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Witkamp and Meijerink 2014). While both receptors are
reported to affect inBammatory and immune responses,
The endocannabinoid system and the cannabinoid recepthe CB2 receptor holds signibcant potential due to the
tors 1 and 2 (CB1 and CB2) have emerged as importantvidespread distribution in immune cells and the lack of
targets for the regulation of inBammation and immune psychotropic effects associated with the CB1 receptor. In
function (Shohami et al. 2011; Crowe etal. 2014;a spectrum of diseases, ranging from autoimmune to
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neurodegenerative disorders, the CB2 receptor has beesf SMM-189 in a murine model of mild traumatic brain
identibed as a potential target for the development ofinjury (mTBI). In these studies, SMM-189 improved
new chemotherapeutic interventions (Croxford 2003; Sipemotor, visual, behavioral debcits, and mitigated eye and
et al. 2005; Lou et al. 2011). axonal damage associated with mTBI (Reiner et al. 2015).

Regulation of CB2 function is particularly attractive in These results prompted us to conduct a detailed evalua-
neuroinfammation and neurodegenerative diseases sind@®n of the functional activity of SMM-189, the efpcacy in
activated microglia are reported to upregulate the exprestegulating microglia function, and the in vitro and
sion of CB2 (Ashton and Glass 2007; Stella 2010). Thig vivo biopharmaceutical properties reported herein.
observation appears to be specibc to the diseased brain
thus providing a unique target for drug intervention. Spe-
cibcally, microglia protect and repair the damaged brain.
However, chronic activation can result in sustained

. . . Reagents

release of proinBammatory cytokines and chemokines,
enhanced microglia migration, as well as recruitment ofG418 was purchased from KSE Scientibc (Durham, NC).
peripheral monocytes and T cells, thus exacerbating théuromycin, DMEM, penicillin/streptomycin, gentamicin,
primary CNS damage (for excellent reviews see (BloclOPBS, HankOs Buffer, HEPES, EDTA, Tris base, sucrose,
et al. 2007; Friese and Fugger 2007; Ebner et al. 2013))1gCl, Millipore plter plates and punch kits, EcoLite scintil-
CB2 ligands may be benebcial in mitigating the adversdation cocktail, and Poly-lysine coated 96-well plates were
outcomes of chronic activation by inhibiting the release purchased from Fisher Scientibc (Waltham, MA). Ambi-
of proinBammatory cytokines and chemokines in addition some and FBS were purchased from Atlanta Biologicals
to regulating microglia migration (Walter et al. 2003; (Flowery Branch, GA). Ro 20-1724, acetonitrile, DMSO,
Ortega-Gutierrez et al. 2005; Lunn et al. 2008; Romerodiipopolysaccharide (LPS), polyethyleneamine, and fatty
Sandoval et al. 2009; Fraga et al. 2011; Louvet et al. 2014¢id-free BSA were purchased from Sigma Aldrich (St.
Martin-Moreno et al. 2011; Zarruk et al. 2012). However, Louis, MO). Antibodies against murine CD16/32 (ab33550)
the required functional activity of CB2 ligands, that is, and CD206 (ab64693) were purchased from Abcam (Cam-
agonist, neutral antagonist, or inverse agonist, to effecbridge, UK). High bind plates (L15XB-3), anti-rat (R32AA-
tively regulate chronic activation remains an open ques-5), and anti-rabbit (R32AB-1) SULFO-TAG antibodies were
tion. This is exempliped by studies reporting both CB2 purchased from Meso-Scale Discovery (Gaithersburg, MD).
agonists such as JWH 015 and CB2 inverse agonists SEellular dyes phalloidin and Hoechst were purchased from
144528 and AM 630 induce anti-inRBammatory changes inCellomics (Pittsburgh, PA), and ACTOne Membrane
microglia (Ribeiro et al. 2013). To further complicate the Potential Dye was purchased from Codex BioSolutions
CB2 functional requirement, it is also reported that activ- (Gaithersburg, MD). Forskolin, CP 55,940, HU 308, JWH
ity of compounds such as cannabidiol ari?’-THC is 133, and SR 144528 were purchased from Tocris (Bristol,
independent of CB2 when inverse agonist SR 144528 igK). Tritiated CP 55,940 was purchased from PerkinElmer
employed to block their CB2 agonist activity (Kozela (Waltham, MA). The 96-well plter plates and punch tips
et al. 2010). were purchased from Millipore (Billerica, MA).

The mechanisms whereby CB2 modulation affects
inBammation and immune cell function are complex and Cell culture
detailed pathways remain to be determined (Bouaboula
et al. 1996; Mukhopadhyay et al. 2006; Merighi et al.The HEK-CNG parental cell line, HEK-CN@B1, and
2012). Notwithstanding, CB2 agonists and inverse agonHEK-CNG+CB2 cell lines were purchased from Codex
ists have demonstrated signibcant potential in immuno- BioSolutions, Inc (Gaithersburg, MD). HEK-CNG cells
modulation (Rhee and Kim 2002; Elliott et al. 2011; were cultured in DMEM with 10% FBS, 1% P/S, and
Ribeiro et al. 2013; Zoppi et al. 2014; Reiner et al. 2015)251 g/mL G418 at 37TC, 5% CQ. HEK-CNG+CB1 and
This provides the impetus for the development of new HEK-CNG+CB2 cells were cultured in DMEM with 10%
chemical entities to regulate inBammatory responses, regFBS, 1% P/S, 2bg/mL G418, and 3 g/mL puromycin.
ulate immune cell activity, and provide probes for study- Cells were passaged evern8 2ays or when conf3uence
ing signaling pathways associated with CB2 ligation. Weeached 80%. C8B4 murine microglia of unknown sex
previously reported the synthesis and preliminary charac-were purchased from ATCC (Manassas, VA) and cultured
terization of 35dichloro-2,6-dihydroxy-biphenyl-4-yl)- in DMEM with 10% FBS and 1% P/S according to the
phenyl-methanone (SMM-189) and demonstrated the manufacturerOs directions. Primary human microglia of
preferential binding to the CB2 receptor (Bhattacharjeeunknown sex (PHMG) were purchased from Clonexpress,
et al. 2009). Furthermore, we have evaluated the efpcadpc (Gaithersburg, MD). These cells were certibed to be

