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Abstract
Autoantibodies and the immunoreceptors to which they bind can contribute to the pathogen-

esis of autoimmune diseases such as rheumatoid arthritis (RA). Spleen Tyrosine Kinase

(Syk) is a non-receptor tyrosine kinase with a central role in immunoreceptor (FcR) signaling

and immune cell functionality. Syk kinase inhibitors have activity in antibody-dependent

immune cell activation assays, in preclinical models of arthritis, and have progressed into

clinical trials for RA and other autoimmune diseases. Here we describe the characterization

of a novel triazolopyridine-based Syk kinase inhibitor, CC-509. This compound is a potent

inhibitor of purified Syk enzyme, FcR-dependent and FcR-independent signaling in primary

immune cells, and basophil activation in human whole blood. CC-509 is moderately selec-

tive across the kinome and against other non-kinase enzymes or receptors. Importantly,

CC-509 was optimized away from and has modest activity against cellular KDR and Jak2,

kinases that when inhibited in a preclinical and clinical setting may promote hypertension

and neutropenia, respectively. In addition, CC-509 is orally bioavailable and displays dose-

dependent efficacy in two rodent models of immune-inflammatory disease. In passive cuta-

neous anaphylaxis (PCA), CC-509 significantly inhibited skin edema. Moreover, CC-509

significantly reduced paw swelling and the tissue levels of pro-inflammatory cytokines

RANTES and MIP-1α in the collagen-induced arthritis (CIA) model. In summary, CC-509 is

a potent, moderately selective, and efficacious inhibitor of Syk that has a differentiated pro-

file when compared to other Syk compounds that have progressed into the clinic for RA.
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Introduction
Autoimmune diseases are characterized by inappropriate immune responses that are mediated,
in many cases, by pathogenic autoantibodies and the immunoreceptors (FcR) to which they
bind. In rheumatoid arthritis (RA), for example, autoantibodies that recognize rheumatoid fac-
tor immunoglobulin or citrullinated proteins are established in disease etiology in some
patients and are the basis of point-of-care diagnostic tests [1,2]. Moreover, RA susceptibility
has been linked to distinct FcR haplotypes in certain populations [3,4]. Most currently
approved RA therapies involve general immunosuppression or blockade of the proinflamma-
tory molecules that are downstream of autoantibody action. It has been postulated that thera-
peutic efficacy in RA may also be achieved by blocking the production of or responsiveness to
pathogenic autoantibodies [5,6].

Spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase expressed broadly in the
hematopoietic lineage and an essential component in leukocyte signal transduction [7]. Syk
binds to and is activated by immunoreceptors Fc-epsilon (FcεR), Fc-gamma (FcγR), or the B-
cell receptor (BCR) in the appropriate cellular context. Although Syk (-/-) mice die shortly
after birth, immune cells derived from these mice respond abnormally during antibody-depen-
dent stimulation through FcεR or FcγR while B-cell differentiation and BCR functionality are
similarly altered [8–11].Consistent with these deficits at the cellular level, mice with a condi-
tional deletion of Syk are protected in antibody-mediated models of arthritis [12–14]. In addi-
tion, the levels, activation state, or recruitment status of Syk can also be increased or altered in
certain human autoimmune diseases. Syk therefore has a central role in antibody-dependent
immune cell activation and may mediate, at least in part, the pathophysiological mechanisms
that underlie numerous instances of autoimmune disease.

Syk kinase inhibitors have emerged as promising therapeutic agents for the treatment of
autoimmune diseases such as RA. Syk kinase inhibitors effectively block in vitro immune cell
activation through the Fc-receptors and exhibit efficacy in rodent models of arthritis equivalent
to that observed in Syk (-/-) mice, indicating that pharmacologic inhibition of Syk can promote
near maximal levels of immune modulation [15–17]. A number of Syk inhibitors, most notably
fostamatinib (R406/R788, Rigel Pharmaceuticals), have progressed into clinical trials [18]. As
one of the first targeted small molecule therapeutics to be developed for RA, fostamatinib was
innovative and provided valuable benchmarks for follow-on drug discovery and development
efforts. However, insufficient late stage clinical efficacy and persistent tolerability issues led to
the termination of fostamatinib clinical development in RA [19]. Another Syk inhibitor,
BIIB057 (Biogen), was recently withdrawn prior to initiation of an RA Phase II trial [20].
Therefore, additional novel and differentiated Syk inhibitors will be required to establish Syk as
a clinically validated target in RA.

Here we describe the identification of a potent, moderately selective, and orally bioavailable
small molecule Syk kinase inhibitor based on a novel triazolopyridine core. The compound,
CC-509, is a reversible, mixed ATP-competitive inhibitor of Syk that blocks FcR-dependent
and FcR-independent cellular signaling, has favorable pharmacokinetic properties, and dis-
plays efficacy in two models of inflammation and arthritis. In addition, CC-509 has distinct cel-
lular effects when run head-to-head against R406 and reduced activity against the biochemical
targets thought to contribute to the side-effect profile observed in fostamatinib RA trials (i.e.
KDR and Jak2). Taken together, our data indicate that CC-509 is clearly differentiated from
R406 and suggests it may have a unique in vivo efficacy and safety profile when compared to
other Syk kinase inhibitors in RA.
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Materials and Methods

Compound
CC-509 (Celgene Corporation) was synthesized using standard chemical transformations and
was fully characterized by NMR and mass spectrometry, as described in U.S. Patent
8299056-B2.

Human blood, cell lines, and DNA constructs
Human whole blood was obtained, with donor consent, from the Scripps Normal Blood Donor
Service (San Diego, CA). Human buffy coat blood fractions were obtained, with donor consent,
from the San Diego Blood Bank (San Diego, CA). Mobilized CD14+ monocytes were pur-
chased from and grown according to protocols provided by supplier (Lonza, Basel, CH). All
cell lines used in this manuscript were either purchased from a commercial source (supplier
indicated) or was obtained based on previous publication (reference cited). HEK293 T-REx™,
Ramos NFAT β-lactamase, HEL Irf1-β-lactamase cells (Life Technologies, Grand Island, NY),
murine BaF/3 cells (ATCC, Manassas, VA), HEK293 expressing human KDR (Sibtech, Brook-
field, CT) were cultured as described by supplier. To generate Tel-Syk fusion protein, the
human TEL gene (NM_001987.4) corresponding to amino acids 1–336 was cloned in-frame
with the human Syk (NM_003177.5) kinase domain corresponding to amino acids 341–612
(essentially as described in [21]) and with carboxy-terminal V5/histidine tags. Tel-Syk-V5 was
then subcloned into tet-operator containing pcDNA4 (Life Technologies, Grand Island, NY)
for tetracycline regulation and transfection into HEK293 T-REx™ and BaF/3. LAD2 cells were
obtained from the National Institutes of Health and grown as described [22]. MH7A cells were
obtained from RIKEN Bioresource Center (Japan) and grown as described [23]. No clinical tri-
als or experiments on human subjects or patients were conducted as part of this study, so ethi-
cal approval was not required.

Antibodies and reagents
Antibodies used in this study were rabbit anti-Syk pY525/526 (Cell Signaling Technology, Bev-
erly, MA), mouse anti-V5 and goat anti-IgM (Life Technologies, Grand Island, NY), goat anti-
rabbit IR680 and goat anti-mouse IR800CW (Li-Cor, Lincoln, NE), anti-human CD3 antibody
(R&D Systems, Minneapolis, MN), anti-CD28 antibody and PE labeled anti-human CD69 (BD
Biosciences, San Diego, CA), AffiniPure F(ab’) fragment goat anti-human IgM and Biotin-SP
conjugated goat anti-human H+L IgG (Jackson Immunoresearch, West Grove, PA), anti-IgE
(Biosource, Carlsbad, CA). Growth factors used in this study were recombinant human IL-2,
VEGF, TNFα, and IL-1β (R&D Systems, Minneapolis, MN), human SCF (Life Technologies,
Grand Island, NY), and recombinant human GM-CSF (PeproTech, Rocky Hill, NJ). Other
reagents used were RosetteSep B-cell Reagent (Stem Cell Technologies, Vancouver, BC), Ficoll-
Paque Plus (Amersham GE, Piscataway, NJ), FBS Stain Buffer (BD Biosciences, San Diego,
CA), and Streptavidin (VWR, Radnor, PA).

