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Abstract

Blockade of undesired neutrophil migration to sites of inflammation remains an area of substantial
pharmaceutical interest. To effect this blockade, a validated therapeutic target is antagonism of the
chemokine receptor CXCR2. Herein we report the discovery of 6-(2-boronic acid-5-
trifluoromethoxy-benzylsulfanyl)-N-(4-fluoro-phenyl)-nicotinamide 6, an antagonist with activity
at both CXCR1 and CXCR2 receptors (ICs5q values 31 and 21 nM, respectively). Compound 6
exhibited potent inhibition of neutrophil influx in a rat model of pulmonary inflammation, and is
hypothesized to interact with a unique intracellular binding site on CXCR2. Compound 6
(SX-576) is undergoing further investigation as a potential therapy for pulmonary inflammation.
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Pulmonary inflammation by a predominantly neutrophil (polymorphonuclear leukocyte,
PMN) infiltrate in response to chronic lung injury is a pathophysiologic mechanism
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common to several pulmonary diseases including severe asthma and chronic obstructive
pulmonary disease (COPD),! PMNs are large phagocytic cells whose primary function is to
release an arsenal of degradative enzymes and NADPH-dependent oxidases at sites of injury
or inflammation. Chronic ongoing extracellular release of cytotoxic enzymes permanently
damages host tissues, playing a pivotal role in the pathogenesis of severe asthma and COPD.
Due to their prominent role in numerous inflammatory diseases, one strategy to prevent or
mitigate the severity of disease progression is to block the migration of PMNSs to sites of
inflammation.2

The ability of PMNSs to migrate towards sites of injury or inflammation is known as
chemotaxis, and is directed in large part by the “Cys-Xaa-Cys” (CXC) chemokine receptors
CXCR1 and CXCR2. The endogenous ligands for these G-protein coupled receptors
(GPCRs) include growth-related oncogene a (GROa, or CXCL1) and interleukin-8 (IL8, or
CXCL8).2 Development of small molecule antagonists of CXCR2 is a major focus of
contemporary pharmaceutical research.*° Reparixin 1 (Figure 1) is a ketoprofen derivative
being investigated in trials for the prevention and treatment of delayed graft function and
pancreatic islet transplantation.®7 In 1998, the first small molecule CXCR?2 antagonist based
on the diaryl urea pharmacophore was reported.

Danirixin 2 is a diaryl urea CXCR2 antagonist being developed for the treatment of
pulmonary diseases, including COPD.? The central urea motif in the diarylureas was later
replaced with the cyclic urea bioisostere 3,4-diaminocyclobut-3-ene-1,2-dione to provide
potent analogues as represented by navarixin 3.10 In recent clinical evaluation, navarixin
inhibited ozone inhalation-induced sputum PMN recruitment in healthy subjects.!
AZD-5069 4 is a CXCR2 antagonist whose structure was only recently disclosed.1?
AZD-5069 is being developed for the treatment of moderate to severe COPD.13 Recent
publications detailing the development of novel antagonists from the Neamati group4-1°
and Novartis!6:17 as well as continued activity in the patent literature,1® underscore the
continued interest in developing CXCR2 antagonists for inflammatory diseases.

Based on the known roles of CXCR1/2 in PMN chemotaxis and function, we hypothesized
that dual blockade of CXCR1 and CXCR2 would provide critical therapeutic benefit to
patients suffering from pulmonary inflammatory diseases and began a discovery program to
identify and develop dual CXCR1/2 antagonists. The discovery and evaluation of the first
reported boronic acid containing CXCR1/2 antagonist 5 (SX-517) was previously
reported.1® Compound 5 belongs to the nicotinamide class of allosteric CXCR1/2
antagonists, which act via an intracellular mechanism of action9 and are unable to displace
IL8 binding.1® Although 5 exhibited anti-inflammatory activity in vivo, further preclinical
development was hindered by its metabolic instability. A focused SAR effort to increase
metabolic stability was then undertaken. A major product of metabolic degradation was the
result of oxidative deboronylation of 5 to yield the corresponding 2-hydroxy derivative. It
was hypothesized that appropriate derivitization would hinder oxidative cleavage of the
boronic acid, thereby increasing both metabolic stability and systemic exposure upon
administration. From these efforts, the chemokine antagonist 6 was discovered. Herein we
report the SAR studies that led to the discovery of compound 6, a thionicotinamide
derivative that exhibits increased metabolic stability while retaining potent activity at both
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CXCR1 and CXCR2 receptors. Compound 6 was further evaluated in a rat model of
pulmonary inflammation, and simulated receptor docking studies were performed to further
understand the mechanism of action for this unique class of allosteric CXCR1/2 antagonists.

