primary antibodies/
concentrations—anti-STIM1 antibody at 1:50 dilution and anti-Orail
antibody at 1:50 dilution—plus anti-CD11b antibody at 1:200 dilution
were incubated with secondary antibody (Alexa Fluor 568/488 for
STIM1/CD11b and Alexa Fluor 488/568 for Orail/CD11b) at 1:200
dilution in blocking solution for 1h at room temperature. Sections
were rinsed with PBS three times, 5 min each; DAPI was used to stain
cell nuclei. The images were visualized with an epifluorescence mi-
croscope (Zeiss Axiovert; Carl Zeiss) and captured on a PC computer
using Axiomatic software (ZEN lite; Zeiss). Images were visualized
and captured using laser confocal microscopy (LSM510, Zeiss).

Cell counting

Positive cells and DAPI-stained nuclei were counted using Im-
agelJ software. Counts were performed using methods published
previously by our group.”* Activated microglia were counted from
immunopositive cells (IB4, CD68, iNOS, and CD11b), which also
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FIG. 3. Calcium release-activated calcium (CRAC) channel inhibition prevents lipopolysaccharide (LPS)-induced NF-xB and nuclear
factor of activated T cells (NFAT) nuclear translocation in microglia. (A) Representative immunofluorescence images showing nuclear
staining of transcription factors NFAT and NF-«xB following LPS activation, which is prevented by the CRAC channel inhibitor (CM+).
(B) Counts of nuclear stained cells normalized to the total number of NFAT or nuclear factor kappa B (NF- kB) positive cells per
randomly chosen non-overlapping high power field show increased nuclear staining after LPS exposure and inhibition by CM-EX-137
treatment. Bars represent five fields per experiment. Each experiment was repeated three times. (C,D) Representative Western blots of
nuclear extracts showing NFAT (C) and NF-xB (D) from LPS-activated BV2 cells. The CM+ treatment reduced nuclear protein
expression of both transcription factors. Histone (HIS), a housekeeping protein in the nucleus, is shown as a control. LPS (LPS treatment
alone), CM+ (LPS + CM-EX-137, shown are two separate treatment lanes), CON (control). (p <0.01 * vs. control, # vs. LPS). DAPI,

4’ ,6-diamidino-2-phenylindole.
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met criteria for activated microglia based on morphological chan-
ges.”? These criteria included increased immunomarker staining
plus rounded amoeboid morphology or shortening of processes and
enlargement of the cell soma. For CCI, positive cells were counted
in five randomly chosen, non-overlapping high-power fields from
the perimeter of brain injury, as delineated by the cresyl violet-
stained sections. For the LPS-treated animals, inflammatory brain
regions were also selected and counted from five non-overlapping
fields from both lateral cortices. The percentage of positive cells
was normalized to the total number of cells within a given field. For
double labeling, numbers of double-labeled cells were normalized
to the phenotype marker, CD11b, to identify microglia.

Statistics and rigor

Analysis of variance and ¢ test were used for the comparison of
three or two experimental groups, respectively. Statistical analyses
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were performed using SPSS 23.0 (SPSS, Inc., Chicago, IL). The
significance level was set at p <0.05. Animals were randomized to
the experimental groups, and all assessments were performed by
investigators who were blinded to treatment assignments.

Results
CRAC channel inhibition

CRAC channel inhibition suppresses microglial activa-
tion. The BV2 microglial cells were characterized for the pres-
ence of CRAC channel components. As expected, BV2 cells
expressed both CRAC channel components, STIM1 and Orail
(Fig. 2A). STIM1 and Orail expression, the canonical CRAC
channel protein, was unaffected by activation with various micro-
glial activators. A marker of inflammation, iNOS, was increased by
activators, but was decreased by treatment with CM-EX-137. The
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FIG. 4. Calcium release-activated calcium (CRAC) channel inhibition reduces lesion size and brain hemorrhage while improving
neurological function. (A) Representative cresyl violet-stained brain sections 14 days post-controlled cortical impact (CCI) are shown in
vehicle and CM-EX-137 treated mice. (B) Lesion size was significantly decreased among CM-EX-137 treated mice. Average area
occupied by the centermost sections of the lesions are shown (**p <0.01). (C) Gross brain sections show hemorrhage after CCI from
vehicle and CM-EX-137 treated mice. Brains were collected three days after CCI. (D) Hemorrhage volume was significantly decreased
among CM-EX-137 treated mice (**p <0.01). (E,F) Elevated body swing (E) and adhesive removal tests (F) were performed before
operation and one, three, seven, and 14 days after CCI. Decreased right-biased swing and shorter adhesive removal times indicate
improved sensorimotor function. The CM-EX-137 treatment improved sensorimotor function compared with vehicle at seven days

(black circles: vehicle, white circles: CM-EX-137; *p <0.05.
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CM-EX-137 also inhibited agonist-induced elevations in NO in a
dose-dependent manner (Fig. 2B-D). Intracellular Ca®* concen-
tration was determined by live cell fluorescence microscopy using a
calcium-sensing fluorescent probe (Fig. 2E). Microglial stimulation
by LPS led to an increase in intracellular Ca%t conce:ntration,30
consistent with previous data, and this increase was prevented by
treatment with CM-EX-137.