Biochemical assays
Syk Homogeneous Time Resolved Fluorescence (HTRF) Assay and IC50 Determina-

tion. CC-509 was prepared at a concentration of 1.5 mM in dimethyl sulfoxide (DMSO)
followed by 3-fold dilutions in Greiner 384 well polypropylene plates. A 1:4 dilution of com-
pounds by 8μL/well transfer from the polypropylene plates to 24 μL/well Assay Buffer (50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.6, 1 mM dithiothreitol
(DTT), 10 mMmagnesium chloride (MgCl2), 0.01% Triton X-100, 0.01% bovine serum
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albumin (BSA) and 0.1 mM ethylene glycol tetracetic acid (EDTA) in Costar 3710 384 well
black plates was then performed. Kinase (13 μL/well of 9.62 ng/ml Syk (Carna Biosciences 08–
176)) in Assay Buffer) or Assay Buffer only (background controls) were added to Costar 3710
384-well plates for the HTRF assays and compound (2 μL/well) was added from the 1:4 dilu-
tion plate. Syk start mix (87.5 μMATP, 80 nM Substrate Peptide (American Peptide Company
332722)) was added and the mixture was incubated at room temperature for 1 hour. Syk Stop
Solution (120 mM EDTA in dilution buffer) was then added to the Syk HTRF assay plate and
incubated at room temperature on a shaker for 2 minutes. Syk Antibody Mix (4.86 μg/mL
DyLight 647 Streptavidin (Pierce 21824); 1 μg/mL Lance Eu-Anti-Phosphotyrosine (PerkinEl-
mer AD0069)) was added to the Syk HTRF assay plate and the mixture was further incubated
at room temperature for>4h. Time resolved fluorescence was read in assay plates on a Perki-
nElmer EnVision. HTRF assays were performed using 320 nm excitation, 60 μs delay, 665 nm
and 615 nm emission. Data was expressed by division of 665 nm by 615 nm emissions. The
IC50 value was determined as described in the data fitting section below.

JAK2 HTRF assay and IC50 determination. CC-509 was prepared at a concentration of
1.5 mM in DMSO followed by 3-fold dilutions in Greiner 394 well polypropylene plates. A 1:4
dilution of compounds by 8 μL/well transfer from the polypropylene plates to 24 μL/well Assay
Buffer (50 mMHEPES pH 7.6, 1 mMDTT, 10 mMMgCl2, 0.01% Triton X100, 0.01% BSA and
0.1 mM EDTA) in Costar 3573 384 well black plates was then performed. Kinase (13 μL/well of
4.6 ng/mL JAK2, Millipore 14–511) or Assay Buffer only (background controls) were added to
Costar 3573 384-well black plates and compound (2 μL/well) was added from the 1:4 dilution
plate. Substrate/detection mixture (10 μL/well) (30 nMDyLight 647-Streptavidin (Pierce 21824),
750 ng/mL Eu-anti-phospho-Tyrosine PerkinElmer AD0069), 37.5 μMATP and 500 nM FLT3
(Tyr 589) Biotinylated Peptide (Cell Signaling Technology 1305)) was added and the mixture
was incubated at room temperature for 1 hour. 10 μL/well of stop mixture (60 mM EDTA/0.01%
Triton X-100) was then added to the JAK2 HTRF assay plate and mixed on a shaker for 2 min-
utes. The mixture was further incubated at room temperature for>1h. Time resolved fluores-
cence was read in assay plates on a PerkinElmer EnVision. HTRF assays were performed using
320 nm excitation, 60 μs delay, 665 nm and 615 nm emission. Data was expressed by division of
665 nm by 615 nm emissions. The IC50 value (the concentration required to inhibit enzyme
activity by 50%) was determined as described in the data fitting section below.

Ret A HTRF assay and IC50 determination. CC-509 was prepared at a concentration of
1.5 mM in DMSO followed by 3-fold dilutions in Greiner 394 well polypropylene plates. A 1:4
dilution of compounds by 8 μL/well transfer from the polypropylene plates to 24 μL/well Assay
Buffer (50 mMHEPES pH 7.6, 1 mMDTT, 10 mMMgCl2, 0.01% Triton X-100, 0.01% BSA and
0.1 mM EDTA) in Costar 3710 384 well black plates was then performed. Kinases (13 μL/well of
31 ng/ml RetA (Life Technologies, Grand Island, NY PV3819) in Assay Buffer) or Assay Buffer
only (background controls) were added to Costar 3710 384-well black plates for the HTRF assays
and compound (2 μL/ well) was added from the 1:4 dilution plate. RetA Substrate/Detection mix
(20 μMATP, 500 nMGastin Precursor (Tyr 87) Biotinylated Peptide (Cell Signaling Technology
1310), 1.65 μg/ml DyLight 649 Streptavidin (Pierce 21845), and 750 ng/ml Lance Eu-Anti-Phos-
photyrosine (PerkinElmer AD0069)) was added and the mixture was incubated at room temper-
ature for 1 hour. The assay was stopped with 10 μL/well of stop solution (60 mM EDTA/0.01%
Triton X-100) and then incubated at room temperature on a shaker for 2 minutes. The mixture
was further incubated at room temperature for>4h. Time resolved fluorescence was read in
assay plates on a PerkinElmer EnVision. HTRF assays were performed using 320 nm excitation,
60 μs delay, 665 nm and 615 nm emission. Data was expressed by division of 665 nm by 615 nm
emissions. The IC50 value was determined as described in the data fitting section below.
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KDR HTRF assay and IC50 determination. CC-509 was prepared at a concentration of
1.5 mM in DMSO followed by 3-fold dilutions in Greiner 394 well polypropylene plates. A 1:4
dilution of compounds by 8 μL/well transfer from the polypropylene plates to 24 μL/well Assay
Buffer (50 mMHEPES pH 7.6, 1 mMDTT, 10 mMMgCl2, 0.01% Triton X-100, 0.01% BSA and
0.1 mM EDTA) in Costar 3573 384 well black plates was then performed. Kinase (13 μL/well of
7.7 ng/ml KDR (Life Technologies, Grand Island, NY PV3660) in Assay Buffer) or Assay Buffer
only (background controls) were added to Costar 3573 384-well black plates and compound
(2 μL/ well) was added from the 1:4 dilution plate. Substrate/detection mixture (10 μL/ well)
(30 nMDyLight 647-Streptavidin (Pierce 21824), 750 ng/mL Eu-anti-phospho-Tyrosine (Perki-
nElmer AD0069), 500 μMATP, and 500 nM Tyrosine Kinase Biotinylated Peptide Substrate 2
(Pierce 29914)) was added and the mixture was incubated at room temperature for 1 hour.
10 μL/well of stop solution (60 mM EDTA/0.01% Triton X-100) was then added to the KDR
HTRF assay plate and mixed on a shaker for 2 minutes. The mixture was further incubated at
room temperature for>1h. Time resolved fluorescence was read in assay plates on a PerkinEl-
mer EnVision. HTRF assays were performed using 320 nm excitation, 60 μs delay, 665 nm and
615 nm emission. Data was expressed by division of 665 nm by 615 nm emissions. The IC50
value was determined as described in the data fitting section below.

Aurora A HTRF and IC50 determination. CC-509 was prepared at a concentration of
1.5 mM in dimethyl sulfoxide (DMSO) followed by 3-fold dilutions in Greiner 384 well poly-
propylene plates. A 1:4 dilution of compounds by 8 μL/well transfer from the polypropylene
plates to 24 μL/well Assay Buffer (50 mMHEPES pH 7.6, 1 mM DTT, 10 mMMgCl2, 0.01%
Triton X-100, 0.01% BSA and 0.1 mM EDTA in Costar 3710 384 well black plates was then
performed. Kinases (13 μL/well of 9.62 ng/ml Aurora A (Millipore 14–511) in Assay Buffer) or
Assay Buffer only (background controls) were added to Costar 3572 384-well white plates and
compound (2 μL/well) was added from the 1:4 dilution plate. 10 μL/well of Aurora A Sub-
strate/ATP mix in Assay Buffer (1.25 μM FAMPKAtide (Molecular Devices R7250 / R7255)
and 12.5 μMATP) was added and the mixture was incubated at room temperature for 1 hour.
Then 60 μL/well of Binding Solution (16% 5X (80% of 1X) IMAP Progressive Binding Buffer
A, 4% 5X (20% of 1X) IMAP Progressive Binding Buffer B, 1:800 Progressive Binding Reagent,
and 1:200 TR-FRET Tb Donor) was added to the Aurora A IMAP TR-FRET assay and incu-
bated overnight at room temperature. The assay plates were on the PerkinElmer EnVision. The
IC50 value was determined as described in the data fitting section below.

