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Abstract

G protein By subunit-dependent signaling is important for chemoattractant-
dependent leukocyte chemotaxis. Selective small molecule targeting of PlI3-kinase y
catalytic activity is a target of interest for anti-inflammatory pharmaceutical
development. Here we examined if small molecule inhibition of GPy-dependent
signaling, including GBy-dependent activation of PI3-kinase y and Racl, could inhibit
chemoattractant-dependent neutrophil migration in vitro and inflammation in vivo. Small
molecule GPy inhibitors suppressed fMLP-stimulated Rac activation, superoxide
production, and PI3-kinase activation in differentiated HL60 cells. These compounds
also blocked fMLP-dependent chemotaxisin HL60 cells and primary human neutrophils.
Systemic administration inhibited paw edema and neutrophil infiltration in a mouse
carrageenan-induced paw edema model. Overall the data demonstrate that targeting GBy-

regulation may be an effective anti-inflammation strategy.
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Introduction

Chemoattractant-mediated recruitment of leukocytes is responsible for many of
the deleterious effects of chronic inflammatory diseases. Many chemoattractants activate
G protein-coupled receptors (GPCRs) coupled to the Gi family of heterotrimeric G
proteins in leukocytes. Heterotrimeric G proteins are composed of Go, GB, and Gy
subunits. Ligand binding to receptors catalyzes the exchange of tightly bound GDP for
GTP on the Go subunit, liberating it from the GBy subunits. Dissociation of the Go. and
GPBy subunits can alow each to directly bind to downstream effector proteins (Oldham
and Hamm, 2006;Gilman, 1987). It is the free GPy subunits released from Gi
heterotrimers upon chemoattractant receptor activation that initiate critical signaling
pathways to direct chemoattractant-dependent neutrophil functions including chemotaxis

and superoxide production (Neptune and Bourne, 1997).

Key direct targets of GBy subunit binding and activation in neutrophils are
Phosphoinositide 3-kinasey (PI3-kinase y) (Stephens et al., 1997;Stephens et al.,
1994;Stoyanov et al., 1995), Phospholipase C B (PLCB) (Wu et al., 2000), and P-Rex
(Welch et al., 2002). PI3-kinase y has been noted to be a central mediator of chemotaxis
and plays a pivotal role in leukocyte recruitment to inflamed tissues (Li et al.,
2000;Camps et al., 2005;Hirsch et al., 2000). PIP; produced by PI3-kinase y catalytic
activity is critical to the development of cell polarity which is necessary for chemokine-
mediated cell motility and directiona sensing (Wu et al., 2000). PI3-kinase y-deficient
neutrophils have impaired responses to various chemoattractants, including diminished

chemotaxis (Li et al., 2000;Hirsch et al., 2000) and respiratory burst (Li et al.,
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2000;Sasaki et al., 2000), in response to GPCR activation. Small molecule inhibitors of
PI3-kinase y catalytic activity have been demonstrated to suppress joint inflammation in
mouse models of inflammation (Barber et al., 2005;Camps et al., 2005). Critical to the
success of an approach that targets PI3-kinase y activity as a therapeutic anti-
inflammatory approach is development of selective inhibitors that do not target other
PI3-kinase isoforms since these enzymes are critically involved in multiple aspects of

mammalian cell function (Ruckle et al., 2006).

Here, we demonstrate a novel strategy to inhibit chemoattractant-dependent
chemotaxis and inflammation using recently identified compounds that block GBy-
interactions with effectors including PI3-kinase y by binding to a protein-protein
interaction “hot spot” on the G subunit (Bonacci et al., 2006). We show that these
compounds block fMLP-dependent PI3-kinase y activation, Racl activation, superoxide
production and neutrophil migration in vitro. Further, when administered in vivo,
neutrophil-dependent inflammation is inhibited demongtrating that suppressing key GBy-
dependent signaling functions with small molecules has significant anti-inflammatory

potential.
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Materialsand Methods

Small molecules. Compounds for this study were kindly provided by the NCI repository
except when indicated otherwise. Compound abbreviations are as follows. M119
(NSC119910), M119B (NSC119892). Gallein, fluorescein, and wortmannin were

obtained from Sigma Aldrich (St. Louis, MO).

Conmpetition ELISA and structure activity relationships. Binding of small molecules to
GB1y2 was assessed by competition with phage displaying the SIGK peptide as described
(Scott et al., 2001;Bonacci et al., 2006). Briefly, GB1y2 (25 nM), with biotin incorporated
via an N-terminal acceptor peptide on GB1, was immobilized in a 96-well plate coated
with streptavidin. Compounds’DM SO and 0.1 x 10" phage were added simultaneously
and subsequently incubated for 1 h at room temperature. Plates were then washed with
1X TBS/0.5% Tween 20 and incubated with anti-M13, horseradish peroxidase
conjugated, antibody (Amersham Biosciences; Piscataway, NJ). Phage binding was
determined by monitoring A4gs upon addition of 2,2'-Azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid (Sigma Aldrich).