The transcription factors NF-xkB and NFAT are activated in in-
flammatory cells in response to a variety of immune stimuli.
Opening of CRAC channels facilitates the entry of calcium that
activates NFAT in lymphocytes. To determine whether the same
occurs in microglia, we stimulated BV2 cells with LPS and ob-
served activation of both NFAT and NF-xB, as evidenced by an
increase in their nuclear staining (Fig. 3A,B). Treatment with CM-
EX-137 reduced this nuclear staining. Western blots of nuclear
extracts also showed that CRAC channel inhibition reduced nuclear
localization of both NFAT (Fig. 3C) and NF-«xB (Fig. 3D).

CRAC channel inhibition reduces brain hemorrhage and le-
sion size. Inthe CCI model, all mice survived for three days or 14
days, and there were no unanticipated deaths. Lesion volume was
significantly decreased in the CM-EX-137-treated group compared
with vehicle injected mice (Fig. 4A,B). Hemorrhage volume
(p<0.01) was decreased significantly among CM-EX-137 treated
mice compared with vehicle treated animals (Fig. 4C,D).
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CRAC channel inhibition improves neurological outcome
after CCl. Elevated body swing and adhesive removal tests were
performed on days one, three, seven, and 14 after CCI. These tests
were also performed before operation, and there were no significant
differences between the two groups. Both behavioral indices were
significantly improved in mice treated with CM-EX-137 compared
with the vehicle injected mice group at seven days post-CCI
(Fig. 4E.F). Decreased right-biased swings and shorter adhesive
removal times indicated improvements in motor function. Contact
times from the adhesive removal test, however, were no different
between groups (data not shown) and suggest that sensory function
was less impacted by treatment compared with motor function.
These results suggest that CRAC channel inhibition also improved
neurological function.

CRAC channel inhibition decreased numbers of activated
microglia after CCl and in a model of brain inflamma-
tion. Among mice exposed to CCIL, the number of activated mi-
croglia as assessed by morphological changes (enlargement of the
cell body, thickening and retraction of processes) and intense iso-
lectin B4 staining was significantly decreased in mice treated with
CM-EX-137 compared with vehicle (Fig. 5A,B, p<0.001). Simi-
larly, mice treated with LPS to cause brain inflammation without
brain cell injury had increased microglial activation, which was
suppressed by CM-EX-137 treatment (Fig. 5C,D).
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FIG. 5. Calcium release-activated calcium (CRAC) channel inhibition decreased numbers of activated microglia/macrophages after
controlled cortical impact (CCI) and lipopolysaccharide (LPS) exposure. Isolectin B4 (IB4) was used to identify microglia and other
myeloid cells such as macrophages and monocytes. The CCI increased the intensity of IB4 staining, and CM-EX-137 decreased the CCI
response three days post-CCI (A). Cell counts were sampled at the lesion border. The number of activated microglia/macro-
phages/monocytes as evidenced by morphological change and increased IB4 staining was increased by CCI and reduced by CRAC
channel inhibition (*p <0.001) (B). Similar patterns were observed in the LPS brain inflammation model (C,D) (*p <0.001). CCI, mice
received traumatic brain injury; vehicle, received vehicle treatment; CM-EX-137, received CRAC channel inhibitor treatment; LPS,
received LPS to model brain inflammation; sham, no insult, no treatment; scale bar, 5 um (x 100) and 20 um (x400).
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THE CD68 (Fig. 6), used to identify phagocytic cells including
activated microglia and circulating macrophages, and iNOS
(Fig. 7), a marker of pro-inflammatory activation, were both in-
creased by CCI, and reduced by treatment with CM-EX-137. These
effects were confirmed in the LPS neuroinflammation model. These
observations indicate that CRAC channel inhibition leads to sup-
pression of inflammation.

