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The optimization of a series of 8-aza-quinazolinone analogs for antagonist activity against the CXCR3
receptor is reported. Compounds were optimized to avoid the formation of active metabolites and
time-dependent-inhibitors of CYP3A4. In addition, antagonists showed potent against CXCR3 activity
in whole blood and optimized to avoid activity in the chromosomal aberration assay. Compound 25
was identified as having the optimal balance of CXCR3 activity and pharmacokinetic properties across
multiple pre-clinical species, which are reported herein.

� 2011 Elsevier Ltd. All rights reserved.
Leukocyte migration is a critical step in the pathophysiology of
autoimmune and inflammatory conditions. Recent clinical data
with protein therapeutics such as Raptiva and Tysabri, and with
small molecules such as Gilenya indicates that blockade of T cell
migration into inflammed tissue provides an effective way of treat-
ing inflammatory diseases. CXCR3 is the predominant chemokine
receptor expressed on activated T-cells of Type-1 (Th1) and medi-
ates recruitment and activation of Th1 cells. In addition to Th1
cells, CXCR3 is also expressed on NK cells, B cells and on a fraction
of circulating CD4+ and CD8+ T cells. CXCR3 and its ligands, MIG
(CXCL9), IP-10 (CXCL10), and I-TAC (CXCL11), are upregulated in
several inflammatory diseases including multiple sclerosis,1

inflammatory bowel disease,2 rheumatoid arthritis,3 and solid or-
gan transplant rejection.4 The established clinical utility of inter-
dicting lymphocyte recruitment coupled with strong human
disease association data and compelling pre-clinical data provide
the rationale for proposing blockade of CXCR3-mediated T-cell
recruitment as a therapeutic target with opportunity for develop-
ment in several immunologic inflammatory diseases. Therefore,
we and others have been interested in discovering CXCR3 antago-
nists as potential therapeutics.5

Our earlier efforts led to the discovery of a potent and selective
CXCR3 antagonist, AMG 487 (Fig. 1), which was evaluated in phase
I clinical trials.6 AMG 487 is a potent and selective inhibitor of
CXCR3. It inhibits binding of [125I]-IP-10 and [125I]-ITAC to CXCR3
with IC50 values of 8.0 and 8.2 nM, respectively, and inhibits
CXCR3-mediated migration in response to IP-10 (IC50 = 8 nM), ITAC
ll rights reserved.
(IC50 = 15 nM), and MIG (IC50 = 36 nM) in vitro. However, daily
doses above 100 mg of AMG 487 resulted in drug accumulation
in humans receiving multiple doses that was not observed in pre-
clinical species. Evaluation of AMG 487 using in vitro and in vivo
preclinical models led to the discovery of a major metabolite,
M1, and a minor metabolite M2 (Fig. 1). M1 was found to be a cir-
culating active metabolite in human, while M2 was found to be a
time-dependent inhibitor (TDI) of CYP3A4.7 M2 is believed to be
responsible for the accumulation seen in humans with AMG 487.

We have previously reported that replacement of the pyridyl
methyl group with an ethyl sulfone group, as shown in compound
3, increases CXCR3 affinity.8 Thus, we decided to focus on analogs
bearing this moiety since they would also avoid the formation of
the pyridine N-oxide metabolite.

In order to address the potential formation of a phenol metab-
olite similar to M2 new cores were explored. It was hypothesized
that a inhibitor wherein the 4-ethoxy-phenyl moiety is attached
to the core through a carbon atom would be more stable to oxida-
tion than through a nitrogen atom. This was considered a viable
strategy given that earlier optimization efforts demonstrated that
a broad variety of structural changes at the 8-aza-quinazolinone
core were tolerated.9 Unfortunately, it was found that while the
O-ethyl substituted phenol analogs, like compounds 1 and 4, were
not time-dependent inhibitors of CYP3A4, the phenol congeners 2
and 5 were time-dependent inhibitors of CYP3A4 (Fig. 2). This find-
ing suggested that the 4-ethoxy-phenyl functional group would
have to be replaced. Toward this end a cyano group was tested
as a potential replacement for the ethoxy moiety.