Surface plasmon resonance. Direct binding of “hot spot” binding small molecules was
assessed using the Reichert SR7000 Surface Plasmon Resonance dual chamber
instrument equipped with an autosampler (Reichert; Depew, NY). To activate the sensor
chip surface a mixture of 0.1M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC) and 0.05M N-hydroxysuccinimide (NHS) was injected (flow rate 5
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pML/min) over the sensor surface. Streptavidin (100 pg/mL; prepared in 20 mM sodium
acetate buffer pH 5.5) was coupled to the sensor chip surface followed by quenching the
remaining activated carboxyl groups with 1M ethanolamine (pH 8.5). bGPy, was
conjugated to the streptavidin coated chip in running buffer (50 mM Hepes, pH 7.6, 1
mM EDTA, 100 mM NaCl, 0.1% Ci2E;0, 1 mM DTT) to achieve 2000 uRIUs. A second
reference cell was treated similarly, but bGB1y, was excluded. Direct binding of small
molecules was tested out at room temperature with a flow rate of 75 puL/min flow rate.
Compounds were prepared in running buffer and injected for 10 minutes followed by a
dissociation phase of 10 minutes. The obtained sensorgrams were corrected for non-
specific background by running the same experiment in series over an identical sensor
surface with immobilized streptavidin, blocked with biotin, without bGBy. Binding rates
and constants were independent of flow rate over a wide range and did not fit mass
transport limited models indicating that mass transport was not limiting association or
dissociation rates. Best fit kinetic parameters were determined using kinetic titration
model and ClampXP v3.5 that accounts for incomplete dissociation between injections

(Karlsson et al., 2006).

GFP-PH-Akt trandlocation in differentiated HL60 cells. HL60 cells stably
overexpressing GFP-PH-Akt (Servant et al., 2000) were maintained and differentiated as
previously described (Bonacci et al., 2006). Cells (0.2 x 10° cells/ml) were differentiated
by incubation with 1.2% DM SO for 5 days. Cells were washed with serum-free RPMI
1640 (Invitrogen; Carlsbad, CA). Two hundred thousand cells (100 ul) were transferred

to a 1.8 ml Beckman ultracentrifuge tube. Cells were pretreated with DMSO or
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compounds for 10 min. at room temperature and stimulated with 250 nM fMLP (Sigma
Aldrich) for 2 min. at 37 °C, snap-frozen in liquid nitrogen, and thawed in the presence of
100 ul 2X lysis buffer (100 mM HEPES (pH 8.0), 6 mM MgCl,, 0.2 mM EDTA, 200
mM NaCl, 100 uM NagVO4, and protease inhibitors). Membranes were harvested by
centrifugation 100,000 x g for 20 min. following four freeze-thaw cycles. All treatments
contained the same final concentration of DMSO. Pellets were washed once with 100 ul
lysis buffer (50 mM HEPES (pH 8.0), 3 mM MgCl,, 0.1 mM EDTA, 100 mM NaCl, 50
UM NagV O,, and protease inhibitors), pelleted as above and boiled in 2X sample loading
buffer. Samples were resolved by 12% SDS-PAGE, transferred to nitrocellulose and
probed with anti-GFP antibody (1:1000; Roche) followed by incubation with goat anti-
mouse HRP conjugated secondary antibody (1:5000, BioRad; Hercules, CA).
Chemiluminescence was analyzed using a CCD camerain a UV P Epi-Chem Il Darkroom
imaging system. All samples had background subtracted and were normalized to the

fMLP-induced signal set at 100 %.

Cell motility analysis. Chemotaxis was assayed using a Boyden chamber (Neuro Probe,
Gaithersburg, MD) using 3 um polyvinylpyrrolidone-free polycarbonate filters (Neuro
Probe). HLG60 cells (differentiated for 4 days) were washed with and resuspended in
HBSS containing 1% BSA to a final concentration of 1 x 10° cells/ml. Primary human
neutrophils were washed and resuspended in NaCl buffer (140 mM NaCl, 4 mM KCI, 10
mM D-glucose, 10 mM HEPES, pH 74, 1 mM MgCl,, 1 mM CaCl,) to a final
concentration of 1 x 10° cellsml. Chemoattractant (1 uM GM-CSF, 10 nM IL-8 or 250

nM fMLP; Sigma Aldrich) was added to the bottom chamber in HBSS containing 1%
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BSA. Cell suspensions (0.2 x 10° cells/well) were added to the top wells of the Boyden
chamber and allowed to migrate for 1 h at 37 °C. When applicable, cell suspensions were
pre-incubated for 10 min. with small molecule inhibitors (in DMSO) at the indicated
concentrations and the bottom chamber was adjusted to the same concentration of small
molecule. All treatments contained the same final concentration of DMSO. Filters were
processed according to the manufacture’'s recommendations and stained using DifQuik
(VWR Scientific; West Chester, PA). Chemotactic HL60 cells were scored by counting
3 microscope fields and subtracting the number of cells from -fMLP wells as background.
All samples had background subtracted and were normalized to the fMLP-induced signal
set at 100 %. For all the small molecules, effects of the compounds on chemokinesis was
analyzed by measuring chemotaxis in the presence of 250 nM fMLP in both the upper
and lower chambers of the Boyden Chamber and measuring changes in transwell
migration.  Unless otherwise indicated none of the compounds had effects on

chemokinesis.