Materials and Methods
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free of HIV, hepatitis B and C, bacteria, fungi, and myco- equation (Table S1). The Prst observation is that there is
plasma. PHMG were thawed rapidly at°@7 added to no correlation between the Eg for CB2 for the individ-

5 mL of DMEM:F12 50:50 with 2bg/mL gentamicin, ual preparations suggesting that the purchased prepara-
2.51 g/mL ambisome, 1% P/S, and 5% FBS, and centri-tions may have been improperly stored. Alternatively or
fuged at 12§ for 5 min. Cells were counted and immedi- in combination decomposition of the radioligand is a
ately plated at a density of 30,000 cells/1Q0 potential source of deviation. It is reported that the rate
of decomposition is initially 3% for 3 months thereafter

it is not linear. To our knowledge, there is no informa-
tion on the identity of the decomposition products. It is
HEK-CNG+CB1 or HEK-CNG-CB2 cells were plated in plausible that a degradation product could exhibit higher
500 cnf culture dishes and grown in 100 mL selection CB1 and lower CB2 afpnities resulting in lower and
medium to 80% confuence. After removing medium, higher afPnities, respectively, for our compounds. Unfor-
cells were washed gently with 10 mL of ice cold PBStunately, the original membrane preparation artH[-CP
Then 10 mL of ice cold PBS with 10 mmol/L EDTA was 55,940 are unavailable and as such a debnitive explana-
added, and cells were scraped. The resulting cell suspetion of the disparities is not possible.

sion was centrifuged at'@, 50@ for 5 min. The superna-
tant was then discarded and the pellet homogenized in
10 mL of ice cold 50 mmol/L Tris-HCI, 320 mmol/L
sucrose, 2 mmol/L EDTA, 5 mmol/L Mg&€lat pH 7.4  Filter plates were Plled with 210 /well of 0.05% (w/v)
(solution A). The cell suspension was centrifuged @,4 polyethyleneamine in deionized water and incubated for
160@ for 10 min. The supernatant was saved, and the celll h at room temperature. Plates were then Pltered using a
pellet washed three times in 8 mL of solution A, eachvacuum manifold and washed Pve more times with
time homogenized for 10 min and centrifuged atCG4 2501 L/well of deionized water prior to assay. Each well
160@ for 10 min. Each time the supernatant was savedcontained 123 L binding buffer, 5| L of [°H]-CP 55,940
and combined with the previously saved supernatant. Thg(Pnal concentration 42 nmol/L), 10l g (in 20IL) of
combined supernatant was centrifuged &€450,228 for membrane protein homogenized in binding buffer, and
3 h. The supernatant was then discarded and the pelleb0| L SMM-189 in binding buffer at Pnal concentrations
suspended in 3 mL of 50 mmol/L Tris-HCI, 2.5 mmol/L ranging from 1 nmol/L to 10 mol/L. Plates were incu-
EDTA, 5 mmol/L MgC}, 10% (w/v) sucrose at pH 7.4 bated at 30C for 90 min. After incubation, membrane
(solution B). Protein concentration was evaluated using asolutions were removed via vacuum and washed nine
Pierce BCA protein assay kit. Membrane aliquots wergimes with 2501 L/well of binding buffer. The Plter plate
stored at 80°C. Scatchard analysis on membrane prepa-backing was then removed, vacuumed dry, and individual
rations was done by varyingH]-CP 55,940 bnal concen- blters punched out using punch tips, into 5 mL of Eco-
trations from 10 pmol/L to 10 nmol/L both with and lite scintillation cocktail in 7-mL scintillation vials. Vials
without 101 mol/L WIN 55,212-2 to determine nonspe- were left overnight and read the next day on PerkinElmer
cibc binding. CB1 membrane preparatioiy was  Liquid Scintillation Analyzer Tri-Carb 2810TR using a 3-
2.55 nmol/L andB,ax was 1 pmol/mg. CB2 membrane min dwell time. All binding studies were carried out with
prepration Ky was 2.0 nmol/L with B,ax 2 pmol/mg.  a minimum of six biological replicates.

Binding buffer was made as follows: 50 mmol/L Fris
HCI, 5 mmol/L MgCh, 2.5 mmol/L EDTA, 0.5 mg/mL
fatty acid-free bovine serum albumin, pH 7.4.

Note: TheK;s for SMM-189 differs in this report from In order to determine functional pharmacology of the
our previous assay. We have compared the previous antested compound, HEK-CNG, HEK-CN«&B1, and
current assay conditions and determined the following: HEK-CNG+CB2 cells were plated at 50,000 cells/tDO
(1) the K4 between the purchased preparations (Perkin-medium in clear Poly-D-lysine coated 96-well plates in
Elmer Life Sciences) and the ACTOne membranes diffeDMEM 10% FBS, 1% P/S medium the day before experi-
signibcantly 0.12 versus 2.0 nmol/L, respectively; (2) thenents were performed. For pertussis inhibition experi-
[®H]-CP 55,940 used previously was approximatelyments, HEK-CNGCB2 cells were incubated overnight
2.5 years old. To examine differences in preparationsvith 4 ng/mL of pertussis toxin (PTx) prior to experi-
potentially affected the afbnities, we conducted bindingmentation. The day of the experiment, ACTOne formula-
assays on the previously reported compounds (4, 5, 6tion Membrane Potential Dye was warmed to°@7and
and 7, Bhattacharjee et al.) under the current conditions100I L added to each well, followed by 1 h incubation in
then back calculated the E& using the ChendPrusoff  the dark at room temperature. SMM-189 was tested at