CRAC channel inhibition reduced numbers of STIM1
and Orail positive microglia. To characterize the effects of
CCI on STIM1 and Oraill, we probed adjacent sections for the
presence of these proteins. The CCI upregulated both STIMI1
(Fig. 8A) and Orail (Fig. 8D). Total numbers of STIM1 and Orail
positive cells were not different among the CCI groups, indicating
that CRAC channel inhibition did not alter total numbers of cells that
expressed these proteins. Total numbers of microglia/macrophages
(identified by CD11b staining) were decreased, however, in mice
treated with CM-EX-137, and the proportion of these cells that were
also positive for STIM1 and Orail was decreased in the treated group
(Fig. 8B.C, E.,F). This would suggest that CM-EX-137 may inhibit
CRAC channels preferentially on microglia/macrophages.
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Discussion

Inflammation after brain ischemia is known to contribute neg-
atively to outcome. Over the years, strategies to limit these immune
responses have been shown to improve neurological outcomes after
experimental brain trauma.” It has been recognized recently that the
CRAC channel participates in the activation of immune responses
in the brain. Components of this channel include STIM1 and
Orail.®”*'=3 The STIM protein is found within the ER, where it
can detect changes in luminal calcium. Orail resides in the plasma
membrane and is the pore-forming unit of the CRAC channel.
Calcium levels in the ER are decreased after stimulation of a
number of immune receptors, including, as shown in the in vitro
studies, Toll-like receptors-3 (TLR3, activated by PIC) and -4
(TLR4, activated by LPS). Decreased ER Ca®" causes STIMI to
oligomerize and translocate to ER regions closely apposed to the
plasma membrane, where it binds to and gates Orail, leading to
Ca*" influx through the channel.**~°

The CRAC channel has been observed on lymphocytes and mast
cells, but also on microglia.“’5 Elevated intracellular calcium levels
activate calcineurin, which then activates NFAT. The NFAT, much
like NF-kB, resides in the cytosol in the resting state and after
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FIG. 6. Calcium release-activated calcium (CRAC) channel inhibition decreased numbers of CD68 positive cells. The CD68 was used
to identify phagocytic cells, including brain and circulating macrophages. At three days post-CCI, these cells were observed mostly in
the periphery of the brain lesion, and their numbers were decreased by CM-EX-137 treatment (A). Counts of positive cells sampled from
this region showed significant reduction with treatment (B). Similar patterns emerged in a model of brain inflammation induced by
lipopolysaccharide (LPS) (C,D). Brains were collected one day post-LPS administration. (**p <0.01; scale bar, 20 um).
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FIG. 7. Calcium release-activated calcium (CRAC) channel inhibition decreased numbers of inducible nitric oxide synthase (iNOS)
positive cells. Immunofluorescence stains of iNOS after controlled cortical impact (CCI) (A,B) and lipopolysaccharide (LPS)-induced
neuroinflammation (C,D) showed that both insults increased iNOS expression. In both models, treatment with CM-EX-137 led to
significant reduction of iNOS positive cells. (**p <0.01; ***p <0.05; scale bar, 20 um).

activation is de-phosphorylated by calcineurin, allowing it to trans-
locate to the nucleus where it upregulates several genes encoding
pro-inflammatory molecules (Fig. 1).>” Further, both STIM1 and
Orail have been reported to be upregulated by the glucocorticoid-
inducible kinase SGK1-dependent NF-xB signaling at the messenger
ribonucleic acid and protein levels.*®

In this study, both STIM1 and Orail were upregulated after LPS
injection and CCI, which may have been induced via NF-«B. Our
in vitro data indicate the CM-EX-137 also suppressed nuclear NF-
kB translocation. Hence, inhibition of this cycle by CM-EX-137
decreased both STIM1 and Orail along with suppression of mi-
croglial activation.

Recent studies in stroke, TBI, and multiple sclerosis models
showed that gene deletion of the CRAC channel component protein
STIM1 led to favorable outcomes.***' While inflammation in
brain trauma has been studied for some time, only a few studies
have explored specifically the role of CRAC channels. A few lab-
oratories have studied the effects of gene knockdown/deletion of
CRAC channel components,®*™ and there are several studies in-
volving CNIs,'>** but those that are available clinically are not
specific and have toxicities as well.''**~#7 In fact, a recent pre-
clinical study by Operation Brain Trauma Therapy*® indicated a
narrow therapeutic window for CsA in the management of brain
trauma. While investigators observed neuroprotection at a low dose
in some, but not all experimental models, it was actually deleterious
at higher doses. This is not surprising, because there is ample
clinical evidence of low therapeutic windows with CNIs in the

prevention of organ transplant rejection and autoimmune dis-
eases.*® Chronic use of these compounds also leads to nephrotox-
icity and neurotoxicity, which limits their wide use.'®'?