Measurement of superoxide production. The nitrotetrazolium blue (NBT) method was
used to assess the effects of GBy inhibitors on NADPH oxidase activity. HL60 cells
(differentiated for 4 days) were washed with and resuspended in HBSS containing
calcium and magnesium (Cellgro; Herndon VA) to a fina concentration of 2 x 10°
cellsml. Cells (1 x 10%rxn) were pretreated with 10 uM GBy inhibitor compound (in
DMSO0) or 100 nM wortmanin (Sigma Aldrich) for 10 min. at 37 °C prior to the addition
of NBT (25 ul of 10 mg/ml in methanol) and then incubated or an additiona 5 min. at 37

°C. All treatments contained the same final concentration of DMSO. Cedls were then
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activated with either 250 nM fMLP (Sigma Aldrich) or PMA (Sigma Aldrich) for 30 min.
in a 37 °C water bath. Reactions were stopped by the addition of 500 ul of 1.2 N HCI
and cells collected by centrifugation at 12,000 x g for 5 minutes. Cell pellets were then
resuspended in 200 ul DM SO, transferred to a 96-well plate and absorbance measured at
540 nM. All treatments and controls contained the same concentration of DMSO. All
samples had background subtracted and were normalized to the fMLP-induced signal set

at 100 %.

Evaluation of Rac-1 activation. HL60 cells (differentiated for 4 days) were washed with
and resuspended in NaCl buffer to a final concentration of 20 x 10° cells/ml. Cells (10 x
10%rxn) were pretreated with 10 uM Gy inhibitor (in DMSO) for 10 min. prior to
challenge with 1 uM fMLP for 90 seconds in a 37 °C water bath and then immediately
transferred to an ice-water bath. Cells were recovered by centrifugation at 500 x g and
washed two times with ice-cold TBS, pH 7.4. The Racl activation assay kit (Upstate
Cdl Signaling Solutions; Temecula, CA) was used to prepare cell extracts and evaluate
Racl activation according to the manufactures' instructions. Affinity purified GTP-Racl
was resolved by 15% SDS-PAGE, transferred to nitrocellulose, probed with anti-Racl
monoclonal antibody followed by detection with HRP-conjugated secondary antibody in
accordance with the manufactures' recommendations. Chemiluminescence was analyzed
using a CCD camera in a UVP Epi-Chem |l Darkroom imaging system. Results were
expressed as percent fMLP-stimulated GTP Racl normalized to total Racl with the

background subtracted.

10

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 15, 2007 as DOI: 10.1124/mol.107.041780
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #41780

Carrageenan-induced paw edema and neutrophil abundance. Male Swiss Webster mice
(35-40 g BW; Taconic Farms, Germantown, NY) were randomized and acclimated for
oneweek ina 12 h light/dark cycle. Food and water were provided ad libitum.  Animals
were labeled with unique identifiers on their tails using indelible marker. One hour prior
to challenge with carrageenan, mice were administered compounds (dissolved in PBS) or
vehicle (PBS) either by intraperitoneal (300 uL with 27 1/2 gauge needle) injection or by
oral gavage (100 ul with 1 ¥2" long, steel ball-tipped feeding needle; Popper and Sons,
New Hyde Park, NY). Indomethacin, 25 mg/kg, stock solution was prepared in
methanol and diluted into PBS (Cellgro), small molecule inhibitor (concentration as
indicated in appropriate figure legend was prepared in PBS. Mice were anesthetized by
intraperitoneal injection with ketamine hydrochloride (175 mg/kg) and xylazine (7
mg/kg) using a 26 gauge needle. Mice were tested for pain reflex to ensure sedation and
then injected subcutaneously into the plantar region of the hind paw with 25 ul of 2%
carrageenan using a precison engineered 5/8” long 25 gauge Hamilton syringe
(hypodermic needle (Hamilton Co., Reno, NV). Carrageenan (CarboMer, Inc., San
Diego, CA) was suspended in PBS at 50 °C for 10 min. with gtirring the night before
experimentation. The contralateral paw was injected with vehicle as control. Mice were
then transferred to bedded cages to minimize pain associated with the carageenan
injections. Dorsal-plantar swelling was measured using an electronic digital caliper (+/-
0.03 mm; VWR Scientific) at time zero and every 2 h thereafter. To ensure measuring
and injection consistency, the dorsal and plantar surface of the test paw and contralateral
paws of each animal were marked with indelible marker.  Each paw was measured two

times at each time point and averaged. At the conclusion of the experiment, animals

11
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were euthanized in accordance with the University of Rochester and American
Veterinary Medical Association standards by carbon dioxide narcosis and cervical
disocation. Paw edema was determined by subtracting the thickness of the contralateral

paw from that of the carrageenan injected paw at each time point.