Membrane preparations

Receptor binding

ACTOne assay
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Pnal concentrations from 8 10 © to 59 10 *° with Plates (MesoScale Discovery, Gaithersburg, MD) were
251 mol/L Ro 20-1724, and 800 nmol/L forskolin in used to assay the concentration of chemokines secreted in
DPBS with 2.5% (v/iv) DMSO. Once SMM-189 or CP medium. Plates were processed according to the manufac-
55,940, Ro, forskolin, and buffer were added, plates werturerQs instructions and then imaged using the Sector
read using a BioTek (Winooski, VT) plate reader (Ex 2400 Imager. Protein quantibcation was done using the
540 nm, Em 590 nm) at 50 min. At least six biological MesoScale Discovery software (Gaithersburg, MD). Each
replicates were used for subsequent data analysis. group had four biological replicates.

In order to determine antagonist pharmacology,
30 min after adding cation-sensitive dye, 20 of SMM- Cell staining and microscopy
189 in DPBS with 2.5% DMSO was added to each well
and incubated for an additional 30 min in the dark at Microglia were treated as described in the Chemokine
room temperature prior to addition of CP 55,940. Con- measurement section, but after 0, 12, or 24 h in were
centrations of SMM-189 were chosen to span concentrastained using phalloidin to mark actin and Hoechst to
tions roughly one log above and below the previouslymark nuclei. Cells were imaged using a Zeiss LSM710
determined EG, To initiate antagonist studies, 30 of (Jena, Germany) laser scanning confocal microscope, using
CP 55,940 made in DPBS with 2.5% DMSO buffer, Rothe 405 nm laser line for Hoechst and the 561 nm laser
20-1724 (Pnal concentration 25nol/L), and forskolin  line for phalloidin. To quantify morphology, a series of
(Pnal concentration 800 nmol/L) was added to each well,images from four Pelds for each treatment group at 24 h
and the plate was read at 50 min. Six independent experiwere blinded and given to four investigators not associated
ments were used for subsequent data analysis. with these studies with instructions to count spherical ver-
sus rod-like morphology. Note: Since the time course
studies were conducted on single plates, reverse addition
method was applied for the drug treatment, that is, 24 h
C8B4 microglia were plated at a density of 20,000 cellsback to 0 h such that all samples were bxed simulta-
501 L of DMEM with 10% FBS and 1% P/S on High neously, to prevent potential complicating effects of para-
bind plates (Meso-Scale Discovery, Gaithersburg, MD)formaldehyde from adjacent wells.
The next day, 10% FBS containing medium was gently
removed and replaced with 100 DMEM with 1% FBS
and 1% P/S. The third day, 10 of DMEM with 1%
FBS and 1% P/S containing|ZmL of LPS (Pnal well cLogP was estimated using ChemDraw Ultra 10.0. Solubil-
concentration was 1g/mL LPS) was added to each well. ity was determined at pH 7.4 using a miniaturized shake-
One hour later, CB2 ligands (HU 308, JWH 133, SRRask method (Glomme et al. 2005). Drug suspension was
144528, or SMM-189) were added in bD containing  shaken for 24 h in a buffer solution at room temperature,
5X previously determined Egand 1X LPS. After 24 h, centrifuged and the supernatant analyzed by LC-MS/MS.
medium was discarded, and 1/mL of CD16/32 or Permeability was determined by a parallel artibcial mem-
CD206 antibodies were added in BQ PBS to each well brane permeability assay (PAMPA) in 96-well format at
for a 2-h incubation followed by a gentle 15@ PBS pH 7.4 as previously described (Kerns et al. 2004). Perme-
wash. Then, 30L of either 2| g/mL anti-rat (CD16/32)  ability was measured after 18-h incubation via UV absor-
or anti-rabbit (CD206) SULFO-TAG antibody was added bance in a microplate reader (DTX880, Beckman Coulter).
for another 2-h incubation. After three gentle washes with
1501 L/well, 150! L of 2X surfactant free read buffer was Liver microsome metabolism
added and the plate was read on a SECTOR 2400 Imager
(Meso-Scale Discovery, Gaithersburg, MD). Data wereThe in vitro stability of SMM-189 was assessed in pooled
normalized to LPS control and analyzed via ANOVA in rat liver microsomal preparations (BD Biosciences, Frank-
GraphPad Prism 6.0 (La Jolla, CA). lin Lakes, NJ) by monitoring disappearance of the com-
pound over an incubation period of 90 min. The
percentage of intact parent compound was estimated
using the LC-MS/MS assay.
Secreted levels chemokines were assessed after treating
30,000 PHMG/well with 1 g/mL LPS for 0, 12, and
24 h. SMM-189 was added at a previously determine
EGo of 9.81 mol/L 1 h after addition of LPS. After the Protein binding was determined at biologically relevant
specibed time of incubation, Ultrasensitive Chemokineconcentrations of SMM-189 (500 ng/mL andl &/mL) in

On cell polarization assay

Physiochemical property assessment

Chemokine measurement

dPlasma protein binding
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rat plasma with the RED equilibrium dialysis device at
37C (Pierce Biotechnology Inc., Rockford, IL). Aliquots
of plasma and the isotonic phosphate buffer, pH 7.4 in Scatchard experiments were evaluated with one site-
the receiving compartment were analyzed for SMM-189binding hyperbola analysis in GraphPad Prism 6.0.
concentrations by LC-MS/MS, and the free fraction wasReceptor-binding calculation was also done using a one
calculated as ratio of the concentrations in the buffer andsite-binding model with bxed radionuclide addition and
the initial concentration in plasma. Kd. Raw RBuorescence readings from the ACTOne assay
were normalized using a feature scaling equation:

Data analysis

Pharmacokinetic studies X XpnPB Ab

X0v4 A
! p Xmax Xmin ’

