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Abstract: A series of novel maleimide-based inhibitors of protein
kinase C (PKC)were designed, synthesized, and evaluated. AEB071
(1) was found to be a potent, selective inhibitor of classical and novel
PKC isotypes. 1 is a highly efficient immunomodulator, acting via
inhibition of early T cell activation. The binding mode of malei-
mides to PKCs, proposed bymolecular modeling, was confirmed by
X-ray analysis of 1 bound in the active site of PKCR.

Solid organ allotransplantation has become a common
medical procedure with considerable impact on extending
and improving the quality of life of patients with end stage
renal, cardiac, hepatic, or pulmonary failure.1 Currently
known immunosuppressants can effectively modulate the
immune system and induce acceptance of transplanted or-
gans, but their use is limited by side effects. This challenge is
addressed in clinical protocols by the use of drug combination
treatments, which commonly consist of a calcineurin inhibitor
(CNI,a cyclosporine A (CsA), or FK506) inhibiting T cell
activation together with a T cell proliferation inhibitor (e.g.,
mycophenolic acid-based compounds or mTOR inhibitors)
and steroids. However, as mechanism-based side effects limit
the useofCNIs, a highmedical need exists for safe and specific
inhibitors of early T cell activation with a novel mechanism of
action.
The protein kinase C (PKC) family of serine/threonine

kinases consists of 10 isotypes that share sequence and
structural homology and that are grouped into three cate-
gories based on their cofactor requirements.2 Classical PKC
isotypesR, β, andγ requireCa2þ and diacylglycerol (DAG) as
cofactors. Novel isotypes δ, ε, η, and θ require DAG but are
Ca2þ independent, and atypical isotypes ζ and ι/λ require

neitherCa2þnorDAG.Several isotypes ofPKCplay a central
role in T cell signaling pathways which translate the engage-
ment of the T cell receptor (TCR) and the coreceptor CD28
into amplification of IL-2 expression and T cell activation.3

Thus, blockade of PKC is expected to inhibit T lymphocyte
activation and to offer opportunities for novel T cell immu-
nomodulators.
In this communication, we report on our project aimed at

finding novel, low-molecular weight inhibitors of T cell
activation acting via inhibition of classical and novel PKC
isotypes. We describe the optimization of inhibitory potency
and pharmacokinetic properties of a new class of maleimides.
These efforts led to the identification of AEB071 (1, INN,
sotrastaurin; for short, STN; Figure 1),4 a representative of a
new class of potent and selective PKC inhibitors based on a
heteroarylindolylmaleimide scaffold. 1 is currently in phase II
clinical trials for the inhibition of solid organ allograft rejec-
tion.

At the outset of the project, typical maleimide-based PKC
inhibitors contained two indole moieties at the C3 and C4
positions of the maleimide, with one of these indoles carrying
a chainwith a basic amine group (e.g., 2,5 Table 1).6Aiming to
expand the structural diversity of the maleimide substituents,
we tested the replacement of one of the two indoles with
alternative (hetero)aromatic moieties. We first explored the
possibility of replacing the unsubstituted indole (Table 1). The
inhibitory potency on classical and novel PKC isotypes was
determined by scintillation proximity assay (SPA) technol-
ogy.7 Results from these assays indicated that neither the
1-naphthyl (3),8 2-azaindol-3-yl (4),9 nor the benzothiophen-
3-yl (5)8 moieties were suitable replacements of the indolyl, as
these derivatives showed modest inhibitory activity on PKC
(Table 1).
These disappointing results prompted us to refocus our

efforts on the other indole and to design compounds in which
the basic side chain was appended to a new (hetero)aromatic
ring. This derivation strategy turned out to be successful, as it
yielded novel, highlypotent, and very selectivePKC inhibitors
(Table 2). The straightforward syntheses of the corresponding
phenyl-, naphthyl-, and quinazolinyl-containing maleimide
derivatives are described in Schemes 1-3 and are all based
on the known base-mediated maleimide formation using a
primary amide and a 2-oxoacetic acid ester derivative.10

The first compound (9) of this series, which contained a
3-(2-dimethylaminoethoxy)phenyl moiety, displayed promis-
ing nanomolar inhibitory activity in the biochemical assays on
all PKC isoforms tested (Table 2). The docking of 9 into
a homology model of PKCθ suggested that the active site
could accommodate the extension of the phenyl ring to the

Figure 1. Structure of 1.