Paws were amputated 2 h post carrageenan injection to determine the number of
neutrophils present in the edematous fluid. Paws were transferred to pre-tared Eppendorf
tubes and the exudates were collected by centrifugation for 2 minutes. The paws were
removed and the tubes re-weighed to determine the mass of the exudates which was then
converted to volume. To remove erythrocytes by hypertonic lysis, the exudate was
resuspended in 250 ul 1X PBSto which 50 ul of water was added. At the conclusion of a
30 second incubation 75 pul of 4.5X PBS was added to return the solution to normal salt

levels. The number of neutrophils present was determined by manual counting.

Isolation of primary human neutrophils. Human blood obtained by venous puncture
from consenting, healthy adult donors, in accordance with University of Rochester
standards, and collected in sterile vacutubes containing sodium heparin (BD Biosciences;
San Jose, CA). Neutrophils were layered over PolymorphprepT11 (Accurate Chemical
and Scientific Co.; Westbury, NY) and isolated by centrifugation (470 x g for 50 min. at
room temperature). Trace erythrocytes were removed by hypertonic treatment followed
by centrifugation. Isolated neutrophils were stored in BSS solution (146 mM NaCl, 5

mM KCI, 5.5 mM D-Glucose, 10 mM HEPES, 1 uM CaCl,, 1 mM MgSOy,) at pH 7.4.

12
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Data analysis. Ligand competition curves were determined by non-linear regression
using Prism software (GraphPad Software, Inc.). Statistical significance was evaluated
by one-way analysis of variance and Bonferroni's Multiple Comparison Test. Statistical

significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001.

13
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Results

Characterization of Novel Compound Binding to Gy

Previous studies identified multiple compounds that blocked effector binding to
GBy. A lead compound, M119, inhibited GPy-dependent PI3-kinase y and PLCpB
activation in vitro and blocked chemoattractant/PI3-kinase-dependent GFP-PH-Akt
translocation to membranes as well as Ca”* release (Bonacci et al., 2006). We identified
a related compound, gallein, which differs from M119 by the substitution of a benzene
carboxylic acid for cyclohexane carboxylic acid at the 9 position of the core xanthene
(Figure 1A). Gallein is commercially available at high purity as a single isomer and in
quantities necessary for in vivo analysis so the GBy binding properties of gallein were
compared with M119. Gallein effectively competed for binding of SIGK peptide to Gy
in a phage ELISA assay with an 1Cs, comparable to that of M119 (Figure 1B). We have
previously shown that compounds that block peptide binding in this assay are effective

competitors of many Gy protein-protein interactions.

To determine direct binding equilibrium and kinetic constants for gallein binding
to GPy, surface plasmon resonance (SPR) measurements were performed with
streptavidin immobilized biotinylated GB1y.. Binding and dissociation of galein was
monitored as a function of concentration and time. Data were fit to one Site association
and dissociation models to calculate association and dissociation rate constants from
which affinity constants were derived (Fig. 1C, Table 1). Based on the SPR analysis,

galein bound to GB1y- (Figure 1C) with a Ky value of approximately 400 nM (Table 1),

14
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in relatively close agreement with the ICsp of 200 nM observed in the competition ELISA
assay. The control compound, fluorescein, which did compete for SIGK binding in the
competition ELISA, did not have detectable binding by SPR (Table 1). Interestingly,
binding and dissociation rates for gallein were relatively slow (Figure 1C). These data
confirm that gallein binds directly to GBy and resulting effects on competition for effector
binding are likely to result from direct binding to GBy with high affinity. Based on these
data, gallein would be predicted to have similar effects to M119 when tested in in vitro

and in vivo assays.

Inhibition of G protein dependent chemotactic peptide signaling with small molecules.

A key molecule involved in chemotactic peptide signaling is PI3-kinase y. To
determine if gallein, like M119, modulates the receptor-dependent activation of PI3-
kinase, HL60 cells expressing GFP-PH-Akt were pre-treated with compound and
challenged with fMLP. Gallein inhibited fMLP-dependent GFP-PH-Akt translocation in

differentiated HL60 cells with an efficacy comparable to M119 (Figure 2A).