Syk protein production, crystallography, and structure determination. The coding
sequence for the SYK Kinase domain (residues 343–635) with a C-term 6X His tag was cloned
into the pDEST8 vector using Gateway1 cloning (Life Technologies, Grand Island, NY). Bac-
mids were generated using DH10Bac (Life Technologies, Grand Island, NY), and protein was
expressed by BV transfection of Sf9 cells. SYK was purified by Ni-affinity and size exclusion
chromatography. Sf9 cell pellet was resuspended in 50 mM Tris-Cl, pH 8.0, 500 mMNaCl,
10% Glycerol, 0.01% Brij-35, 1.4 mM β-mercaptoethanol, 40 mM Imidazole, EDTA-free prote-
ase inhibitor cocktail (San Diego Bioscience), 2 mMMgCl2, DNase I, and lysed by stirring at
4°C for 30min. Lysate was centrifuged at 40, 000g for 1hr and applied to a His HiTrap column.
Protein was eluted with 50 mM Tris-Cl, pH 8.0, 500 mMNaCl, 10% Glycerol, 0.01% Brij-35,
1.4 mM beta-mercaptoethanol, 500 mM Imidazole with protease inhibitors. Fractions contain-
ing SYK protein were pooled and concentrated to 5-10ml using 10K MW cutoff Vivaspin con-
centrators, and loaded on a superdex-200 gel filtration column. Fractions containing SYK
protein were pooled and concentrated to 6mg/ml in 50 mM Tris-Cl, pH 8.0, 500 mMNaCl,
10% Glycerol, 5 mM DTT. SYK was crystallized by sitting drop vapor diffusion. Briefly, SYK
protein was mixed 1:1 with, and subsequently equilibrated against a reservoir solution of
100 mMMES pH 5.3, 150 mM Ammonium sulfate, and 22% PEG 3350. Ligand structures

A Novel Spleen Tyrosine Kinase Inhibitor That Arrests Joint Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0145705 January 12, 2016 5 / 24



were obtained by soaking pre-grown crystals, in which compounds in DMSO were added
directly to droplets containing crystals to a final concentration of 3mM for 3 hours. Crystals
were cryoprotected by addition of 20% ethylene glycol and cooled under liquid nitrogen. X-ray
diffraction data were collected from a single crystal under standard cryogenic conditions at the
Advanced Light Source (ALS) using the ALS-5.0.2 beamline and data were integrated and
scaled using HKL2000 [24]. The SYK structure was solved by molecular replacement using
SYK kinase domain as a search model (PDB code 1XBA) with MOLREP. The initial molecular
replacement solution was followed by iterative rounds of model building using COOT, fol-
lowed by restrained refinement using REFMAC [25]. Information below provides crystallo-
graphic and refinement statistics and has been deposited in the Protein Data Bank with the
accession code 4WNM. Additional technical information (numbers in parenthesis are for
outer shell): Ligand: 509; Data collection site: ALS 5.0.2; Wavelength (Ǻ): 1.0; Resolution Range
(Ǻ): 36.5–2.5 (2.54–2.50); Spacegroup: P212121; Cell dimensions (Ǻ): 39.87 84.82 90.62; Angles
(deg): 90 90 90; No. of observations: 236298; No. of unique observations: 9994; Completeness
(%):88.9 (88.6); I / σI: 16.01 (1.53); Rmerge (%):0.082 (0.760); Refinement statistics: Rwork / Rfree:
20.39 / 26.00; RMSD for bond length (Ǻ): 0.013; RMSD for bond angles (deg): 1.517.

Protein activity or binding panels and assays. Syk kinase mode of inhibition studies,
including parameters described in Fig 1, were conducted on the LC3000 platform by Caliper
Life Sciences (Hopkinton, MA) according to standard protocols developed by the supplier. For
kinase activity, percent inhibition at 3 μM and IC50 determinations were measured using either
the Z’-Lyte1 or the Adapta1 protocols as part of the SelectScreen™ profiling service (Life
Technologies, Grand Island, NY). Non-kinase enzyme assays and GPCR, ion channel, and

Fig 1. Biochemical characterization of CC-509. (A) Chemical structure of CC-509 with IUPAC name of [3-
(2H-3,4,5,6-tetrahydropyran-4-ylamino)(1H-indazol-6-yl)][5-(2H-3,4,5,6-tetrahydropyran-4-ylmethyl)(2H-
1,2,4-triazolo[1,5-a]pyridin-2-yl)]amine. (B) Representative IC50 curve (top panel) and Ki determination
(bottom panel) for CC-509 tested against recombinant Syk enzyme. (C) Michaelis-Menten (left panel) and
Lineweaver-Burk (right panel) plots for Syk enzyme tested against increasing amounts of substrate and
concentrations of CC-509 (shown in nM). (D) Crystallographic diagram of Syk ATP pocket when bound with
CC-509. Key residue alanine 451 and hydrogen bonds are shown.

doi:10.1371/journal.pone.0145705.g001
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transporter binding assays were run by CEREP (France). Non-GLP manual patch clamp hERG
assays were run by ChanTest (Cleveland, Ohio). Vivid1 Assay kits (Life Technologies) were
used to measure the cytochrome P450 inhibition of the compound against CYP3A, CYP2C9,
CYP2C19, CYP2D6, and CYP1A2, as described [26].

Cellular assays
LAD2. Cells were cultured in StemPro-34 media (Life Technologies) with 100 ng/ml

human SCF (GIBCO) and stimulated as described by supplier [22]. Briefly, LAD2 cells were
gently dislodged from culture flask, added to 96-well round bottom plates, and sensitized with
0.05 μg/ml final concentration of NP-IgE (AbD Serotec, Oxford, UK) for 16 hours in a stan-
dard tissue culture incubator at 37C with 5% CO2. Cells were washed once and equilibrated in
Tyrode’s Buffer (Sigma Chemicals, St. Louis, MO) for 3 hours, preincubated with CC-509 for
30 minutes, and stimulated with 0.1 μg/ml NP16-BSA (Biosearch Technologies, Novato, CA)
for 90 minutes. Beta-hexosaminidase activity was measured in supernatants and solubilized
cell pellets using p-Nitrophenyl N-acetyl-β-D-Glucosaminide substrate (Sigma Chemicals,
St. Louis, MO) to generate a colorimetric signal that was measured in a SpectraMax (Molecular
Devices) spectrophotometer at 405 nm. Percent release (% release) was calculated as described
in Data Analysis section.

Basophil human whole blood assay. Assay was conducted according to the protocol for
the BasoTest kit provided by supplier (Biocarta, San Diego, CA), with slight modification.
Briefly, 100μl of heparinized human whole blood was added to each well of a 24-well deep plate
(Microliter Analytical Supplies, Suwanee, GA) and preincubated with CC-509 for 30 minutes
in a 37°C water bath. Basophils were stimulated with mite or dust extract (included in kit), or
anti-IgE (diluted 1:10,000) for 20 minutes in a 37°C water bath and then on ice for 5 minutes.
Cells were incubated in the FcεR receptor and CD63 antibody staining solution (included in
kit) for 20 minutes on ice followed by agitation in a fixative/ red blood cell lysis buffer (included
in kit) for 10 minutes at room temperature. Cells were washed twice with Basosalt solution
(included in kit) and the final cell suspensions was transferred to U-bottom 96-well plates (BD
Falcon, San Diego, CA) for analysis by flow cytometry on the FACSArray Bioanalyzer (BD Bio-
sciences, San Jose, CA). Standard gating methods were used to identify basophils [27] and to
measure the mean intensity of CD63 fluorescence. FCS files were exported and analyzed as
described in the Data Analysis section.

Primary human neutrophils and eosinophils. Cells were purified from EDTA-treated
human whole blood using Polymorphprep (VWR, Radnor, PA) according to the protocol pro-
vided by the supplier. Eosinophils were further purified using an Eosinophil Kit (Miltenyi,
Auburn, CA) according to manufacturer’s instructions. Neutrophil and eosinophil cell pellets
were incubated in phenol red-free RPMI (Life Technologies, Grand Island, NY) for 30 minutes,
washed in Kreb’s Ringer buffer, and plated in 96-well white opaque plates (Perkin Elmer, Fos-
ter City, CA) for luminescence. Neutrophils were diluted with Kreb’s Ringer buffer containing
luminol (200 μM final concentration, Sigma Chemicals, St. Louis, MO) and preincubated with
CC-509 for 30 minutes at 37°C. Neutrophils were activated with 0.5 mg/mL final concentration
of opsonized zymosan, incubated for 30 minutes at room temperature in the dark, and then
read on an Envision 2104 Multilabel Reader (Perkin Elmer, Foster City, CA). Opsonized zymo-
san was prepared as follows: Zymosan A (Sigma Aldrich, St. Louis, MO) was boiled, washed,
and resuspended to a final concentration of 20mg/ml in 150mMNaCl. An equal volume of
human serum, type AB (MP Biomedicals, LLC, Santa Ana, CA) was mixed with zymosan for
30 minutes at 37°C, washed twice in 150mMNaCl, resuspended in PBS to 20mg/ml, and stored
at -20°C until use. For eosinophils, cells were stimulated with IL-3 (200 pM, R&D Systems,
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Minneapolis, MN) for 24 hours at which point supernatants were collected and assessed for
MCP-1 (Mesoscale).