Synthesis of the evaluated compounds was achieved as shown in Scheme 1.
Thionicotinamide 719 (1 eq.) and the corresponding bromomethy! derivative (1 eq.) were
dissolved in anhydrous dimethylformamide (2 ml/mmol) in an oven dried round bottom
flask. To the solution, triethylamine (1 eq) was added, and the reaction was allowed to
proceed at room temperature. The reaction progress was monitored by either TLC or LC-MS
until complete. The crude products were then precipitated out of solution by the addition of
water (50 ml/mmol), filtered, washed with deionized water, and dried under vacuum. This
facile filtration workup resulted in compound purities suitable for further advancement
without the need for additional purification procedures. Aryl bromide derivatives required
the introduction of the boronic acid moiety, and this was accomplished thorough the use of a
palladium catalyst?® in the presence of bispinacolato diboron. The aryl bromide (1 eq),
PdCI,(CH3CN), (0.04 eq), and SPhos (0.16 eq) were placed in an oven dried pressure bottle,
and anhydrous 1,4-dioxane added. Under argon, triethylamine (6 eq) and bispinacolato
diboron (3 eq) were added, and the vessel sealed and heated to 110 °C for 24 hours. Upon
completion, the mixture was cooled and filtered through celite. The resulting crude mixture
was then purified using preparative HPLC. Yields for this boronylation reaction were
typically low (< 20%), potentially due to catalyst poisoning by sulfur. While disappointing,
these low yields were somewhat mitigated by the fact that the aryl bromide starting
materials were largely able to be recovered following chromatography. The aryl pinacol
boronate esters were deprotected through the use of KHF,, followed by hydrolysis with
TMS-CI/H,022 to yield the boronic acid derivatives.

The synthesized compounds were then screened for their ability to inhibit GROa-mediated
intracellular calcium release in isolated human PMNs, as previously described (Table 1).
With regards to lead compound 5, placement of the boronic acid at the 3-position
(compound 8) of the phenyl ring resulted in a significant 30-fold drop in the ability to inhibit
GROa-mediated intracellular calcium release in isolated human PMNs. Substitution at the
4-position (compound 9) was better tolerated, exhibiting an 1Csq of 90 nM. The alkyl
boronic acid derivative 10 resulted in an 18-fold drop in activity, suggesting that the aryl
boronic acid is a necessary pharmacophore for activity. Compound 11 included the addition
of a methylene unit between the phenyl boronic acid moiety and the nicotinamide core
resulted in a 10-fold drop in activity, suggesting that a single methylene unit spacer provided
the optimal geometry for activity. Both dimethoxy and dioxymethylene substitution at the
4,5 positions (compounds 12 and 13, respectively) resulted in a complete lack of activity in
the PMN assay. Mono-substitutions were better tolerated, with methoxy derivatization at the
5-position (compound 14) resulting in a 2-fold drop in activity, and 5-fluoro substitution
(compound 15) resulting in an equipotent compound as compared to compound 5.
Substitution with a trifluoromethoxy group at the 5 position resulted in compound 6,23
which exhibited a 2-fold greater activity than 5 in the PMN assay. In RBL cells stably
transfected with either CXCR1 or CXCR2 receptors, compound 6 exhibited significant
antagonist activity at both receptors, suggesting that compound 6 is relatively non-selective.
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In PathHunter B-arrestin assays (DiscoveRx, Fremont CA) utilizing cells expressing
CXCR2, compound 6 is a full antagonist with activity approximately equipotent to reference
compound SB225002 (ICsq = 90 nM). In this assay, compound 6 exhibited almost 4-fold
greater activity than compound 5.

Further preclinical evaluation of compound 5 was hindered by rapid metabolism. It was of
interest to determine whether the structural modifications that led to the discovery of
compound 6 would result in increased metabolic stability. Isolated rat and monkey liver
microsomes were used to evaluate metabolic stability, as they represent two species
commonly used for toxicology experiments. Compounds 5 and 6 were incubated separately
with either rat or monkey liver microsomes at a concentration of 1 pM for 60 min at 37°C.
Samples were analyzed by LC-MS at 0 and 60 minutes. As shown in Table 2, 5 was
extensively metabolized by both rat and monkey liver microsomes after an incubation period
of 60 min (37 and 25%, respectively). In contrast, compound 6 exhibited significant stability
against metabolic degradation in both rat and monkey liver microsomes (>90% remaining
after 60 min).

In order to evaluate whether the increased metabolic stability of compound 6 would translate
to improved systemic exposure in vivo, the pharmacokinetics of both compounds 5 and 6
were evaluated in the rat (Table 2). For both compounds, a dose of 1 mg/kg was
administered intravenously. Plasma concentrations of both compounds 5 and 6 were
determined by LC-MS/MS analysis, and calculated using a calibration curve of test
compounds spiked in rat plasma run concurrently with the plasma samples. Following
intravenous administration, compound 6 exhibited greater systemic exposure than
compound 5 as evidenced by a larger area under the curve (AUC) in the PK graph of plasma
concentration vs. time (5.40 vs. 0.39 umol-hr/L, respectively). While systemic exposure
levels rely on a number of factors, the increased metabolic stability of compound 6 may be
an important factor that results in its larger AUC following intravenous administration. To
establish oral bioavailability, both compounds 5 and 6 were administered via oral gavage to
rats at a test concentration of 1 mg/kg. Due to their insolubility in aqueous systems, the
compounds necessitated formulation in neat Labrasol (Gattefosse, Saint-Priest, Cedex
France), which is a self-emulsifying drug delivery system (SEDDS).24 Despite the use of the
SEDDS, plasma levels of both compounds 5 and 6 were below the lower limit of
quantification (LLOQ) for our system, which was approximately 20 nM.