Activation of Rac in neutrophils is critical for fMLP-dependent activation of
NADPH-oxidase and subsequent superoxide production and is dependent on Gy and
PIP; dependent activation of the Rac-specific exchange factor P-Rex. Other previous
work showed that M119 inhibited P-Rex1 activation by fM LP suggesting the compounds
could inhibit Rac activation (Zhao et al., 2007). We determined if GBy-binding
compounds would inhibit receptor-dependent activation of Racl. RaclGTP levels were

measured in cytosolic extracts of HL60 cells that had been pretreated with compounds

15
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before stimulation with fMLP. M119 and galein inhibited fMLP-induced Racl
activation in differentiated HL60 cells, whereas, the negative control compound M119B

had little effect (Figure 2B).

Gfyinhibitors block fMLP-dependent superoxide production and neutrophil chemotaxis.
The ability of these small molecules to block fMLP-induced chemotaxis and
superoxide production was assessed to determine if the compounds could block relevant
cellular functions downstream of PI3-kinase y and Rac. Both of these functions are
critical to the inflammatory process and inhibition of both processes could contribute to

anti-inflammatory effects of GBy inhibitors.

M119 and Gallein both significantly inhibited fMLP-dependent superoxide
production. Control compounds M119B and fluorescein did not significantly affect this
response (Fig 2C). Wortmannin also blocked fMLP-dependent superoxide production
indicating the pathway was a PlI3kinase dependent pathway. We also examined PMA
dependent superoxide production, a process not dependent on GBy. PMA-dependent
superoxide production was not inhibited by any of the GBy binding compounds or
controls (Fig 2D) indicating that the compounds specifically inhibited the GBy-dependent

pathway to superoxide production.

fMLP-dependent chemotaxis was assessed in a Boyden Chamber. M119 and
galein inhibited fMLP-induced chemotaxis in differentiated HL60 cells with smilar

efficacy (Figure 3A). Neither M119 nor gallein had any effects on chemokinesis

16
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measured in the transwell assay with fMLP in both the upper and lower chambers (data
not shown). To support the idea that the mode of action of these compounds is
dependent on GBy heterodimers liberated from Goy-coupled chemokine receptors, cells
were challenged with granulocyte-macrophage-colony stimulating factor (GM-CSF).
GM-CSF-induced chemotaxis is partly dependent on PI3-kinase activity in human
neutrophils, but is independent of GRy-stimulation of PI3-kinase (Gomez-Cambronero et
al., 2003). If the small molecules were acting directly on PI3-kinase or by a nonspecific
mechanism they would be expected to block GM-CSF-induced chemotaxis. Neither
M119 nor galein blocked GM-CSF induced chemotaxis in differentiated HL60 cells
(Figure 3B). These data demonstrate two key points. 1) The general chemotaxis
machinery in HL60 cells is not affected by these compounds and 2) the compounds
selectively inhibited GPCR dependent chemotaxis, consistent with inhibition of GBy

signaling.

The inhibitory properties of these compounds in potentially more clinically
relevant isolated primary human neutrophils were also evaluated. Again, both M119 and
galein significantly inhibited fMLP-induced chemotaxis (Figure 3C). Wortmannin, a
general PI3-kinase inhibitor (Okada et al., 1994), also blocked chemotaxis (Figure 3C).
Conversely, M119B, only binds weakly to the GBvy “hot spot” (Table 1., (Bonacci et al.,
2006)), had no affect on cell motility (Figure 3C) suggesting that the observed effects on
chemotaxis are dependent on small molecule binding to the GBy “hot spot”. IL-8
regulated chemotaxis was also blocked by M119 and gallein (Figure 3C) extending our

findings to other G; coupled chemoattractants and supporting the idea that the mechanism
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of action of these compounds is to inhibit GBy subunit signaling downstream of

chemoattractant/chemokine receptors.

To assess the potency of gallein for inhibition of chemotaxis, primary human
neutrophils were treated with a range of concentrations and assayed for fM L P-dependent
chemotaxis. Gallein blocked fMLP-dependent chemotaxis with an 1Csy of approximately
5uM (Figure 3D). Thussmall molecules that bind to GBy and block GBy-dependent PI3-
kinase y regulation in vitro and in HL60 cells, potently inhibit GPCR dependent
neutrophil chemotaxis with an 1Cs, comparable to what has been published for direct PI3-
kinase catalytic inhibitors on chemokine-dependent monocyte chemotaxis (Camps et al.,

2005).

Gallein attenuates inflammation and neutrophil recruitment in vivo.