Animal studies were performed under a University of
Tennessee Health Science Center Institutional Animal
Care and Use Committee approved protocol. Malewhere forskolin stimulation is the experimental maxi-
SpragueDawley rats (Harlan Labs, Indianapolis, IN) mum B, blank well with dye and cells only is the experi-
(N = 6; approx. 250 g weight) that were catheterized inmental minimum A, normalized value iK% Xmax IS

the external jugular vein and femoral vein received al00%, andXq, is 0%. Data were then analyzed using
single intravenous dose of 5 mg/kg SMM-189 formu- nonlinear regression analysis. Antagonist studies raw [3u-
lated in 5% (v/v) 200 proof ethanol, 5% (v/v) Cremo- orescence readings were normalized with reference to the
phor ELP, and 90% normal saline. Blood samplesmaximal inhibitory of effect of CP 55,940 as A, minimal
(200-3001 L) were drawn from the jugular vein cathe- inhibitory effect as BXmax @as 100%, andXn,, as 0%.

ter pre-dose and 0.17, 0.33, 0.5, 1, 1.5, 2, 4, 6, 8\Normalized Ruorescence values andsf&@alues were
and 12 h after the dose, and were immediately centri-compared to baseline values using Student@st.
fuged at 200§ 4°C for 10 min. Plasma fractions were Chemokines were analyzed for statistical signibPcance
harvested and stored at 70°C until analysis by using ANOVA. All statistical evaluations were done in
LC-MS/MS. GraphPad Prism 6.0 (La Jolla, CA). Pharmacokinetic
parameters were determined from the measured plasma
concentration probles by standard noncompartmental
analysis using the software package Phoenix WinNonlin
6.3 (Icon Development Solutions, Hanover, MD) (Gibal-
A total of 501 L aliquots of plasma were prepared by pro- di and Perrier 1982).

tein precipitation with 200 L methanol (spiked with the
internal standard KM-233, structure 2 in reference (Krish-
namurthy et al. 2008)) followed by centrifugation at
10,00@ for 10 min at £C. Chromatographic separation
of the supernatant was carried out on a Gemini
C18 1509 4.6 mm column (Phenomenex, Torrance, CA) The K; for SMM-189 (Fig. 1) was lower at the CB2 recep-
using a mobile phase of acetonitrile and water (75:25, %tor with a value of 121.3 nmol/L compared to that found
vlv) at a Bow rate of 0.3 mL/min in isocratic mode. at the CB1 receptor 4778 nmola CB1/CB2 ratio of
Detection was performed with an API 3000 triple-quadru- 39.4, demonstrating a modest selectivity of SMM-189 for
ple mass spectrometer (ABI-Sciex, Foster City, CA) withthe CB2 receptor (Table 1). The functional activity of
electrospray ionization in multiple reaction monitoring SMM-189 was evaluated using the ACTOne cell-based
mode using the compound-specibc mass transfers of m/zAMP assay in HEK-CN&CB1, HEK-CNGCB2, and
357 185 for SMM-189, and m/z 377334 for KM-233.  parental HEK-CNG cells. In the HEK-CN@B2 cell sys-

A calibration curve ranging from 0.95 to 500@/L was tem, SMM-189 caused a dose-dependent increase in
constructed and validated with spiked samples of ratcAMP-driven Ruorescence~%5% over baseline) thus
plasma. The peak area ratios of analyte to the internadlemonstrating the inverse agonist functional activity at
standard were linear over the tested concentration rangeCB2 (Fig. 2A). Overnight treatment of the HEK-
with a correlation coefbciert0.998. Accuracy (deviation CNG+CB2 cells with pertussis toxin abolished the
of the analyzed quality control samples from nominal val- aforementioned inverse agonist activity (Fig. 2C). This
ues) was within 4.2% over the entire range of the cali- indicates that, in the ACTOne cell-based assay, CB2 man-
bration curve, and the precision (coefbcient of variation ifests signibPcant constitutive activity and the inactive state
of repeated measurements of the quality-control samplespf CB2 bound by SMM-189 may sequestey, Gesulting
was 7.1%. in increased adenylate cyclase activity. Treatment of the

Quantibcation of compound concentrations
by LC-MS/MS

Results

Pharmacologic properties of SMM-189
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(o] at an SMM-189 concentration of 110 nmol/IP < 0.01),
a value close to the EE At high concentrations of
SMM-189, cAMP levels were signibcantly elevated above
OH CP 55,940 suppression of cAMP, but only at SMM-189
concentrations of 4500 nmol/L and 11000 nmol/L
(121 mol/L). The EGgs of CP 55,940 curves shifted sig-
cl nibcantly to the right for all tested concentrations of
SMM-189 except 110 nmol/L, with correspondingly
higher signibcance at higher concentrations.

HO
On cell polarization assay

In order to determine the effects of selective CB2 agonists
SMM-189 (HU 308 and JWH 133) and inverse agonist (SMM-189
and SR 144528) on activated microglia, we stimulated
C8B4 murine microglia with LPS. One hour following
LPS stimulation, CB2 ligands were added at respective
EGs and after 24 h incubation were evaluated for polari-

Figure 1. Structure of 35%dichloro-2,6-dihydroxy-biphenyl-4-yl)-
phenyl-methanone.