To establish efficacy, compound 6 was then evaluated in the ozone rat model of pulmonary
inflammation (Figure 2). In this model, Sprague-Dawley rats (n = 4 per cohort) were dosed
intravenously at t = 0 with either vehicle (negative and positive groups) or compound 6 (1
mg/kg). The rats were then placed in either air (negative) or 1 ppm ozone (positive and
compound 6 groups) for 4 hours. In order to ensure that plasma concentrations of compound
6 remain within therapeutic levels, the rats were dosed again att = 5 and 9 hours. The rats
were then sacrificed at t = 24 hours, and the bronchoalveolar lavage fluid (BALF) collected.
The cells were spun down, stained with Wright-Giemsa and counted. In the negative group,
no PMNs were observed when stained (Figure 2A). Protein levels were quantified in BALF
by Bradford protein assay analysis. Intravenous administration of compound 6 significantly
decreased PMN influx to the lungs to near undetectable levels (Figure 2A). Administration
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of compound 6 also significantly decreased both macrophage influx and ozone-induced lung
leakage (Figures 2B and 2C).

To further understand the mechanism of action of this novel class of allosteric antagonists,
simulated receptor docking studies were performed (Figure 3). The 3D NMR structure of
CXCR1 (PDB: 2LLNL)2® was refined with molecular dynamic (MD) simulation2® using
Discovery Studio 3.5 (DS3.5, BIOVIA, San Diego, CA). The 3D structure of CXCR2 is not
yet reported, but due to the high level of homology between CXCR1 and CXCR2 (76%
amino acid identity), the 3D structure of CXCR2 was constructed using the refined CXCR1
3D structure as a template utilizing the MODELER interface within DS3.5, and further
refined with MD simulation. An intracellular allosteric binding site near intracellular loop 3
(ICL3) was identified using the grid search and eraser algorithms in DS3.5. The allosteric
binding site also involves amino acids situated on transmembrane regions 3 (TM3), 5 (TM5)
and 6 (TM®), as seen in Figures 3A and 3B. 3D coordinates for compound 6 were generated
using the LigPrep and Epik programs in DS3.5, and docking studies were then performed
using the GLIDE algorithm in DS3.5. Simulated docking with CXCR2 and compound 6
revealed six major interactions: 1) the boronic acid interacts with the imidazole ring in
His242 ((B)OH--N, 3.02 A); 2) the boronic acid oxygen interacts with the main chain NH of
Met250 ((B) O--NH, 2.25 A); 3) the other boronic acid oxygen also interacts with the main
chain NH of Met250 ((B) O--NH, 3.00 A) 4) the boronic acid oxygen interacts with the side
chain SH of Cys230 ((B)O--SH, 2.43); 5) the amide nitrogen interacts with the side chain
SH of Cys230 (N--SH, 2.57 A); and 6) the amide interacts with the side chain OH of Ser141
(NH--OH, 2.24 A). These interactions are illustrated in Figure 3C. The number of proposed
interactions attributed to the boronic acid in this receptor binding model may explain its
necessity in this class of CXCR1/2 antagonists.1® The proposed binding model for
compound 6 differs from previously reported binding models for small molecule CXCR2
antagonists.2’-30 This is in accordance with previous findings that structurally distinct small
molecule antagonists interact with the CXCR2 receptor via different binding sites.3! Further
refinement of this binding model is currently underway through the use of NMR
experiments and CXCR2 receptors in phospholipid bilayers.

In conclusion, compound 6 is an equipotent CXCR1 and CXCR2 antagonist discovered as a
result of SAR experiments involving previous lead compound 5. Compound 6 exhibits
increased potency in vitro, increased metabolic stability, and improved PK in the rat. In a rat
ozone model of pulmonary inflammation, compound 6 exhibited potent inhibition of PMN
recruitment upon intravenous administration. Compound 6 (now designated as SX-576)
represents a possible therapeutic for the treatment of a variety of inflammatory disorders,
and formulation efforts are currently underway to improve the oral bioavailability of this
compound.
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Ozone rat model of pulmonary inflammation. *p < 0.05; **p < 0.01, ***p < 0.001, t-test vs.
positive control.
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Figure 3.
Simulated receptor docking of compound 6 to CXCR2. (A) ribbon diagram of CXCR2 with

compound 6 docked to intracellular binding site. (B) Predicted binding mode of compound 6
to intracellular binding site of CXCR2. (C) Key receptor-ligand interactions.
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