Inhibition of chemoattractant-dependent chemotaxis of neutrophils would be
predicted to inhibit neutrophil-dependent inflammation based on data from Pl3-kinase vy
knock out mice (Li et al., 2000;Hirsch et al., 2000). To assess the in vivo efficacy of
GBy-binding small molecules in blocking neutrophil chemotaxis we tested gallein in the
carrageenan paw edema model. Carrageenan, when injected into the glabrous tissue of
the hind paw, leads to rapid acute inflammation characterized by infiltration of
neutrophils (Siqueira-Junior et al., 2003). Gallein or vehicle control was delivered by
intraperitoneal injection 1 h prior to injection of carrageenan into the paw. Peak paw
edema was observed 2 h post carrageenan injection (Figure 4A).  Indomethacin, a

nonselective nonsteroidal anti-inflammatory drug (NSAID) that inhibits cyclooxygenases
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1 and 2 (Siqueira-Junior et al., 2003), is the drug-of-choice for comparative in vivo
efficacy studies.  Pretreatment with indomethacin sharply reduced paw edema.
Significantly, prophylactic administration of 100 mg/kg gallein reduced paw edema to
levels comparable to that of indomethacin. Injection with gallein in the absence of
carrageenan had no effect on paw thickness (data not shown).  Additional
experimentation determined that the EDsp value of gallein for inhibiting paw edemato be
approximately 20 mg/kg (Figure 4B). Acute phase inflammation, as seen in the
carrageenan-induced paw edema model, is characterized by neutrophil infiltration
(Siqueira-Junior et al., 2003;Posadas et al., 2004). To confirm that neutrophil infiltration
was inhibited, the number of neutrophils in paw exudates was quantified. Pretreatment
with 100 mg/kg gallein reduced the number of neutrophils in the edematous fluid by
approximately half to levels comparable to that seen with indomethacin (Figure 4C).
These data correlated well with the actual volume of exudate fluid. Pretreatment with
indomethacin and gallein also reduced exudate volume by approximately 75% (Figure

4D).

Ora administration of gallein (30 mg/kg) in mice 1 h prior to carrageenan
challenge also significantly reduced paw swelling by 40% comparable to that of
indomethacin (Figure 5). These data demonstrate that gallein is absorbed into systemic
circulation, is bioavailable and systemically impairs neutrophil recruitment. To support
the conclusion that the observed reduction in paw swelling was Gy dependent we tested
the M119B-like compound fluorescein under identical experimental conditions.

Fluorescein differs from M119B only by the substitution of an aromatic benzene ring for
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a cyclohexane at the 9 position of the core xanthene (Figure 1A) and binds GBy very
weakly if at al (Table 1). Fluorescein did not reduce paw swelling under identical
experimental conditions (Figure 5) and indicate that the observed reduction in paw
swelling and neutrophil infiltration correlates with the ability of the small molecules to

bind to GBy.
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Discussion

Here we present a novel strategy for treatment of inflammation that targets
interactions between G protein By subunits and effectors that are critical for neutrophil
migration in response to activation of chemoattractant receptors. GRy-responsive PI3-
kinase y production of Pl 3,4,5 Ps is critical to neutrophil functions, including superoxide
production, chemotaxis, and cellular polarization (Li et al., 2000;Hirsch et al., 2000). We
have shown that GBy binding small molecules inhibit interactions between Gy and PI3-
kinase y. These same molecules block PI3-kinase and Racl activation in HL60 cells,
chemoattractant-dependent superoxide production and chemotaxis in differentiated HL60
cells. These findings were extended to inhibition of chemoattractant-dependent
chemotaxis in primary human neutrophils and ultimately neutrophil-dependent

inflammation in vivo.

PI3-kinases play diverse roles in normal cellular physiology including cell
motility and survival (Cantley, 2002). Camps and colleagues identified and characterized
small molecule inhibitors of PI3-kinase y that are competitive with ATP (Camps €t al.,
2005). These small molecules were efficacious in mouse models of rheumatoid arthritis
and systemic lupus providing further rationale for pharmacological targeting of the
pathway as therapeutic strategy (Camps et al., 2005;Barber et al., 2005). However, a
concern with inhibitors of this class is that since many kinases of the same family have
significant homology and there may be difficulty in developing inhibitors that are
selective for PI3-kinase vy, although some progress has been made in this area (Ruckle et

al., 2006). The strategy presented here selects for a single isoform of the PI3-kinase
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family since PI3-kinase y is the only PI3-kinase isoform that uses a G3y-dependent as a
major mechanism for regulation (Stephens et al., 1997;Stephens et al., 1994;Hirsch et al.,

2000).

Compounds like M119 and gallein also inhibit interactions between GBy and
other targets that are critical for chemoattractant-dependent directed migration or ROS
production by neutrophils or other monocytes. For example, M119 blocks membrane
trandocation of P-Rex, a PIP; and GBy regulated Rac2 exchange factor, in human
neutrophils which could be in part due to directly blocking P-Rex binding to GBy in
addition to blocking PIP; production by PI3-kinase (Zhao et al., 2007). It has recently
been shown that Ras is required for full PI3-kinase y activation in neutrophils (Suire et
al., 2006). It is possible that the inhibitors block GBy-dependent activation of Ras and in
part act to block PI3-kinase y activation in cells indirectly through inhibition of Ras
activation. In Dictyostelium both PI3-kinase and PLA, activities downstream of G
protein activation are important for chemotaxis (Chen et al., 2007). Other studies have
shown chemoattractant dependent chemotaxis becomes PI3-kinase independent under
certain conditions (Ferguson et al., 2007). Thus, a broad spectrum Gy inhibitor could be
more effective, in some cases, than selective PI3-kinase y inhibitors because they can
block other GBy interactions besides PI3-kinase-y, a property that could contribute to
therapeutic efficacy. Nevertheless, because of the wide roles of GBvy in regulation of cell
physiology development of GBvy binding small molecules that are more selective for PI3-