Tel-Syk biomarker and viability assays. HEK293 T-REx™ (Life Technologies, Grand
Island, NY) stably transfected with human TEL-Syk (cloned as described prior section DNA
constructs) were plated on black poly-D-lysine coated 96-well plates (BD Biosciences, San
Diego, CA) in culture media containing tetracycline-free fetal bovine serum (Clontech, Moun-
tainView, CA) for 16 hours in a tissue culture incubator. Tel-Syk expression was induced for 6
hours in fresh growth media containing 1 μg/ml tetracycline (Sigma Chemicals, St. Louis,
MO). Plates were preincubated with CC-509 for 90 minutes, fixed immediately with 4% form-
aldehyde in 1X PBS for 20 min at room temperature, and washed/permeabilized 5-times with
PBS containing 0.1% Triton X-100. Plates were blocked with Odyssey Blocking Buffer for 90
minutes at room temperature and incubated overnight at 4°C on a rotating platform with rab-
bit phospho-Syk (1:1000) and mouse V5 (1:2500) primary antibodies diluted in Odyssey Block-
ing Buffer. The plates were washed 5 times with 1X PBS + 0.1% Tween-20, incubated for 1
hour at room temperature with anti-rabbit IR680 (1:1000) and anti-mouse IR800CW (1:1000)
secondary antibodies diluted in Odyssey Blocking Buffer, and washed 5 additional times with
1X PBS + 0.1% Tween-20 at room temperature. The plates were scanned on the Li-Cor Odys-
sey instrument (Li-Cor Biosciences, Lincoln, NE) in the 700 and 800 channels. Viability of
BaF/3 cells expressing Tel-Syk grown in the absence of murine IL-3 was measured using Cell-
Titer Glo reagent (Promega, Madison, WI), as described by supplier.

KDR cellular selectivity assay. HEK KDR cells were plated on 96-well flat bottom plates
for 16 hours in a tissue culture incubator. Plates were preincubated with CC-509 for 60 min-
utes, stimulated at 37°C with 50 ng/ml final concentration of recombinant human VEGF for 5
minutes, and then processed for phospho-KDRMesoscale assay as described by manufacturer
(Mesoscale, Gaithersberg, MD). Briefly, cells on plates were lysed with Mesoscale lysis buffer
(containing phosphatase/ proteinase inhibitors and 0.05% SDS), frozen at -80°C for 2 hours,
and then placed on an orbital shaker at 4°C for 16 hours. Cell lysate was transferred to a
blocked phopsho-KDR plate, incubated at room temperature for 2 hours, washed twice, and
blotted dry. The detection antibody was added to all wells on the plate, incubated for 2 hours at
room temperature on an orbital shaker, and plate was washed three times. Diluted Mesoscale
detection solution was added to each well and the plates were read on the Sector Imager instru-
ment (Mesoscale, Gaithersberg, MD).

JAK2 cellular selectivity assay. HEL Irf1-β-lactamase cells were harvested, plated in
384-well plates, and incubated with CC-509 at indicated concentrations for 16 hours in a tissue
culture incubator. The cells were then treated with Live Blazer-FRET B/G Substrate solution (Life
Technologies, Carlsbad, CA) for 6 hours at room temperature in the dark. Fluorescence readings
at 460 nm and 530 nmwere taken using the Flexstation II (Molecular Devices). Myeloid colony
forming assays to assess Jak2 cellular activity were conducted at ReachBio (Seattle, WA).

Ramos NFAT β-lactamase reporter assay. Cells were assayed as described by supplier
(Life Technologies, Carlsbad, CA), with slight modification. On the day prior to the assay, cells
were counted, resuspended in Assay Medium at a density of 0.4 X 106 cells/ml, and placed in a
tissue culture incubator for 18 hours. The cells were then plated in 384-well plates and preincu-
bated with CC-509 at indicated concentrations for 30 minutes. The cells were stimulated with
50μg/ml final concentration of anti-IgM for 5 hours in the tissue culture incubator and then
treated with Live Blazer-FRET B/G Substrate solution (Life Technologies, Carlsbad, CA) for an
additional 2 hours at room temperature in the dark. Fluorescence readings at 460 nm and 530
nm were taken using the Flexstation II (Molecular Devices).

Primary human B-cells. Buffy coat-derived purified B-cells were generated using the
RosetteSep B-cell and Ficoll-Paque Plus reagents, as described in protocols provided by the
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suppliers. Purified B-cells were plated in 96-well U-bottom plates, preincubated with CC-509
at indicated concentrations for 30 minutes, and then stimulated with anti-IgM for 14 hours in
a tissue culture incubator. Plates were washed once in FBS Stain Buffer and incubated with the
anti-CD69 antibody in the dark for 30 minutes at room temperature. Plates were washed three
times and analyzed by flow cytometry on the FACSArray Bioanalyzer. Standard gating meth-
ods were used to identify B-cells and to measure the mean intensity of CD69 fluorescence. FCS
files were exported and analyzed as described in the Data Analysis section.

Primary human macrophages. Mobilized CD14-positive monocytes were plated in
96-well flat bottom plates in RPMI media supplemented with 100 ng/ml GM-CSF for 5 days.
The plates were preincubated with CC-509 at indicated concentrations for 30 minutes. Biotiny-
lated anti-IgG and streptavidin at 10 μg/ml final concentrations were thoroughly mixed, added
to appropriate wells on the cell plate, and plate placed back in tissue culture incubator 8 hours.
Following incubation, supernatants were collected and processed for TNFαMesoscale single-
plex cytokine assay as described by manufacturer (Mesoscale, Gaithersberg, MD). Briefly, the
plates were incubated with sample or calibrator for 2 hours on an orbital shaker at room tem-
perature. The detection antibody was added to all wells, the plate incubated for 2 hours at
room temperature on an orbital shaker, and washed three times. Diluted Mesoscale detection
solution was added to all wells and the plates were read on the Sector Imager instrument
(Mesoscale, Gaithersberg, MD) plate reader.

MH7A synoviocytes. Cells were maintained in culture and assayed as described by supplier
[23]. Briefly, MH7A cells were seeded to 6000 cells/ well in 96 well plates 1 day prior to stimula-
tion. Cells were pretreated with compounds for 30 minutes, stimulated with TNFα (2 ng/ml) or
IL-1β (0.5 ng/ml) and placed in tissue culture incubator for 16 hours. Supernatants were collected
and assayed for cytokines using the Mesoscale Proinflammatory Panel I or Proinflammatory
4-plex according to the manufacturer’s protocol (Mesoscale, Gaithersberg, MD).

In vivo studies
Animal procedures follow federal PHS policies and are approved by the Institutional Animal
Care and Use Committee (IACUC) at Celgene Corporation.

Pharmacokinetics. Male and Female Sprague-dawley rats with jugular vein cannulation
were obtained from Charles River Laboratories. All rats were maintained under standard con-
ditions with access to food and water ad libitum. For intravenous (i.v.) dosing, CC-509 was dis-
solved in DMA/PEG400 (15/85, V/V). A dose of 2 mg/kg was administered to three male rats
via jugular vein cannula with a dosing volume of 2 mL/kg followed by flushing 0.5 mL saline
through the cannula. Blood were collected at 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 24hr post dose.
Plasma samples were separated by centrifugation of blood and stored at -20°C until analysis.
For oral administration, four female rats (220–250g) were fasted for 12hr but allowed to access
water prior to the dosing. CC-509 was formulated in 20% Captisol as a solution and was
administered to the rats at 10 mg/kg by oral gavage with a dosing volume of 5mL/kg. Food was
returned to the rats 2hr post dosing. Blood samples were collected at 0.5, 1, 2, 4, 6, 8 and 24hr
post dose. Plasma samples were separated by centrifugation of blood and stored at -20°C until
analysis. Plasma concentrations of CC-509 were quantified by a LC/MS/MS method. A total of
50 microliters (μL) of each plasma sample was extracted with three volumes of mixed solvent
(methanol:acetonitrile (1:1). The extracted samples were filtered through a filtration plate
(0.45μm, Varian, Inc.) and the filtrates were injected onto a LC-MS system. The LC-MS system
consisted of a ThermoScientific (Waltham, MA) TSQ Quantum Ultra™Mass Spectrometer
coupled with a Thermo Accela™ ultra-high pressure liquid chromatogram (UPLC) system. Sep-
aration was achieved on a Thermo Hypersil Gold™ column (50 x 2.1 mm, 1.9 μm) by running a
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linear gradient of mobile phase at a flow rate of 0.5 mL/min. Mobile phase A and B consisted of
0.1% formic acid in water and 0.1% formic acid in methanol, respectively. Quantitation was per-
formed using selected reaction monitoring (SRM) at the transition m/z 448 to m/z 364 for CC-
509. PK parameters in plasma were estimated byWinNonLin software (Pharsight, Princeton, NJ)
using non-compartmental analysis. For i.v. dosing, plasma clearance (CLp), volume distribution
at steady-state (Vss) and mean residence time (MRT) were estimated. For oral administration,
the maximum plasma concentration (Cmax), the time when the maximum plasma concentration
is reached (Tmax) and area under the curve from 0 to infinity (AUC0-inf) were calculated.