Table 1. Pharmacologic properties of SMM-189. zation markers to either: (1) CD16/32 which is a marker

of a proinBammatory state consistent with LPS activation

CB B (often referred to as M1) or (2) CD206 which is a marker

Receptor bindingK; (nmol/L) 4778 246 121.3  20.6 of a pro-wound healing state consistent with alternative

Functional EGo (nmol/L) - 153.4 22.25 activation (often referred to as M2). CB2 agonists HU
Maximum response (%) NS 54.8 3.23 308 and JWH 133 decreased CD16/32 expression com-

pared to LPS controls, although only HU 308 did so sig-
nibcantly @ < 0.001) and was signibcantly better at
decreasing CD16/32 than JWH 133P <€ 0.0001)
(Fig. 4A). CB2 inverse agonists SR 144528 and SMM-189
HEK-CNG+CBL1 with increasing concentrations of SMM- also decreased CD16/32 expression in comparison to LPS
189 resulted in an elevation in cAMP-driven RBuorescencecontrol, but only SMM-189 did so signibcantly
that was not signibcantly different from parental HEK- (P < 0.001) and decreased CD16/32 signibcantly more
CNG cells (Fig. 2B). In parental HEK-CNG cells, therethan did SR 144528°(< 0.05).
was no change in cAMP-driven Ruorescence (Fig. 2D) The M2 response of microglia to the presence of ago-
thus SMM-189 selectively increases cAMP via CB2. nist and inverse agonist was surprising. CB2 agonists HU
The functional activity of SMM-189 was further studied 308 and JWH 133 signibcantly decreased CD206
by assessing its antagonistic effects on agonist-drive(P < 0.001,P < 0.01). A comparison of the two agonists
decreases in cAMP Ruorescence production. The nonseaevealed that HU 308 treatment resulted in a signibcantly
lective CB1 and CB2 agonist CP 55,940 were selected kwsver level of CD206 compared to JWH 133 treatment
our control compound (Govaerts et al. 2004). In the (P < 0.0001) (Fig. 4B). CB2 inverse agonists exhibited the
HEK-CNG+CB1 and HEK-CNGCB2, the control CP opposite effect wherein pro-wound healing markers
55,940 demonstrated an average 90 percent reduction imcreased relative to LPS control cells. SR 144528 and
cAMP response, whereas no response was observed usi8lyIM-189 both signibcantly increased CD2#6<0.001,
the parental HEK-CNG cells. Competition studies usingP < 0.01) and were not signibcantly different from each
SMM-189 against CP 55,940 in HEK-CMGB1 cells other (NS). The results from this study are consistent
showed that SMM-189 has no signibcant effect in shiftingwith the alteration in chemokine probles and the mor-
cAMP response curves (Fig. 3A), which is consistent withphological changes associated with SMM-189 treatment of
its very weak receptor binding and lack of CB1 receptorLPS-stimulated microglia (see below).
functional activity.
Conversely, in the HEK-CNECB2 cells, SMM-189 at
low concentrations of CP 55,940 demonstrated the ability . .
o secretion of chemokines
to elevate cCAMP levels above basal levels, which is consis-
tent with that of noncompetitive antagonists (Fig. 3B). To evaluate the effect of SMM-189 on activated micr-
This upward shift of CAMP accumulation was signiPcantoglia, and the potential role of the compound in

SMM-189,  3°5%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-metha-
none

Effect of SMM-189 on activated PHMG
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Figure 2. Pharmacologic assessment of SMM-189 using the ACTOne assay. (A) SMM-189 increases cAMP in HEK@B®xells, (B) SMM-189
does not change cAMP levels in HEK-CNGBL1 cells, (C) SMM-189 elicits no change in cAMP in HEK-CNIB2 treated overnight with pertussis
toxin (PTx), (D) SMM-189 had no effect on cAMP levels in parental HEK-CNG cels= 6-14, error bars SEM. HEK-CN&CB1, Human
embryonic kidney cells transfected with a cyclic nucleotide-gated channel and cannabinoid receptor 1; SMM-18§5%dichloro-2,6-dihydroxy-
biphenyl-4-yl)-phenyl-methanone.

neuroinffammation (Liu and Hong 2003), we stimulated 12 h, but was signipPcantly decreased in comparison to
PHMG with LPS. The study was designed to control for LPS alone groups at 24 ? < 0.01) (Fig. 5F).

the potential effects of media addition on this reactive cell
type, thus a media addition and media SMM-189 were
designed into the study. A comparison of media and
media + SMM-189 revealed no signipbcant difference in
chemokine expression (Fig. 5). At the 12-h time interval, We further studied the effects of SMM-189 on normal
LPS-stimulated PHMG expressed statistically signibcantland activated PHMG via confocal microscopy to deter-
higher levels of eotaxin, eotaxain-3, IP-10, TARC, andmine if unique morphologies associated with different
MIP-1b, and after 24 h MCP-1 was also signibPcantly activation states of microglia were manifest. At time 0, all
increased, compared to media and medtaSMM-189  treatment groups exhibited a spherical morphology with
controls (P < 0.010.001) (Fig. 5). SMM-189 treatment some projections present (Fig. 6). This is consistent with
1 h after LPS stimulation decreased eotaxin secretion sigether reports suggesting an unstimulated microglial state
nibcantly at 24 h (Fig. 5A). Eotaxin 3 levels for LPS (Lively and Schlichter 2013). After 12 h, media controls
SMM-189 were not signibcantly different from the LPS exhibited a contraction in size with the emergence of pro-
alone group at either time point (Fig. 5B). The levels of jections from the cell body. In media SMM-189 group,
IP-10 decreased signibcantly in response to £tFSVIM- a mixture of morphologies including spherical and cell
189 treatment at 12K < 0.05) and 24 h P < 0.0001) body projections are present with notable emergence of
(Fig. 5C). There was no signibcant difference in MCP-1rod-shaped PHMG. A similar shape distribution was also
expression until 24 h postdrug treatment after which aobserved in the LP$ SMM-189 treated PHMG. In con-
signibpcant decrease in MCP-1 was observed combiningrast, the LPS-treated cells were predominately enlarged
SMM-189 with LPS R < 0.05) (Fig. 5D). TARC expres- amoeboid or signibpcantly contracted with relatively few
sion after LPS treatment was signibcantly decreased fotell body projections. The difference in treatment groups
lowing SMM-189 treatment but still signibcantly higher was very pronounced at 24 h with the media control
than media controls at both 12 and 24 h (Fig. 5E). MIP- PHMG contracting and extending numerous projections
1b expression was unaffected by SMM-189 treatment afrom the cell body consistent with unstimulated microglia.