kinase y inhibition relative to other GBy-dependent pathways is an important direction.
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Inflammation is a central mediator of many human conditions, including
atherosclerosis, allergic reactions, psoriass, virus-induced myocarditis, ischema-
reperfusion injury, and rheumatoid arthritis. The inflammatory process involves complex
signaling cascades partly coordinated by chemokines, which recruit leukocytes, including
large numbers of neutrophils, to sites of inflammation (Wu et al., 2000). Targeting
chemokines with antibodies or binding proteins as well as targeting chemokine receptors
has been attempted as a therapeutic strategy (Barnes et al., 1998;Gong et al.,
1997;Hadlloran et al., 1999;Matthys et al., 2001;Ogata et al., 1997;Plater-Zyberk et al.,
1997;Podolin et al., 2002;Yang et al., 2002) However, the overwhelming complexity of
these signaling molecules (multiple chemokines, chemokine receptors, and redundancy)
is a significant hurdle. Polychemokine (Carter, 2002) or combinations of different
chemokine (al Mughales et al., 1996) antagonists have been suggested, but there may be
chemokines that act as an agonist at one receptor and an antagonist at another (Xanthou
et al., 2003). Despite this complexity, these chemokine receptors and ligands represent a
tantalizing therapeutic target because of their integral role in the inflammatory process.
Targeting PI3-kinase y has been suggested as strategy for blocking a common signal
downstream of chemokine receptors (Camps et al., 2005;Ruckle et al., 2006). The data

presented here indicates that targeting GBy could aso circumvent the redundancy of the

chemokine system and may offer some advantages to direct targeting of PI3-kinasey.
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L egendsfor figures:

Figure 1. Small molecule binding profiles. (A) Structures of M119, M119B, gallein,
and fluorescein are shown. (B) M119 and gallein bind with comparable affinitiesin the
competition phage ELISA. M119 and gallein were tested for their ability to inhibit
binding of a phage displaying the peptide SIGK to the GBy “hot spot” as described
previously (Bonacci et al., 2006). Data shown is representative of 3 independent
experiments, each in duplicate, +/- standard deviation. (C) Direct binding analysis of
galein bind to GBy by SPR. A representative experiment for gallein binding to bGB1y..
Gallein binding was tested at sequentially higher nM concentrations indicated at the peak
of each association followed by a dissociation phase with the compound removed
between each addition. All datawere fit with akinetic titration model (Karlsson et al.,
2006) to give k, and ky values. In the experiment shown the fits resulted in k;=1130 + 17
Ms? and k=4.3 + .04 x10*s™. Pooled data from three separate experiments each are

in Table 1.

Figure 2. “Hot spot” binding small molecules modulate key leukocyte functions. (A)
M119 and galein inhibit GFP-PH-Akt trandocation. Differentiated HL60 cells stably
expressing GFP-PH-Akt were challenged with 250 nM fMLP in the presence and absence
of 10 uM of the indicated compounds. Translocation of GFP-PH-Akt to the plasma
membrane was evaluated by western blot. Quantification shown below. ***P < 0.001
analysis of variance (ANOVA) is statistically different from control (PBS + vehicle).
Western blot shown is representative of 3 independent experiments and quantitation

contains data pooled from 3 independent experiments +/- SEM. (B) M119 and gallein
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block activation of Racl. Differentiated HL60 cells were challenged with 1 uM fMLPin
the presence and absence of 10 uM of the indicated compounds. Racl activation was
assessed by western blots of affinity precipitated GTP-Racl from HL6E0 cell lysates.
Western blot shown is representative of 3 independent experiments and quantitation
contains data pooled from 3 independent experiments +/- SEM. *P<0.05 analysis of
variance (ANOVA) is statitically different from control (DMSO only). n=3. (C, D)
M119 and gallein inhibit superoxide production in fMLP challenged HL60 cells.
Differentiated HL60 cells were challenged with 250 nM fMLP or 250 nM PMA in the
presence and absence of 10 uM compounds or 100 nM Wortmannin (Wtmn). NADPH
oxidase activity was determined after reaction with NBT by absorbance at 540 nM. Data
shown is contains data pooled from 3 independent experiments (each in duplicate) +/-
SEM. *P<0.05 analysis of variance (ANOVA) is statistically different from control

(DM SO only).