Passive cutaneous anaphylaxis. On day 0, male CD-IGS rats (170 – 190g; Charles River
Laboratories) were anesthetized with isofluorane, their dorsal region shaved and 50 μl Anti-
DNP-IgE (Clone SPE-7, Sigma, St. Louis, MO) that had been diluted 1:1000 in saline was
injected via the intradermal route at 3 individual spots along the right side of the back. Saline
was injected via the intradermal route at 3 individual spots along the left side of the back as a
sham control. Twenty-four hours later, 200 μl of BSA-DNP (Calbiochem, San Diego, CA), pre-
pared (1 mg prepared in a 2% solution of Evans blue dye: Sigma Chemicals, St. Louis, MO) was
injected via the IV route via the tail vein. Thirty minutes after the BSA-DNP challenge the
experiment was terminated and skin samples from the middle of each injection site taken for
Evans blue dye measurement at an OD measurement at 620nm on a plate reader following
incubation (2h at 90°C) and homogenization in formamide (Sigma Chemicals, St. Louis, MO).
Vehicle (20% Captisol1 (Captisol), PO), the positive control (Cromolyn: Sigma Chemicals,
St. Louis, MO 100mg/kg, 2mL/kg, IV) or CC0484509 (3 and 10mg/kg, PO) were dosed 1h
prior to the IV challenge with BSA-DNP.

Collagen-induced arthritis. Female Lewis rats (150 – 170g; Charles River Laboratories)
were house standard shoebox cages, fed Harlan-Tekald diet and water ad libitum and main-
tained on a 12h light/dark cycle. For induction of arthritis rats were anesthetized with isofluor-
ane and their entire dorsal area shaved. Rats were injected (intradermal) with 100 μl of equal
volumes of collagen (Chrondrex, Redmond, WA) and IFA (Sigma Chemicals, St. Louis, MO)
emulsion in 10 sites across the dorsal region. At disease onset 11 days following immunization
animals were randomized into groups based on their ankle measurements and test article
administration was initiated. Rats were dosed orally with vehicle (20% Captisol1), Indometh-
acin (Sigma Chemicals, St. Louis, MO, 2mg/kg) or CC-509 (15, 25mg/kg QD or 15mg/kg BID)
in a dose volume of 5ml/kg. Paw swelling was assessed by caliper measurements on day 11, 12,
13, 14, 15 and 18 post-immunization and % inhibition calculated at day 18 compared to the
vehicle control or area under the curve (AUC) calculated from day 11–18. On the last day of
the study animals were split into 2 cohorts and bleed twice via tail bleed under isofluorane
anesthesia and a third terminal bleed following CO2 asphyxiation to obtain a time course of
plasma compound exposure at 30minutes, 1, 2, 4, 8 and 24h after the last dose of CC-509.

Inflammatory cytokines measured in the paw. Following the last administration of CC-
509, paw samples were collected and processed for cytokine and chemokine analysis (Aushon
Biosciences, Billerica, MA). Briefly paws were snap-frozen and pulverized in liquid nitrogen
followed by addition of cell signal lysis buffer in the presence of protease and phosphatase
inhibitors (Sigma Chemicals, St. Louis, MO). Samples were homogenized on high speed for
30 seconds, incubated on ice for 20 minutes then sonicated at high intensity for 1 minute. Sam-
ples were spun at high speed and supernatants were collected for cytokine analysis.

Data and statistical analysis
For the TEL-Syk assay, the intensity values for the 700 and 800 channel were exported as text
files in ActivityBase (IDBS, Guildford, UK) to derive the ratios that reflect kinase activity. For
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LAD2 experiments, enzyme activity values were exported as text files into ActivityBase to cal-
culate “percent release” according to the formula: 100� supernatant OD405/ (supernatant
OD405 + (pellet OD405�pellet dilution factor)). For the basophil and B-cells assays, flow
cytometry data was exported from the FACS Array and processed using FloJo software package
(TreeStar, Inc., Ashland, Oregon). For the JAK2 HEL and Ramos NFAT β-lactamase assays,
the fluorescence values obtained at 460 nm and 530 nm were exported into ActivityBase to cal-
culate response ratios. For the neutrophil, macrophage, KDR, and JAK1/3 assays, raw values
were exported into ActivityBase to calculate percent inhibition. All IC50 calculations were gen-
erated using XLfit (IDBS, Guildford, UK) algorithm 205 within Excel. For PCA, the OD from
the saline injected site was subtracted from the OD from the anti-DNP IgE injected site. Evans
blue dye extravasation was expressed as mean ± SEM and % inhibition for the test article
groups was normalized to the cromolyn positive control. For the CIA model paw measure-
ments (left and right ankle diameter) were taken for each individual animal and averaged. The
mean data from each group was plotted and either the AUC(day 11–18) or % inhibition on day
18 was calculated. Data is expressed as mean ± SEM of each group with n = 6–12. Statistical
analysis was performed with Prism Graphpad using one-way ANOVA followed by Dunnett’s
comparison using the vehicle group as the control or for measurements over time a 2 way
ANOVA followed by a Dunnett’s multiple comparison test. Statistical significance was deemed
as � = p<0.05, ��p<0.01, ���p<0.001 and p<0.0001. For biochemical assays, the nonlinear,
least squares fitting program Xlfit4 Excel Add-in was used to fit the CC-509 dose response
curves to a 4-parameter logistic model with the zero percent and 100 percent enzyme activity
fixed and locked (effectively reducing to a 2-parameter fit):

%Act: ¼ 100%

1þ I
IC50

� �n

where % Act. is percent enzyme activity remaining, [I] is CC-509 concentration, IC50 is the
concentration of CC-509 calculated to give 50% remaining enzyme activity, and n is the Hill
slope.

Results

Identification and biochemical characterization of CC-509
Structure-based guided optimization of a triazolopyridine screening hit led to the identification
of CC-509 (Fig 1A), an active and reversible inhibitor of Syk enzyme with an IC50

value = 0.026 +/- 0.006 μM (n = 8) and a Ki of 18 nM (Fig 1B). Based on enzyme kinetics, CC-
509 is a mixed competitive inhibitor with respect to the Syk ATP binding site (Fig 1C). Consis-
tent with this mode of inhibition, the co-crystal structure of CC-509 in Syk shows the inhibitor
bound primarily in the ATP binding pocket via two hydrogen bonds with hinge residue Ala-
nine 451 (Fig 1D).

To assess its overall kinome selectivity, CC-509 was initially profiled at 3 μM against a com-
mercial panel of 256 kinases. In this format, CC-509 inhibited the activity of 27 of 256 kinases
by>80% (S1 Table). Based on its activity in this panel of kinases, the calculated Gini score (a
metric for kinase selectivity [28]) of 0.53 for CC-509 indicates the compound is considered
moderately selective. IC50 values were determined for a selected subset of the kinases that were
active in the initial profile (Table 1). The kinases within 3-fold potency to Syk were Flt4, Fms,
and Jak family members Jak1, Jak2, Jak3. For comparison, R406 was tested under the same
conditions and was shown to inhibit 75 of 256 kinases (S2 Table). CC-509 was also profiled
against other potential targets to understand its broader selectivity. In a non-kinase 42 enzyme
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panel, CC-509 at 10 μM displayed>70% inhibition of enzyme activity against the three targets
PDE2A (89%), PDE5 (90%), and 5-lipoxygenase (73%). In a panel of 80 receptors, ion chan-
nels, and transporters, CC-509 at 10 μM inhibited activity>50% in binding assays for Adeno-
sine A1 (89%), Adenosine A2a (96%), and Adenosine A3 (84%). CC-509 also did not inhibit
human ether-à-go-go-related Gene (hERG) channel activity nor the activity of any of the
major Cyp450s, including Cyp1A2, Cyp2C9, Cyp2C19, Cyp2D6, Cyp3A4 (data not shown).
Overall, this data suggests CC-509 is a relatively selective inhibitor across the kinome and inter-
acts with a restricted number of other potential cellular targets.