Morphological changes in PHMG in the
presence and absence of LPS and SMM-189

2 2015 The Authors.Pharmacology Research & Perspectivasblished by John Wiley & Sons Ltd, 2015 | Vol. 3 | Iss. 4 | e00159
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Figure 3. (A) In HEK-CN&CBL1 cells, SMM-189 has no effect on CP 55,940 activity. (B) In HEK-GAGEB2 cells, SMM-189 increases maximum
cAMP activity even in the presence of CP 55,940 = 7, error bars SEM. Asterisks at the lowest tested concentration of CP 55,940 represent a
signiPcant SMM-189-driven increase in cCAMP levels above basal levei$ < 0.01 (t-test with basal). Asterisks at the highest tested concentration
of CP 55,940 represent a signiPcant increase in cAMP levels relative to CP 55,940 cAMP suppress®r,0.05, and ** P < 0.01. Asterisks next
to different tested concentrations of SMM-189 represent signiPcant increases in the §Cof CP 55,940 from base line levels*P < 0.05,
*P<0.01, ** P<0.001, ** P< 0.0001. HEK-CNGCB1, Human embryonic kidney cells transfected with a cyclic nucleotide-gated channel
and cannabinoid receptor 1; SMM-189, 85%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone.
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Figure 4. (A) In C8B4 murine microglia, CB2 agonists HU 308 and JWH 133 decrease M1 marker CD16/32 at 24 h, although HU 308 treatment
is signibcantly different from LPS controf{* P < 0.001) and JWH treatment t*** P < 0.0001). CB2 inverse agonists SR 144528 and SMM-189
decrease M1 CD16/32 as well, although only SMM-189 is signiPcantly different from LPS contfdgl P < 0.001) and SR 144528%P < 0.05). (B)
CB2 agonists HU 308 and JWH 133 also signibcantly decrease M2 marker CD 206 at 24 h compared to LPS cofitrBl<0.01, *** P < 0.001)

and HU 308 was decreased CD206 signibcantly more than JWH 133*f P < 0.0001). CB2 inverse agonists SR 144528 and SMM-189 increased
CD206 signibcantly more in response to LPS controfd*(P < 0.001, ** P < 0.01) and were not signibcantly different from each otherN = 3-9,
error is SEM. Asterisks above columns are comparisons to LPS control, while bar comparisons are signiPcant in comparison to the covered
columns. LPS, lipopolysaccharide; SMM-18993%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone.
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Figure 5. Time course of chemokine secretion from PHMGN = 4, error bars are SD*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
Asterisk comparisons are between LPS and LPSSMM-189 groups, and parenthetical asterisks are comparisons of LPS or tPSMM-189 to
media controls. Analysis done via ANOVA with DunnettOs multiple comparisons. LPS, lipopolysaccharide; PHMG, primary human microglia; SMM-
189, 3%5%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone.

The LPS-treated PHMG exhibited many of the hallmarksMedia control+ SMM-189 and LPS- SMM-189 groups
of activated microglia including a transition to an amoe- were not signibcantly different from each other.

boid form or signibcant contraction of the cell membrane
(Chen et al. 2012). At 24 h, a greater percentage of LP
stimulated microglia had round or amoeboid morphology
(Fig. 7A) (P < 0.001) and lower percentage of rod-shaped Aqueous solubility is one of the most important proper-
cells (Fig. 7B) compared to media controls. In the pres-ties for a compound intended to continue into clinical
ence of SMM-189, media control microglia had a signib- studies. The solubility of SMM-189 was found to be
cantly higher percentage of rod-shaped cells with a-1851g/mL at pH 7.4 (Table 2). Though there is no
corresponding decrease in round or amoeboid shapedstrict cutoff value for solubility available, solubility above
cells P<0.01). In LPS-stimulated cells treated with 501 g/mL is arbitrarily considered acceptable for com-
SMM-189, there was a signibcant decrease in round- opound progression in most preclinical development pro-
amoeboid-shaped cells and increase in rod-shaped celgrams. Despite being highly lipophilic with a clogP value
compared to LPS alone stimulated cell® <0.001). of ~5.26, SMM-189 meets this benchmark, suggesting that

SBiopharmaceutical properties of SMM-189
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Figure 6. Representative photomicrographs of the evaluation of the actin Plaments to assess PHMG cell morphology j40mages of PHMG

cells treated with LPS, SMM-189, and LPESMM-189 at 0, 12, and 24 h, along with the control of PHMG cells subjected to media change. The
labels appear as follows: cell nuclei with Hoechst (blue) and phalloidin-stained actin blaments (red). At O h, a spherical morphology with few
projections is manifested in all groups. The time course of LPS treatment reveals either a progressive increase in size (white arrows) or pronounced
contraction (arrow heads). The most signibcant difference between treatment groups is the emergence of the rod-shaped morphology associated
with  SMM-189 treatment alone or in the presence of LPS (chevrons). White bars in each photomicrograph represent 16@ LPS,
lipopolysaccharide; PHMG, primary human microglia; SMM-189°38%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone.