Nevertheless, CsA was studied in a small stroke treatment trial
of 127 patients, but no efficacy was demonstrated.’® CsA and
FK506 are not very specific, in that they can regulate other calcium
channels and have been shown to affect mitochondria.’'** From
the pharmacological data by CalciMedica, CM-EX-137 displayed
no activity on other receptors and a variety of ion channels (Sup-
plementary Tables 1 and 2; see online supplementary material at
http://www liebertpub.com). This may be one reason to explain the
safety of CM-EX-137 compared with existing CNIs; however, like
all drugs, adverse effects of CM-EX-137 can be seen at high doses.
In fact, pre-clinical studies showed that at the very highest doses
tested, weight loss in animals can develop. Regardless, there may
be advantages to studying inhibitors that lack the side effects of
existing CNIs. Further, CNIs have only demonstrated anti-
inflammatory effects via inhibition of calcineurin and suppression
of NFAT. We showed that CRAC channel inhibition inhibited
microglial activation by preventing upstream calcium influx, which
may not occur with existing CNIs.

CalciMedica is developing small molecule CRAC channel in-
hibitors that inhibit Orail-containing CRAC channels, and pre-
clinical studies have indicated that the pharmacological and
toxicological profiles of their CRAC channel inhibitors are different
compared with CNIs. Pilot in vitro studies in our laboratory showed
that CM-EX-137 demonstrated the most robust microglial inhibiting
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FIG. 8. Calcium release-activated calcium (CRAC) channel components stromal interaction molecule-1 (STIM1) and Orail increase
after controlled cortical impact (CCI), and are suppressed in CD11b positive cells by CM-EX-137 treatment. Double immunofluorescent
staining three days post-CCI for the myeloid cell marker CD11b and STIM1 (A-C) or Orail (D-F) are shown. Both CRAC channel
components increased after CCI (CCI-vehicle rows), but CM-EX-137 treatment did not affect total numbers of positive cells (CCI-CM-
EX-137 rows). Counts of double positive cells (merge columns), however, showed that CM-EX-137 reduced numbers of both STIM1
(B) and Orail (E) positive cells that were also CD11b positive. Because CM-EX-137 treatment also reduced total numbers of CD11b
positive cells, we then expressed our counts as the percentage of CD11b positive cells, and similar patterns emerged (C,F). This suggests
that CM-EX-137 may preferentially inhibit CRAC channel expression on microglial cells (*p<0.001, **p<0.01; arrows indicate

representative double positive cells; scale bar, 20 um).

properties of several CalciMedica molecules evaluated and did not
cause increased neuronal death. We demonstrate here that this novel,
selective CRAC channel inhibitor is capable of inhibiting microglial
activation and, as such, improved outcomes and reduced brain
hemorrhage and inflammation in an experimental model of TBI. As
further evidence of the mechanism that is reducing brain inflam-

mation, we show in in vitro and in vivo models of brain inflammation
that this inhibitor directly suppresses microglial activation.

It bears mentioning that although we observed significantly
improved sensorimotor function only at seven days post-CClI, this
effect was no longer statistically significant by 14 days. Inspection
of our data indicates that this is likely because of the spontaneous
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improvement displayed by the vehicle-treated control group. This
is not unexpected and has been observed by other groups using
similar assessments, including our own.?” While this could be in-
terpreted as a transient effect of treatment, it more likely reflects the
inability of our behavioral assessments to detect subtle differences
in function. Yet, histological studies indicate that lesion volume
was nonetheless decreased among treated animals. Future studies
should investigate more sensitive assays, including those that as-
sess cognitive function, a common yet underappreciated compli-
cation of TBI, as well as other biomarkers.

Pilot data from CalciMedica demonstrated a brain:plasma ratio
of about 4-5 for CM-EX-137 after oral dosing, and the IP dose in
the current study was selected based on plasma pharmacokinetic
data after IP dosing and extrapolation to brain levels that correlated
with the inhibition of microglial activation in our in vitro model.
Daily dosing was maintained for 7 days, because our previous
studies in a related stroke model have shown that microglia are
activated within hours of ischemia onset and peak numbers of ac-
tivated microglia are seen by about day 7.>* This time course
appears to be similar in models of TBI as well.>®> We delivered the
compound parenterally, because patients with acute neurological
insults often present with impaired swallowing mechanisms or even
coma. Oral formulations of this compound are available, however,
and could be used with patients whose swallowing functions are not
compromised. This opens the possibility of applications beyond
brain injury, including chronic neurological disorders.

Conclusion

The study of small molecule CRAC channel inhibitors for the
management of acute neurological injury is a new area of investi-
gation, and we demonstrate for the first time that they may have a
role in the management of acute brain trauma. The CRAC channel
inhibitors are already being studied in humans as a potential therapy
in immune, cancer, and acute inflammatory conditions, but have not
been studied for diseases of the brain. This work may inspire future
investigations for management of related neurological conditions.
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