The synthesis of cyano-substituted analogs is outlined in
Scheme 1. In the first step of the synthesis, 4-iodoaniline 7 was
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Scheme 1. Synthesis of analog 15. Reagents: (a) EDC, HOBT, Et3N in CH2Cl2, 75%; (b) HOAc, triethyl orthopropionate, 60 �C, 78%; (c) Pd2(dba)3, dppf, Zn(CN)2, DMF, 115 �C,
96%; (d) NCS, HOAc, 40 �C, 99%; (e) NaN3, THF/H2O, then PMe3, 0 �C, 60% (two steps); (f) L-malic acid, resolution, 36%, 99% ee; (g) ethylvinyl sulfone, 65 �C; (h) 4-fluoro-3-
trifluoromethyl-phenyl acetic acid, EDC, HOBT, Et3N, 73% (two steps).
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Figure 2. Ethoxide substituted CXCR3 analogs. AMG 487, compound 1, 3, 4 were not CYP3A4 time dependent inhibitors. Compound 2, 5 were CYP3A4 time dependent
inhibitors.
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Figure 1. AMG 487 and metabolites M1 and M2. a Binding assay: [125I]-IP-10 in buffer; b binding HS (human serum) assay: [125I]-IP-10 in buffer in the presence of 100%
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coupled with 2-aminonicotinic acid 6 using a standard peptide
coupling. The resulting amide 8 was subsequently cyclized with
triethyl orthopropionate to form the 8-aza-quinazolinone 9.10
Iodide 9 was converted to the cyano group by palladium-catalyzed
coupling with Zn(CN)2. This sequence of reactions was required
since 4-aminobenzonitrile was unreactive towards the formation



Table 1
Pharmacokinetic profile for analog 15a

Mouse Rat Beagle dog Cynomolgus monkey

CLb (L/h/kg) 0.35 2.4 1.0 0.74
MRTb (h) 0.70 0.53 1.2 1.7
%Fc 17 47 69 13

a Amorphous solid.
b iv Dose 1 mg/kg in mouse and 0.5 mg/kg in rat, dog and monkey in 10%

N,N-dimethylacetamide, 10% ethanol, 30% propylene glycol, and 50% water.
c p.o. Dose 5 mg/kg in mouse and 2 mg/kg in rat, beagle dog, and cynomolgus

monkey as a suspension in 1% Tween 80 in 1% methylcellulose.
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of the pyridopyrimidin-4-one intermediate used in our original
synthesis. The benzylic position of 10 was chlorinated with NCS
to provide racemic chloride 11. Treatment of 11 with sodium azide
Table 2
Analogs evaluated in the chromosomal aberrations assay
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a Chromosomal aberrations in cultured human peripheral blood lymphocytes at conc
in wet THF followed by the addition of trimethylphosphine gave
primary amine 12. Compound 12 could be resolved by chiral chro-
matography or through selective recrystallization of the diastereo-
meric salt complex with L-malic acid to obtain enantiomerically
pure 8-aza-quinazolinone 13. The amine of 13 was then alkylated
with ethylvinyl sulfone and followed by a standard amide coupling
with 4-fluoro-3-(trifluoromethyl)phenyl acetic acid to generate the
final product 15. Compound 15 was a highly potent CXCR3 antag-
onist. The binding IC50 of [125I]-IP-10 in buffer and [125I]-IP-10 in
the present of human serum were 10 and 18 nM, respectively.
Compound 15 effectively inhibited CXCR3-mediated in vitro cell
migration in response to ITAC (IC50 = 62 nM). The compound was
further evaluated in animals for its PK profile. It was found that
15 demonstrated moderate Cl in rat and beagle dog, with rates of
2.4 and 1.0 L/h/kg, respectively. However, the clearance rates were
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entration of 7.81–1000 lg/mL (+S9 and �S9) at Covance Inc.



Table 3
Analogs which tested negative in the chromosomal aberrations assay

N

N
R2

OR4

R1

N

O

N
R3

Compd. R1 R2 R3 R4 [125I]-IP-10 binding assay ITAC migration IC50 (nM)

Buffer IC50 (nM) With HS IC50 (nM)

23 Cl S
O2

CF3 F 6 22 102

24 Cl S
O2

F CF3 7 21 107

25 Cl
SO2

CF3 F 6 12 45

26 Cl
SO2

F CF3 7 13 55

22 F S
O2

CF3 F 42 50 254

27 F S
O2

F CF3 47 58 292

28 F
SO2

CF3 F 7 17 72

29 F
SO2

F CF3 7 22 90

Binding assay: [125I]-IP-10 in buffer; binding HS (human serum) assay: [125I]-IP-10 in buffer in the presence of 100% human serum; migration: ITAC mediated migration in the
presence of 100% human serum.