the compound might have sufpcient solubility for dosageing extensive distribution into tissues outside the vascular
form development and at the same time a sufpcientlyspace.
high lipophilicity to cross biological membranes
(Table 2). This observation is supported by data from a
parallel artibcial membrane permeability assay (PAMPA)
where the permeability of SMM-189 was determined asThe objective of our studies was to further characterize
5.02 0.02 cm/sec at pH 7.4 (Table 2). SMM-189 owing to the promise of this compound in
treating murine mTBI. In the ACTOne cannabinoid
receptor-transfected cell lines, SMM-189 demonstrated
good binding selectivity for CB2 over CB1 receptors, as
To assess in vitro metabolic stability, SMM-189 was incu-well as inverse agonist activity at CB2 receptors. In this
bated in rat liver microsomal preparations. SMM-189 same system, we determined that SMM-189 is a noncom-
exhibited acceptable metabolic stability with 45.3% of thepetitive antagonist at the CB2 receptor against CP 55,940.
parent compound remaining stable at the end of a 90-Many GPCR inverse agonists have been reported to act as
min incubation period (Table 2). Protein-binding experi- noncompetitive antagonists when tested against agonists
ments suggest, however, that SMM-189 is highly bound(Carroll et al. 2001; Fitzsimons et al. 2004; Porter et al.
to plasma proteins, with 99.37 0.01% at 500 ng/mL 2005). However, equilibrium dynamics of the inverse ago-
and 99.84 0.02% at 2 g/mL. Initial data on the phar- nist versus an agonist are not simply a function of recep-
macokinetics of SMM-189 in vivo conbrm the results of tor afbnities, but also inverse agonistsO preferential
the in vitro assays discussed above. Administration of ainding to inactive receptors, which can increase cell sur-
single 5 mg/kg dose by intravenous injection in ratsface expression of the targeted receptor (Smit et al. 1996;
resulted in plasma-concentration-time probles with peakKhilnani and Khilnani 2011).
plasma concentrations of 6.23 1.67 mg/L with a termi- Much of the literature surrounding CB2 modulation of
nal half-life of 3.03 0.49 h (Fig. 8), indicating reason- inRammation focuses on agonists [for an excellent review,
able in vivo metabolic stability. The volume of see (Ashton and Glass 2007)] but the benebcial effect of
distribution was determined as 14.9 2.38 L/kg, indicat- SMM-189 in a mTBI model had suggested that it could

Discussion

Pharmacokinetic properties of SMM-189

(A) (B)

Figure 7. Percentage of (A) round/ameboid and (B) rod-shaped microglia after 24 h of control or LPS stimulus, with or without SMM-189
treatment. ANOVA analysis done with Bonferroni corrections in GraphPad Prishh.= 4 belds per group counted by four different researchers,
error bars are SEM. LPS, lipopolysaccharide; SMM-189,53dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone** P < 0.01, *** P < 0.001,

in comparison to media control, p P < 0.001 in comparison to LPS.
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Table 2. Biochemical and pharmacokinetic properties of SMM-189. stimulation. The decrease in M1 marker CD16/32 is con-
Aqueous solubility ~185 I g/mL at pH 7.4 sistent with a previous study that ref3ected decreases in
cLogP 5.26 M1 markers in Kupffer cells following JWH 133 treatment
Membrane Permeability (log Pe) 5.02 0.02 cm/secatpH 7.4  (Louvet et al. 2011). The same study did not Pnd changes
Microsomal stability (% of 45.3% at 90 min in M2 markers following JWH 133 treatment, although it

parent remaining) is worth noting that the analysis was of mRNA which
Plasma protein binding 99.37 0.01% at 500 ng/mL