CC-509 inhibits Syk in engineered cells systems
Having demonstrated that CC-509 is a potent enzymatic inhibitor of Syk, its cellular activity
was first tested in engineered cell models. BaF3 cells are a murine leukemic cell line normally
dependent on interleukin-3 (IL-3), but will grow independently of IL-3 when engineered to
overexpress a transforming oncogene [21]. Indeed, the overexpression of a Tel-Syk fusion
oncogene (Fig 2A) is sufficient to promote growth factor-independent growth in BaF3 (data
not shown). Tel-Syk is a naturally occurring fusion protein found in myelodysplastic syndrome
t(9;12)(q22;p12) patients in which the oligomerization motif from the Tel gene is fused in-
frame with the kinase domain of Syk [29]. The close apposition of the Syk kinase domains
afforded by Tel oligomerization motifs promotes the phosphorylation of Syk at tyrosine 525
and 526 (Y525/526) within the active site and drives its oncogenic activity (Fig 2B). Tel-Syk
rendered catalytically inactive through active site lysine-to-methionine (K395M) mutation
does not promote growth factor-independence nor Y525/526 phosphorylation (data not
shown). CC-509 inhibits (IC50 = 1.61 ± 0.41 μM) growth factor-independent growth in Tel-
Syk BaF3 (Fig 2B). The commercially available Syk II inhibitor [30] similarly inhibited the
growth of Tel-Syk BaF3 (IC50 = 2.24 ± 0.29 μM). When the Tel-Syk fusion protein was
expressed in HEK293 cells, high levels Y525/526 phosphorylation were also observed (Fig 2C)
and could be blocked with CC-509 (IC50 value = 0.61 ± 0.19 μM). For comparison, R406 also

Table 1. Biochemical IC50 values for CC-509 against selected human kinases.

Kinase IC50 (μM)

Internal dataa

Syk 0.026 ± 0.006

KDR 0.15 ± 0.03

Jak2 0.019 ± 0.002

Ret 0.75 ± 0.19

Aurora A 0.22 ± 0.05

Fms 0.39 ± 0.31

External datab

Aurora B 0.41

Flt3 0.14

Flt4 0.05

Jak1 0.04

Jak3 0.02

PDGFR-alpha 0.23

Tyk2 0.11

a Data generated in-house, Mean ± SD
b Data generated by commercial vendor

doi:10.1371/journal.pone.0145705.t001
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blocked Y525/526 phosphorylation at comparable potency (IC50 value = 0.72 ± 0.66 μM). This
data indicate CC-509 is a cell-permeable and potent inhibitor of cellular Syk kinase activity.

CC-509 inhibits FcR-dependent cellular signaling
The activity of CC-509 was next examined in disease-relevant cell systems in which Fc-recep-
tors and Syk are endogenously expressed, focusing initially on primary cells from the innate
and adaptive immune systems. Studies in macrophage from syk (-/-) mice or following

Fig 2. CC-509 blocks Tel-Syk cellular activity. (A) Design of human Tel-Syk fusion construct. Indicated are amino-terminal myristoylation motif, major Tel
and Syk domains (amino acid numbers of each are shown), Not I cloning sites, and carboxy-terminal V5/ His tag. (B) Top panel: Western blot displaying Syk
phosphorylation (Y525/Y526) in Tel-Syk or Tel- expressing BaF3 cells. Bottom panel: CC-509 inhibits growth factor-independent growth in Tel-Syk
expressing BaF3 cells. Data expressed as percent DMSO-treated control, mean ± SD. (C) Top panel: In-cell western (ICW) image showing CC-509 inhibition
of Tel-Syk dependent Syk phosphorylation (Y525/Y526) in Hek cells. Concentration of CC-509 increasing from left to right. Bottom panel: Quantation of top
panel. Data expressed as percent DMSO-treated control, mean ± SD.

doi:10.1371/journal.pone.0145705.g002
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treatment with Syk kinase inhibitors indicate Syk is coupled to and required for activation
through FcγR [8,15]. Consistent with these observations, CC-509 potently inhibited TNFα pro-
duction induced by FcγR cross-linking in primary human macrophage (IC50 = 0.17 ± 0.12 μM;
Table 2, Fig 3A). R406 was also tested in this assay and exhibited roughly equivalent potency
(IC50 = 0.29 ± 0.16 μM). BCR-dependent B-cell activation is reduced in syk (-/-) mice and can
be blocked with Syk kinase inhibitors [11,15]. CC-509 potently blocked BCR-dependent upre-
gulation of cell surface CD69, an early marker of lymphocyte activation [31], on purified pri-
mary B-cells (IC50 = 0.51 ± 0.09 μM; Table 2, Fig 3B). BCR-mediated cellular activity was also
tested in a Ramos lymphoma cell line engineered to carry an NFAT-dependent reporter gene.
BCR-mediated reporter activation in the Ramos NFAT cell line is also potently inhibited by
CC-509 (IC50 = 0.19 ± 0.04 μM; Table 2). R406 was also active in these BCR-dependent assay
systems, showing similar potency to CC-509 in both the primary B-cell assay (IC50 =
0.40 ± 0.22 μM) and Ramos reporter cell line (IC50 = 0.12 ± 0.08 μM).

The activity of CC-509 was also assessed in FcεR-dependent cell systems. The human LAD2
mast cell line expresses FcεR and can be stimulated through this receptor to release β-hexosa-
minidase from secretory granules [22]. CC-509 potently inhibited IgE-mediated β-hexosamini-
dase from LAD2 cells (IC50 = 0.22 ± 0.13 μM; Table 2, Fig 3C). In contrast and consistent with
the position of Syk upstream from intracellular calcium stores, Syk inhibition did not block
ionomycin triggered β-hexosaminidase release from LAD2 cells (data not shown). R406 was
consistently more potent (IC50 = 0.11 ± 0.07 μM) in the LAD2 assay than CC-509, perhaps
reflecting its original optimization as an inhibitor of mast cell activity [15]. CC-509 was also
tested against basophils in human whole blood that were selectively stimulated through FcεR.
In this assay, the degree of basophil activation is indicated by cell surface CD63 expression and
quantitated by flow-cytometry [32]. CC-509 inhibited FcεR-dependent basophil activation in
human whole blood (IC50 = 1.52 ± 1.05 μM; Table 2, Fig 3D), albeit at higher concentrations
than in the LAD2 assay. Interestingly, after multiple attempts R406 was not active in the
human whole blood basophil assay. FcεR-independent basophil activation using N-formyl-L-
methionyl-L-leucyl-L-phenylalanine was not affected by CC-509 (data not shown). CC-509
inhibits FcεR-, FcγR-, and BCR-mediated signaling in disease-relevant and primary cell types.

CC-509 activity in cellular systems not dependent on FcRs
To better understand the breadth of its cellular activity, CC-509 was also tested through modes
of stimulation that did not involve FcRs but may still be dependent on Syk and again contrasted

Table 2. CC-509 inhibitory activity in immunoreceptor-dependent cellular assays.

Cellular assay Receptor IC50a

primary human B-cellsb BCR 0.51 ± 0.09

Ramos NFAT-blac BCR 0.19 ± 0.04

primary human macrophaged FcγR 0.17 ± 0.12

LAD2 cellse FcεR 0.22 ± 0.13

HWB Basophils f FcεR 1.52 ± 1.05

aMean ± SD, μM, minimum n = 3
banti-IgM stimulated CD69 upregulation
canti-IgM stimulated NFAT-dependent reporter gene activity
danti-IgG stimulated TNF secretion
eIgE-dependent beta-hexosaminidase release
fIgE-dependent CD63 upregulation on human whole blood basophils

doi:10.1371/journal.pone.0145705.t002

A Novel Spleen Tyrosine Kinase Inhibitor That Arrests Joint Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0145705 January 12, 2016 14 / 24



its activity to R406. In primary human neutrophils, CC-509 inhibited the release of superoxide
anions following stimulation with opsonized zymosan (IC50 = 3.27 ± 1.27 μM), and did so less
potently than R406 (IC50 = 1.04 ± 0.45 μM). Zymosan can promote the release of superoxide
anions from neutrophils or macrophage primarily through the complement or dectin-1 receptors
in a Syk-dependent manner and can induce inflammatory arthritis in rodents [33–35]. When
tested in primary human eosinophils, however, CC-509 blocked the secretion of MCP-1 from IL-3
stimulated primary human eosinophils (IC50 = 0.11 ± 0.05 μM)muchmore potently that did R406
(IC50 = 1.41 ± 1.73 μM). Syk has also been linked to IL-3 and IL-3 receptor signaling [36]. Since
synovial fibroblasts are key effector cells in RA and Syk has been implicated in their activation
[37,38], we also examined the effect of CC-509 in the RA patient-derived synovial fibroblast cell
line, MH7A. R406 inhibited TNFα-induced IL-6 production fromMH7A (IC50 = 1.04 ± 0.13 μM),
consistent with results in primary patient-derived synovial fibroblasts [37]. In contrast, CC-509 did
not inhibit the production of IL-6 following TNF stimulation in MH7A (data not shown). This
data indicate that CC-509 has cell specific effects following various modes of stimulation and pro-
vides further evidence for a differentiated profile when compared to R406.