Table 4
Pharmacokinetic profile of analogs 25a and 28a in multiple species

Mouse Rat Beagle dog Cynomolgus monkey

25 28 25 28 25 28 25 28

CLb (L/h/kg) 0.13 0.34 0.49 2.1 1.5 0.89 0.12 0.34
MRTb (h) 3.9 2.1 3.5 2.4 1.1 1.5 8.7 6.4
Vdss

b (L/kg) 0.48 0.73 1.9 5.0 1.4 1.3 1.2 2.2
%Fc 45 59 69 >100 >100 >100 44 51

a Amorphous solid.
b iv Dose 1 mg/kg in mouse and 0.5 mg/kg in rat, beagle dog and cynomolgus monkey in 10% N,N-dimethylacetamide, 10% ethanol, 30% propylene glycol, and 50% water.
c p.o. Dose 5 mg/kg in mouse and 2 mg/kg in rat, cynomolgus monkey and beagle dog as a suspension in 1% Tween 80 in 1% methylcellulose.
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low in mice and cynomolgus monkeys of 0.35 and 0.74 L/h/kg,
respectively (Table 1).

The cyano replacement of the ethoxy substituent in 3 afforded a
compound (15) that did not produce any metabolites with CYP3A4
time-dependent inhibitory (TDI) activity. However, while com-
pound 15 was negative in the Ames test for mutagenic potential,
it tested positive in the in vitro chromosomal aberration assay.
To this end, a series of related analogs, 16–22 were prepared and
submitted for the chromosomal aberration assay for a better
understanding of this issue (Table 2). With the exception of com-
pounds 19 and 22, the compounds featuring the nitrile moiety
were positive in the chromosomal aberration assay. It was found
that replacement of the ethyl sulfone group with a cyclic sulfone
to generate compounds 18 and 19 afforded CXCR3 antagonists
with increased potency. The IC50 of ITAC mediated migration assay
of 18 and 19 in the presence of 100% human serum was 37 and
39 nM. Switching the position of the fluoro and trifluoromethyl
group in the acetamide of 15 did not affect the CXCR3 inhibitory
activity. The list of compounds which were tested in the chromo-
somal aberration assay is tabulated in Table 2. With the exception
of compound 19, the remaining compounds that feature the CN
moiety were positive in the chromosomal aberration assay. Evalu-
ation of the pharmacokinetic properties of 19 showed that the
compound had a low rate of clearance in mice, beagle dogs and
cynomolgus monkeys, the clearance was 0.49, 0.5, and 1.3 L/h/kg
after iv dosing of 1.0, 0.5, and 0.5 mg/kg, respectively. However,
the oral bioavailability of this molecule was rather poor. The oral
bioavailability was 17% in mouse and only 1.6% and 1% in beagle
dog and cynomolgus monkey following a p.o. dosing of 5, 2, and
2 mg/kg, respectively. It was possible that the poor oral bioavail-
ability of compound 19 was the result of low permeability. The
PAMPA permeability11 of 19 measured 0–0.1 � 10�6 cm/s perme-
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ability between pH 5 and 7.4. It was speculated that the favorable
chromosomal aberration results might also be attributed to the
intrinsically low permeability of the compound.

Replacement of the cyano group with a fluorine resulted in com-
pound 22, which tested negative in the chromosomal aberration as-
say. This SAR trend indicated that the cyano group could be the cause
for the positive results in the chromosomal aberration assay. In addi-
tion, compound 22 had a better PAMPA permeability of 0.8–1.4 � 10
�6 cm/s at pH of 5–7.4 than compound 19. However, its potency as a
CXCR3 antagonist was diminished (Table 2). The potency was in
agreement with the previous SAR that showed the fluoride-substi-
tuted analogs had lower activity in the binding and migration assays
when compared to the ethoxy or cyano substituted phenyl analogs.
However, it was interesting to note that 22 showed relatively good
potency in the CXCR3 binding in the presence of human serum, with
an IC50 of 58 nM. Based on this evidence and previous SAR, a logical
choice was to further investigate the chloro-substituted analogs. A
number of chloro-substituted ethyl sulfone analogs were synthe-
sized and tested in the CXCR3 assay (Table 3). Compounds 23 and
24 displayed good potency in the binding and migration assays (Ta-
ble 3). Cyclic sulfone analogs 25 and 26 demonstrated increased po-
tency when compared to the ethyl sulfone analogs 23 and 24,
especially in the CXCR3-mediated in vitro cell migration assay med-
iated by ITAC. Compounds 25 and 26 were profiled in the CYP inhi-
bition assay. It was found that both 25 and 26 showed IC50 values
of greater than 10 lM against CYP 3A4 and 2D6. In addition, com-
pounds 25 and 26 tested negative for inducing chromosomal aberra-
tions, with and without metabolic activation, confirming the
hypothesis that the cyano-substitution was likely responsible for
the positive chromosomal aberration results.