99.84  0.02%at 2 | giml may not have rel3ected Pnal protein changgs compared to
Terminal half-life 303 049 h our study. Conversely, CB2 inverse agonists SR 144528
Volume of distribution 149 2.38 Likg and SMM-189 appear to exert anti-inffammatory activity
by decreasing CD16/32, an M1 marker, and increasing
SMM-189, 5% dichloro-2,6-dihydroxy-biphenyl-4-y)-phenyl-metha-  cp206, an M2 marker, which is associated with alterna-
none tively activated microglia in a pro-wound healing state.
The impact SMM-189 has on murine microglial polariza-
1E+04 tion is consistent with effects previously reported in
human microglia (Reiner et al. 2015). The ability of
inverse agonists to enable M2 polarization is possibly due
to the induction of the CB2 inactive receptor state,
removing inhibition of the cAMP generation by adenylate
cyclase, thereby increasing intracellular cAMP and down-
stream pCREB which has been linked to mannose recep-
100 tor (CD206) expression (for an excellent review see
(Lawrence and Natoli 2011)). Lipopolysaccharide incre-
ased proinBammatory chemokines eotaxin, eotaxin-3,
IP-10, MCP-1, TARC, and MIPH Eotaxin, also known
as CCL11, has been positively correlated with phosphory-
lated tau in a murine model of tauopathy (Garwood et al.
2010). Eotaxin-3 expression was implicated in prodromal
1 AlzheimerOs disease but has no association with symptom-
0 2 4 6 8 10 12 14 atic Alzheimer®s or other neurodegenerative diseases
(Westin et al. 2012). In APP transgenic mice, expression
of APP colocalizes with IP-10 and correlates with
Figure 8. Mean ( SD) plasma concentration-time probles of sMm- decreased neuroprotection and increased neurodegenera-
189 after IV administration of 5 mg/kg in rats K = 6). SMM-189, tion, likely due to recruitment of distal microglia and
3%5%dichloro-2,6-dihydroxy-biphenyl-4-yl)-phenyl-methanone. peripheral macrophages in response to high levels of
inBammation (Duan et al. 2008). Additionally, IP-10 has
offer anti-inRBammatory activities (Reiner et al. 2015). been shown to play a role in degenerative multiple sclero-
Therefore, we investigated the effects of both CB2 agonsis and astrogliosis by further activating microglia and
ists and inverse agonists on activated, proinBammatoryacting as a powerful chemotactic for peripheral immune
microglia by probing for cell surface expression of proin- cells (Tanuma et al. 2006; Zhang et al. 2014). IP-10 is
Rammatory M1 marker, CD16/32, and pro-wound heal- also elevated in human extracellular brain Ruid following
ing M2 marker, CD206. CB2 agonists HU 308 and JWHTBI (Helmy et al. 2011).
133 decrease proinBammatory marker CD16/32, although Similarly, MCP-1, also called CCL2, is a powerful
only HU 308 treatment resulted in statistically signipcantmonocyte chemokine and has been shown to recruit and
decreases in CD16/32 in comparison to LPS control.activate microglia as well as peripheral macrophages (Sel-
While CB2 inverse agonists SR 144528 and SMM-18&nica et al. 2013). MCP-1 elevations have also been impli-
decreased CD16/32 as well, but only SMM-189 did so sigeated as a factor in progression of AlzheimerOs Disease,
nibcantly in comparison to LPS control. CD206 expres-AIDS dementia, and TBI presumably through activating
sion was also signibcantly decreased by CB2 agonists Hidicroglia and macrophages (Conant et al. 1998; Helmy
308 and JWH 133, while CB2 inverse agonists SR 144528 al. 2011; Westin et al. 2012; Laforte et al. 2014). In
and SMM-189 increased CD206 expression. TBI patients, elevations in MCP-1 were more likely in
The results from the polarization state study suggestpatients that later went on to develop AlzheimerOs dise-
that CB2 agonists exert anti-inBammatory activity by dec-ase (Ho et al. 2012). TARC primarily recruits activated
reasing both M1 and M2 markers following infammatory lymphocytes, and has been investigated as a biomarker,
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especially in HIV-1-induced neurodegeneration, ALS, anddetermined as -5.02 0.02 cm/sec at pH 7.4. When com-
multiple sclerosis (Narikawa et al. 2004; Pulliam et al.pared with permeability standards for this assay reported by
2007; Kuhle et al. 2009). Increases in MIR-dlso known  Wohnsland and Faller (Wohnsland and Faller 2001), the
as CCL4, correlate with infBammatory viral neurodegener-permeability of SMM-189 was found between the value of
ation, multiple sclerosis, neuromyelitis optica, and TBI piroxicam ( 4.9) and warfarin ( 5.2) at pH 7.4, which are
(Askovic et al. 2001; DOAversa et al. 2004; Helmy et akported to be 99100% absorbed in humans. The high
2011; Michael et al. 2013). plasma binding of 99-99.8% is probably due to its high
The reduction in eotaxin, MCP-1, and IP-10 in LRS lipophilicity and may lead to limited, unbound effective
SMM-189-treated microglia supports the idea that SMM- concentrations in the CNS. However, this class of com-
189 would likely decrease inPbltration of peripheral macro-pounds has demonstrated good blediain barrier perme-
phages and other immune cells. This is important sinceability in PET imaging studies (Fujinaga et al. 2010), thus
peripheral macrophages have been implicated in neurodeindicating the potential for treating CNS diseases.
generative diseases such as AlzheimerOs disease, multiplEhe in vitro metabolic stability of SMM-189 was 45.3%
sclerosis, and ParkinsonOs disease (Wisniewski et al. 198flthe parent compound remaining at the end of a 90-
Depboylu et al. 2012; Vainchtein et al. 2014). In patho-min incubation period. The desired cutoff for metabolic
logical inBammatory states, activated macrophages magtability in most preclinical programs is more than 30%
enter areas of tissue damage at a time of microglial deamf parent remaining stable after 90 min of incubation
tivation, thus restarting the cycle of inBammation and (White 2000). The in vivo half-life of 3.03 0.49 h is
beginning a cascade that may result in chronic inRBamma-consistent with the in vitro studies indicating an accept-
tion. The lack of effect that SMM-189 displays againstable metabolic stability. In total, the biopharmaceutical
eotaxin-3 is unsurprising, given that eotaxin-3 has little properties suggest that the triaryl scaffold of SMM-189
importance in infBammatory neurodegeneration and is represents a unique lead for future drug development.
primarily associated with eosinophils (Blanchard et al. The currently approved cannabinoid-based therapeu-
2006; Westin et al. 2012). Furthermore, SMM-189 maytics, dronabinol, or nabilone for refractory emesis and
also have a role in treating autoimmune-associated neuroSativex for spasticity (Herman et al. 1979; Dejesus et al.
degenerative disease such as multiple sclerosis and HN\2007; Hilliard et al. 2012), suffer from psychotropic side
AIDS dementia that have a robust lymphoid component, effects, thus limiting their use in neurodegenerative disor-
in addition to monocyte recruitment as demonstrated by ders. The current focus for neurodegeneration in the can-
its effect on TARC (Depboylu et al. 2012). nabinoid Peld has been primarily on cannabidiol, which
Microscopic examination of unstimulated PHMG itself is a CB2 inverse agonist, but lacks an established
revealed the expected primarily round phenotype andmechanism of action (Thomas et al. 2007). The unmet
projections. Lipopolysaccharide predictably caused ameed for new interventions to treat CNS diseases high-
increase in the amoeboid shape of microglia at both 12lights the potential of CB2-based therapeutics warranting
and 24 h. The effect of SMM-189 in LPS-treated cells wagurther investigation. The ability of CB2 inverse agonists
an increase in rod-shaped cells over that of amoeboidio modulate infammatory activities together with the
shaped microglia. The media SMM-189 cells that also success of SMM-189 in mitigating deleterious somatomo-
showed an increase in rod-shaped cells, suggesting th&r effects of mTBI led to further investigations into the
the effect of SMM-189 is capable of overcoming the stim-biological properties of SMM-189. We believe that com-
ulatory effect associated with LPS exposure. Rod-shapegounds, such as SMM-189, will be valuable not only in
cells have been suggested to be highly benebcial in repaireating CNS diseases but also serve as unique probes for
ing neurodegenerative areas of the CNS (Tam and Mastudying the signaling mechanisms associated with CB2
2014). In agreement with this proposal, we have previ-inverse agonist anti-inRammatory activity.
ously shown that SMM-189 can polarize immortalized
human microglia to a benepcial, pro-wound healing state,
generally referred to as an M2 state (Reiner et al. 2015)'.6‘(:knowIedgements
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