CC-509 activity in off-target cellular systems
Hypertension and neutropenia, two of the major side-effects observed in fostamatinib (R406)
RA clinical trials, have been linked to inhibition of KDR and Jak, respectively [39,40]. R406 has

Fig 3. FcR-dependent functional activity in primary human immune cells is inhibited by CC-509.When stimulated through the indicated FcR, CC-509
inhibits functional activity in (A) primary humanmacrophage, (B) primary human B-cells and (C) the LAD2 humanmast cell line. (D) Left panel: CC-509
inhibits CD63 upregulation on basophils stimulated through indicated FcR in human whole blood. Right panel: Representative flow-cytometry plot showing
the number of events and CD63mean fluorescence intensity (MFI) on unstimulated (brown trace) or stimulated basophils in the presence of 0.1 μM (blue
trace), 1.0 μM (green trace), or 10.0 μM (red trace) CC-509. IC50 values (μM) are indicated in upper-right portion of each panel. All data expressed as percent
of DMSO-treated control, mean ± SD.

doi:10.1371/journal.pone.0145705.g003
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comparable binding affinities to Jak2, Syk, and KDR enzymes (Jak2>Syk>KDR, each within
5-fold of Syk) [41]. Since CC-509 also displayed activity against these enzymes (see Table 1), it
was run in KDR- and Jak2-based cellular assays to assess its off-target cellular activity. Consis-
tent with its activity against the KDR enzyme, CC-509 displayed modest inhibition of VEGF-
induced human KDR autophosphorylation in Hek cells (IC50 = 7.43 ± 3.36 μM). R406 was
10-fold more potent in the KDR cellular assay (IC50 = 0.72 ± 0.46 μM), indicating it is more
active than CC-509 against the KDR target. In a Jak2-dependent cellular system, CC-509 was
active (IC50 = 5.45 ± 0.59 μM) while R406 was slightly more potent (IC50 = 3.06 ± 1.42 μM). To
further assess its activity against Jak and its potential for myeloid depletion as has been done
with other Jak inhibitors [42,43], CC-509 was tested in myeloid in vitro colony forming assays.
CC-509 partially inhibited the formation of myeloid colonies at moderate concentrations
(IC50 = 2.8 μM) and completely inhibited colonies at a high concentration (50 μM). R406
partially inhibited myeloid colonies more potently (IC50 = 0.88 μM) and completely inhibited
colonies at 5-fold lower concentration (10 μM) than CC-509. Taken together, these studies
indicate CC-509 has moderate activity in the KDR- and Jak2-dependent cellular assays, and in
all cases less activity than R406.

CC-509 displays favorable pharmacokinetic properties in rat
The pharmacokinetic properties of CC-509 were assessed in rats to support dose selection in
efficacy models. Following intravenous administration of 2 mg/kg CC-509 in male rats, the cal-
culated PK parameters included clearance (CL = 18.9 ± 3.5 mL/min/kg), volume of distribution
(Vss = 2.80 ± 2.36 L/kg), area-under-curve (AUC0-inf = 4.02 ± 0.70 μM�hr), and mean residence
time (MRT = 2.3 ± 1.5 hr). When dosed orally at 10 mg/kg in female rats, CC-509 exhibited
maximal plasma concentration (Cmax = 4.4 ± 0.2 μM) at 30 minutes and moderate area-under-
curve (AUC0-inf = 12.0 ± 1.0 μM�hr). CC-509 was therefore deemed to have acceptable PK
properties and was progressed into in vivo efficacy studies.

CC-509 is efficacious in antibody-dependent models of inflammation
and arthritis
Having demonstrated it is a potent inhibitor of Syk with acceptable pharmacokinetic proper-
ties, CC-509 was tested in rodent models of inflammation and autoimmunity. Passive cutane-
ous anaphylaxis (PCA) is a model of inflammation in which immune complexes mediate
localized vascular leakage in skin [44]. Rats were dosed orally with compound 1 hour prior and
euthanized 30 minutes after immune complex challenge. The mast cell stabilizer cromolyn sig-
nificantly inhibited skin edema (79%, p<0.001) compared to vehicle control group (Fig 4). The
values for cromolyn were considered 100% inhibition and used to normalize the Syk inhibitor
groups. CC-509 inhibited skin edema in a dose-dependent fashion when administered at 3 and
10 mg/kg, yielding 26% and 81% inhibition, respectively, and of which only the 10 mg/kg dose
group was statistically significant (p<0.01) (Fig 4). In previously published studies, R406
exhibited a statistically significant effect at a 10 mg/kg dose when run in the PCA model [16].
These results indicate that CC-509 can reduce localized inflammation caused by immune
complexes.

Since Syk inhibitors have previously been shown to be protective in models of arthritis
[16,17,45], CC-509 was tested in the collagen-induced arthritis (CIA) model. Immune com-
plexes are an important driver of disease pathology in the CIA model [46]. In this model, rats
were immunized on day 1, compound dosing and paw measurements were initiated on day 11,
and the study completed on day 18. The paw measurements at day 11 ranged from diameters
of 6.49 to 6.85 mm and reached an average of 8.2 ± 0.3 mm in the vehicle-treated group at the
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end of the study. CC-509 was administered orally for the 8 day dosing period at 15 mg/kg q.d.,
15 mg/kg b.i.d., and 25 mg/kg q.d. The 15 mg/kg b.i.d. and 25 mg/kg q.d. groups inhibited
paw swelling at 72% and 74%, respectively, while 15 mg/kg q.d. inhibited at 32% (Fig 5). The
effect on paw swelling was statistically significant only in the 25 mg/kg q.d. (p<0.0001) and
15 mg/kg b.i.d. (p<0.001) groups, but not in the 15 mg/kg q.d. group (Fig 5). In prior published
work, R406 significantly reduced the clinical paw score in rat CIA when dosed at 10 or
30 mg/kg b.i.d., leading to exposures of 15 μM�hr and 38 μM�hr, respectively, following a single
dose [16]. The non-steroidal anti-inflammatory drug indomethacin also significantly inhibited
paw swelling (82%, p<0.01) (Fig 5). CC-509 exposure levels in plasma after the last day of dos-
ing in the 15 mg/kg q.d., 15 mg/kg b.i.d., and 25 mg/kg q.d. groups were AUC0-24h of 22, 60,
45 μM�hr, respectively. Within this experiment, 45 μM�hr represents the minimal efficacious
exposure and, based on its activity in cellular assays, we estimate this level of CC-509 will at
least partially inhibit Syk for approximately 12 hours.

Fig 4. CC-509 inhibits IgE-mediated skin edema in the rat passive cutaneous anaphylaxis model.
Optical density (OD) value of Evans blue dye extravasation in skin measured after immune complex
challenge in untreated rats or those challenged and dosed with vehicle, 3 or 10 mg/kg CC-509, or cromolyn.
Data expressed as mean ± SEM. Dashed red line, based on cromolyn, is considered 100% inhibition and was
used to normalize the CC-509 data. Statistical significance at **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0145705.g004

Fig 5. CC-509 inhibits paw swelling in rat collagen-induced arthritis model.Change in paw swelling
from study day 11 to day 18 in non-immunized rats (black line) or collagen-immunized rats dosed with vehicle
(blue line), indomethacin (light green line), or CC-509 at 15 mg/kg q.d. (dark green line), 15 mg/kg b.i.d.
(orange line), or 25 mg/kg q.d. (red line). Data points are mean ± SEM. Statistical significance at **p<0.01,
***p<0.001, and ****p<0.0001.

doi:10.1371/journal.pone.0145705.g005
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Following the last administration of CC-509 on day 18, paw samples were collected to mea-
sure proinflammatory analytes including MIP-1α, RANTES, IL-1β, IL-6, CRP, KC, MCP-1. All
of these analytes were significantly elevated (p<0.05) in the vehicle control group paws relative
to the naïve group (data not shown, Fig 6). RANTES (p<0.001) and MIP-1α (p<0.01) were
significantly reduced in the paw by CC-509 at all dose levels (Fig 6). MCP-1 was significantly
reduced in the 15 mg/kg q.d. and b.i.d. groups (p<0.01), while KC was reduced only in the
15 mg/kg b.i.d. group (p<0.05) (Fig 6). No other significant effects of CC-509 were observed.
R406 similarly inhibited the expression of MCP-1 and KC in the CIA model, but also uniquely
inhibited IL-6 and IL-1β [16]. Indomethacin significantly inhibited only MIP-1α (p<0.05).
Taken together, these in vivo findings indicate that CC-509 can selectively inhibit inflammation
and inflammatory mediators in models of autoimmune disease.