Based on their potency in the CXCR3 in vitro assays compounds
25 and 28 were selected for further evaluation. The in vivo phar-
macokinetic properties of compounds 25 and 28 were profiled in
multiple species including, mice, rats, beagle dogs, and cynomolgus
monkeys and the results are summarized in Table 4. In general,
compound 25 demonstrated lower clearance and longer half lives
across the species tested with the exception of dogs. The plasma
clearance (CL) of 25 was low in mice, rats, and monkeys (3–15% he-
patic blood flow), but higher in dogs (82% hepatic blood flow). The
volume of distribution (Vdss) varied across species, ranging from
0.48 L/kg in mouse to 1.9 L/kg in rats. This variance followed the
same rank order as the extent of plasma protein binding across
species. The unbound fractions were 0.7%, 6.1%, 1.5%, and 3.7% in
mice, rats, dogs, and monkeys, respectively. The half-life (T1/2) of
25 after intravenous dosing was approximately 4 h in mice and
rats, 1 h in dogs, and 9 h in monkeys.

Following oral gavage administration, 25 exhibited moderate to
high oral bioavailability (%F). Oral bioavailabilities of 25 ranged
from 44% to 69% in mice, rats, and cynomolgus monkeys. In beagle
dogs, the apparent bioavailability exceeded 100% due to nonlinear
pharmacokinetic behavior.

Compound 25 was further evaluated in a CXCR3 receptor
occupancy assay in whole blood. The CXCR3 occupancy assay
was performed via FACS analysis by using a fluorescently-tagged
anti-CXCR3 antibody. Addition of the CXCR3 ligand, ITAC, results
in the loss of fluorescent signal of antibody. The CXCR3-antagonists
blocks ITAC binding against receptor, but this series of compounds
does not block binding of the anti-CXCR3 antibody to the CXCR3
receptor. An ITAC concentration of 500 ng/mL was used in the as-
say. In this assay, compound 25 demonstrated IC50 values of 200
and 9.8 nM using mouse and human whole blood, respectively.

It has been shown that CXCR3 plays an important role in a mouse
model of lung injury induced by bleomycin administered by the in-
tra-tracheal route.12 Changes in bronchoalveolar lavage (BAL) fluid
attributed to bleomycin treatment include increased total cell count
followed by a sustained increase in lymphocyte count. In this effi-
cacy experiment, C57BL/6 mice were treated by a single intra-tra-
cheal instillation 1 mg/kg of bleomycin. The previous clinical
candidate, AMG 487, was used as a positive control in this experi-
ment. AMG 487 and compound 25 were dosed subcutaneously with
the use of an Alzet osmotic mini-pump on the same day of bleomycin
challenge for 6 days.13 A BAL was performed on day six and the num-
ber of cells was counted. Plasma samples were collected at the end of
the experiment to determine drug level.

Compound 25 was effective in blocking leukocyte migration into
the lungs of mice following bleomycin challenge with an effective
dose of 1 mg/kg (Fig. 3). The level of blocking of cell penetration
was similar to the CXCR3 knockout animals. This dose results in
blood levels of 1.3 lM 1 h post dose, which is six-fold the mouse
whole blood receptor occupancy assay IC50.
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In conclusion, through detailed compound optimization efforts,
several CXCR3 antagonists with improved in vitro potency over
AMG 487 were discovered. These compounds lack the ethoxy
group responsible for the circulating metabolite M2, which causes
the CYP3A4 TDI in vivo with AMG 487. Furthermore, these com-
pounds avoid the formation of the pyridine N-oxide active metab-
olite, M1 also observed with AMG 487. Compound 25 showed good
oral bioavailability in multiple preclinical species and demon-
strated efficacy in a mouse model of bleomycin-induced leukocytes
trafficking into the lung. Moreover, 25 showed potent inhibitory
activity in a CXCR3 receptor occupancy assay using human and
mouse whole blood.
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