Figure 3. “Hot spot” binding small molecules inhibit GPCR-coupled chemoattract-
dependent chemotaxis. (A) M119 and gallein inhibit fMLP-induced chemotaxis in
differentiated HL60 cells. Differentiated HL6E0 cells (200k) were pretreated with 10 uM
of the indicated compound, challenged with 250 nM fMLP and assayed for chemotaxisin
a Boyden chamber for 1 h at 37 °C. Chemotaxis was quantified by counting Diffquik®
stained cells in 3 random microscope fields, subtracting out background cells (0-10 cells)
in the absence of chemoattractant to obtain total transmigrated cells (~125 cells fMLP +

vehicle) and represented as the percent of fMLP treated control cells. ***P < 0.001
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ANOVA is statistically different from control. Data shown pooled from 3 independent
experiments, each in duplicate, +/- SEM. (B) Nether M119 nor gallein block GM-CSF
(1 uM) induced chemotaxis in a Boyden chamber. Chemotaxis was quantified as above
by subtracting out background cells (0-10 cells) in the absence of chemoattractant to
obtain total transmigrated cells (~100 cells GM-CSF + vehicle) and represented as the
percent of GM-CSF treated control cells. No statistically significant difference from
control was seen by ANOVA. Data shown are pooled from 2 independent, each in
duplicate, +/- SEM. (C) M119 and gallein inhibit fMLP- and IL-8-induced chemotaxisin
human neutrophilsin a Boyden chamber. Primary human neutrophils were isolated from
whole blood to >80% purity. Neutrophils (200k) were pre-treated with galein (10 uM),
M119 (10 uM) , M119B (10 uM), or wortmannin (wtmn.) (1 uM) and then challenged
with 250 nM fMLP or 10 nM IL-8 to evaluate chemotaxis in a Boyden chamber for 1 h at
37 °C. Chemotaxis was quantified as above by subtracting out background cells (0-10
cells) to obtain total transmigrated cells (fMLP ~100 cells and IL-8 ~175 cells) and
represented as the percent of chemoattractant treated control cdls. ***P < 0.001
ANOVA is satistically different from control. NS; not satistically different from
control. Data are mean +/- SEM. Data shown is pooled from 3 independent experiments,
each in duplicate, +/- SEM. (D) Gallein dose-dependently inhibits human neutrophil
chemotaxis in a Boyden chamber. Primary human neutrophils were isolated and treated
(250 nM fMLP +/- gallein) as described above. Chemotaxis was quantified as above by
subtracting out background cells to obtain total transmigrated cells and represented as the
percent of fMLP treated control cells. Data shown are pooled from 2 independent

experiments, each in duplicate, +/- SEM.
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Figure 4. GBy “hot spot” binding small molecules inhibit neutrophil recruitment and
acute phase inflammation in vivo. (A) Gallein inhibition of carrageenan-induced paw
edema. Male 35-40 gram mice were injected IP with 100 mg/kg gallein or 2.5 mg/kg
indomethacin in PBS 1 h prior to subplantar injection of 50 ul of 2% carrageenan (Cg)
into the test paw. The contralateral paw was injected with saline as control. Each paw
was measured 3 times every 2 hours. APaw thickness was quantified by subtracting the
average thickness of the contralatera paw from the average thickness of the test paw.
Each point represents the average paw thickness of 4 mice, each measurement done in
duplicate. Data shown is representative of >3 independent experiments. Data are mean
+/- SEM. (B) Gallein inhibits carrageenan-induced paw edema in a dose-dependent
manner. Mice (4 mice per plotted point) were treated and quantified as described above.
Data are mean +/- SEM. (C) Neutrophil recruitment is attenuated by gallein. Mice (4
mice per plotted point) were treated as described above. Two hours post carrageenan
injection paws were severed and the number of neutrophils contained within edematous
fluid was determined. Data are mean +/- SEM. ***P < 0.001 and **P < 0.01 ANOVA
are statistically different from control. (D) Paw swelling is reduced by gallein. Mice (4
mice per plotted point) were treated as described above. Two hours post carrageenan
injection paws were severed and the volume of edematous fluid was determined. ***P <

0.001 ANOVA is statistically different from control.
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Figure 5. Gallein is effective with oral administration. Male (35-40 gram) mice were
dosed by oral gavage with 30 mg/kg gallein 1 h prior to challenge with 2% carrageenan.
Methods are as described in Figure 4. Each bar represents the average paw thickness of 4
mice at 3 h post carrageenan injection, each measurement done in duplicate. Data are
mean +/- SEM. ***P < 0.001 and **P < 0.01 ANOVA are statigtically different from
vehicle. NS; not datistically dfferent from control. Data shown is representative of 2

independent experiments.
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Table 1. Equilibrium and kinetic binding constants for small molecule binding to B1y2
calculated from surface plasmon resonance analysis and ELISA competition.

Kd Kon Koff ELISA IC5O
nM? (x10°M'sh (x10sY nM
Gallein 422+49 0.99+0.11 4.09+.09 241424

IFluoresceinf NB

&/ aues are mean +/- SE from 3 separate experiments. NB = no binding detected.
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