Discussion
Syk is an established drug target due to its extensive target validation, chemical tractability,
clinical data, and low potential for major on-target safety issues. In this study, we describe the
identification and characterization of a novel triazolopyridine-based Syk kinase inhibitor, CC-
509. The compound is a reversible, mixed ATP competitive and potent inhibitor of Syk enzy-
matic activity. CC-509 is also active in cellular assays, including two engineered systems in
which the Syk fusion oncogene Tel-Syk is overexpressed and promotes high levels of Syk phos-
phorylation. Moreover, CC-509 potently inhibits FcεR-, FcγR-, or BCR-mediated signaling in
disease-relevant human primary cells and in related cell lines. CC-509 exhibited potency in
both neutrophil and eosinophil cellular assays, but did not have activity in the human synovial
fibroblastic cell line MH7A. The robust activity of CC-509 in eosinophils is unexpected and
should be followed-up in models of asthma or eosinophilia. CC-509 has a clearly diferentiated
cellular profile when compared directly to R406 in these same assays. In addition, CC-509 dis-
plays favorable PK properties in rodents, including oral bioavailability and evidence for accept-
able target coverage. In the immune complex-mediated PCA model of inflammation, CC-509
inhibits tissue edema measured through dye extravasation in a dose-dependent fashion, with

Fig 6. CC-509 inhibits proinflammatory chemokine production in rat collagen-induced arthritis model.
Proinflammatory chemokine (clockwise from upper right: MIP-1α, KC, MCP-1, RANTES) levels on day 18 in
paw tissue from non-immunized rats (white bars) or collagen-immunized rats dosed with vehicle (black bars),
indomethacin (Indo, blue bars), or CC-509 at 15 mg/kg q.d. (dark green bars), 15 mg/kg b.i.d. (light blue bars),
or 25 mg/kg q.d. (light green bars). Data points are mean ± SEM. Statistical significance at * = p<0.05,
**p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0145705.g006
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an ED50 of approximately 5 mg/kg. Similarly, CC-509 reduced paw swelling in a dose-depen-
dent manner and pro-inflammatory cytokine production in the rat CIA model with an ED50
of approximately 10 mg/kg. When comparing in vivo efficacy of CC-509 to R406, the exposure
(when accounting for R406 b.i.d. dosing) and size of effect at minimal efficacious dose are
roughly similar, although differences in cytokine inhibition are observed. Our studies provide
additional support for the role of Syk in immune cell modulation and the use of Syk kinase
inhibitors as disease modifying drugs, and indicate CC-509 is differentiated from R406.

While Syk is clearly a mediator of immune cell signaling, it may also be a driver of disease in
a number of inflammatory and autoimmune conditions such as RA or Lupus. For example, in
RA, fibroblast-like synoviocytes exhibit significantly higher levels of activated Syk than compa-
rable cells from osteoarthritis patients or normal individuals and display reduced TNFα-
dependent signaling following treatment with R406 [37]. We observed similar results with
R406 in the human RA-derived synoviocyte cell line MH7A (see text). Moreover, Syk pathway
genes are upregulated in synovial tissues from CIA-susceptible rodents when compared to
CIA-resistant congenic controls [47]. In the context of lupus, T-cells from a subset of patients
display aberrant signaling due to abnormal recruitment of Syk to the T-cell receptor (TCR)
complex. In these T-cells, FcεRIγ functionally substitutes for TCRz and recruits Syk in place of
ZAP70, which promotes T-cell activation and Syk phosphorylation that can be blocked by
R406 [48]. Syk overexpression in normal T-cells or Syk knockdown in T-cells from lupus
patients results in an exacerbation or normalization, respectively, of disease-related gene signa-
tures [49]. Finally, Syk recruitment to phosphorylated ITAM-motifs in the adapter protein
DAP12 is required for osteoclast function and so inhibitors of Syk may provide a novel thera-
peutic approach to diseases such as osteoporosis [50]. Therefore, altered Syk expression,
recruitment, or activation may confer upon these disease states a dependence on Syk and an
increased sensitivity to Syk inhibitors that may not otherwise exist.

CC-509 was the result of an optimization campaign toward improved selectivity with
respect to the overall kinome and away from specific kinase targets such as KDR and Jak that
likely contributed to aspects of the fostamatinib side-effect profile. A key liability of R406
which may underly some of the general tolerability issues seen in the clinic is promiscuity
across the kinome. As shown here (S1 and S2 Tables), CC-509 is more selective than R406
across the kinome. In terms of KDR inhibition, we show that R406 inhibits cellular KDR activ-
ity at levels that are readily achievable in plasma from rodents and in human subjects [51].
Indeed, R406 induced hypertension, inhibited VEGF-induced hypotension, and blocked KDR
phosphorylation in vivo in preclinical models [52], providing indirect but compelling evidence
that hypertensive effect of R406 in the clinic may be mediated through KDR. In contrast, CC-
509 inhibits KDR cell activity to comparable levels at 10-fold higher concentrations than R406
and at levels reached only briefly at minimum efficacious exposures in rodents (data not
shown), suggesting it would be unlikely to trigger KDR-dependent hypertension in human
patients. With respect to inhibition of Jak, CC-509 is less potent than R406 in the Jak2 enzyme
(22 fold, data not shown), cellular (1.7 fold), and myeloid in vitro colony forming assays (3.1 to
5-fold). This fold difference-multiple is consistent with results obtained in preclinical toxicol-
ogy studies with CC-509 in which the exposures producing myelosuppression, although not
peripheral B-cell depletion (data not shown), in male rats is approximately 5-fold higher with
CC-509 (630 μM�hr) than with R406 (120 μM�hr) [53]. At this high exposure CC-509 is pre-
dicted to cover Jak2 for 20 hours, while at the efficacious exposures (45 μM�hr) Jak2 is covered
for 4 hours. Since experimental evidence suggests neutropenia is generally not observed using
potent Jak inhibitors in rodents or human patients at doses in which Jak2 is inhibited for less
than 8 hours [43,54, 55], CC-509 will be unlikely to induce neutropenia in human patients at
exposures predicted to be efficacious. Based on the data presented here, we hypothesize that
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CC-509 will have a distinct and likely improved side effect profile in human patients when
compared to fostamatinib. However, pre-clinical and clinical results will be required to conclu-
sively demonstrate the potential safety advantages of CC-509.

Targeted Jak inhibitors such as baricitinib or tofacitinib have demonstrated activity in RA
models and clinical trials [56]. It is unclear whether the efficacy of Syk inhibitors such as fosta-
matinib with activity against Jak is due to inhibition of Syk, Jak, or the combination. This has
made interpretation of efficacy data difficult and has raised questions whether Syk can be con-
sidered a clinically validated target for RA. Recent preclinical evidence indicate selective Syk
inhibitors that have no activity against Jak2 can be efficacious in models of arthritis [17,45]. In
addition, a close analogue of CC-509 with negligible Jak2 activity is also efficacious in the CIA
model (our unpublished results). These results suggest efficacy in models of arthritis can be
achieved with Syk inhibition alone and does not require concomitant activity against Jak. In
contrast to RA, it is very likely that efficacy observed in ITP by fostamatinib is driven primarily
by Syk since Jak inhibitors cause thrombocytopenia and would be predicted to worsen the con-
dition by blocking platelet survival signals [57].

Although fostamatinib ultimately did not succeed in the competitive RA clinical space, tar-
geting Syk was a novel concept that has served to catalyze alternative approaches for treating
RA and other autoimmune conditions. Rigel continues to develop fostamatinib in immune
thrombocytopenia purpura (ITP) based on a Phase II trial involving patients with chronic and
refractory ITP in which fostamatinib promoted durable platelet responses in 8/16 patients
[58,59]. Other Syk kinase inhibitors have also had mixed results in clinical trials. The selective
Syk inhibitor BIIB057 (PRT-2607, Portola Pharmaceuticals) exhibited selectivity across the
kinome, potency in Syk-dependent cellular models and efficacy in models of arthritis [17].
BIIB057, although well tolerated in Phase I studies, was withdrawn from an RA Phase II trial
for unknown reasons. A topically administered Syk/ Jak dual kinase inhibitor R333 (Rigel
Pharmaceuticals) has completed Phase II trials in lupus erythematosus, but did not meet its
primary endpoint [60]. HMPL-523 (Hutchinson Medi Pharma) is entering Phase I in healthy
volunteers. Syk kinase inhibitors such as GS-9973 (Gilead Sciences) and PRT-2070 (Portola
Pharmaceuticals) are positioned in the clinic for oncology indications. An extensive literature
supporting a role for Syk and the use of Syk inhibitors in oncology exists [61], but is beyond
the scope of this article.

In conclusion, we describe a novel triazolopyridine-based Syk kinase inhibitor, CC-509,
with potent cellular activity in FcR-dependent systems, favorable PK properties, and efficacy in
models of inflammatory disease and arthritis. Our studies with CC-509 support for the role of
Syk in immunoreceptor-mediated signaling and confirm the efficacy of Syk inhibitors in mod-
els of inflammatory disease. Importantly, CC-509 was successfully optimized to improve over-
all kinase selectivity and activity against KDR and Jak, and has a clearly differentiated profile
when compared to R406. Since none of the Syk compounds being developed are currently
being positioned for RA, additional Syk candidates and clinical programs will be required to
definitively demonstrate Syk as a clinically validated target. Based on its promising drug-like
profile, CC-509 was nominated for clinical development.
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