†The atomic coordinates of the X-ray crystal structure of 1 bound
PKCR have been deposited with the Protein Data Bank: PDB code
3IW4.
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aAbbreviations: CNI, calcineurin inhibitor; CsA, cyclosporine A;
DAG, diacylglycerol; GvH, rat graft-versus-host model; IL-2, interleu-
kin 2; INN, international nonproprietary name; MLR, mixed lympho-
cyte reaction; pan-PKC inhibition, simultaneous inhibition of both
classical and novel protein kinase C isotypes; PKC, protein kinase C;
SPA, scintillation proximity assay; TCR, T cell receptor.
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corresponding naphthyl 10, with a concomitant increase of
lipophilic interactions.11 In accord with the predictions of this
molecular modeling study, derivative 10 afforded substan-
tially improved pan-PKC inhibition (Table 2). 10 was also
active in cellular assays, as it inhibited the T cell receptor
(TCR)/CD28-mediated T cell activation with an IC50 of
69nM.11However,10 couldnot beprogressed further because
its exposure after oral dosing to ratswas low, affording anoral
bioavailability of only 1% (Table 3). Reasoning that the
high basicity of the amine side chain (pKa(10) = 8.4) might
negatively impact the pharmacokinetic properties by lowering
the levels of free base in the gastrointestinal tract, analogues
with loweredbasicitywere tested.Thus, the replacement of the
2-dimethylaminoethoxy side chain by a piperazine moiety
was studied. The N-methylpiperazine derivative 11 (pKa=7.5)
was comparable in termsof inhibitorypotencyonPKC isoforms
to the corresponding open chain phenyl derivative 9 (Table 2),
indicating that this structural modification was tolerated.
Furthermore, extending the phenyl ring to the naphthyl deriva-
tive 12 resulted in potent PKC inhibition and strong blockade of
TCR/CD28-mediated T cell activation with an IC50 of 50 nM.
Gratifyingly, the pharmacokinetic properties of 12 were signifi-
cantly improved relative to 10 (Table 3). The exposure of 12
after oral dosing was more than 10-fold higher than that of 10,
which translated into an oral bioavailability of 12%. Further

fine-tuning involved the replacement of the naphthyl of 12 with
a quinazoline moiety. This modification led to AEB071 (1),
a highly potent PKC inhibitor with IC50 in the single digit nano-
molar range on all classical and novel PKC isotypes assayed.12

1 inhibited the TCR/CD28-mediated T cell activation with an
IC50 of 54 nM. Most importantly, 1 (pKa=7.4) afforded good
exposure after oral dosing and an oral bioavailability of 34%.
The distal basic amine in the side chain of 1 is essential, since the
corresponding morpholine derivative 13 displayed greatly
reduced inhibitory activity. As expected, this weak inhibiton of
PKC isoforms translated into substantially attenuated activity in
the cellular assay.
The excellent fit of 1 to the active site of PKC isotypes was

also revealed by an X-ray crystal structure of 1 bound to the
catalytic domain of PKCR, which was obtained at 2.8 Å
resolution (Figure 2). 1 binds in the ATP pocket through
two hydrogen bonds with residues Glu418 and Val420 of the
hinge region of the protein. A third hydrogen bond is formed

Table 1. Enzymatic Activity of Maleimide Derivatives 2-5
a

compd PKCR PKCβI PKCδ PKCε PKCη PKCθ

2 2.3 ( 0.7 1.6 ( 0.03 8.7 ( 1.5 6.6 ( 0.9 10 ( 2 6.7 ( 0.3

3 98 ( 2 60 ( 7 207 ( 5 >315 349 ( 28 165 ( 50

4 >315 >315 >315 >315 >315 >315

5 73 ( 20 47 ( 5 183 ( 10 285 ( 29 293 ( 23 255 ( 18
a IC50 values are reported in nM as the average( SEM ofg3 experi-

ments.

Table 2. Enzymatic and Cellular Activity of Maleimide Derivatives with Different Aromatic Moieties Bridging the Maleimide with the Basic Side
Chaina

compd PKCR PKCβI PKCδ PKCε PKCη PKCθ TCR/CD28

9 15 ( 2 58 ( 1 47 ( 6 29 ( 1 47 ( 11 52 ( 1 668 ( 54

10 2.2 ( 0.4 2.1 ( 0.1 4.4 ( 0.6 5.5 ( 0.7 11 ( 1 3.3 ( 0.3 69 ( 13

11 7.1 ( 2.0 36 ( 9 97 ( 25 59 ( 4 36 ( 2 76 ( 11 277 ( 45

12 0.9 ( 0.1 1.8 ( 0.2 7.3 ( 1.3 19 ( 6 25 ( 6 4.8 ( 0.6 50 ( 12

1 2.1 ( 0.2 2.0 ( 0.1 1.3 ( 0.1 6.2 ( 0.6 6.1 ( 0.4 1.0 ( 0.1 54 ( 8

13 1502 ( 556 1268 ( 450 794 ( 219 1825 ( 691 2545 ( 1006 1382 ( 486 >3700
a IC50 values are reported in nM as the average ( SEM of g3 experiments.

Scheme 1
a

aReagents and conditions: (a) TrOCH2CH2Br, K2CO3, Bu4NI,

DMF, 60 �C, 75%; (b) (i) (1H-indol-3-yl)oxoacetic acid methyl ester,

KOtBu, THF, 0 �C to room temp, (ii) conc HCl (aq), 32%; (c)

CH3SO2Cl, NEt3, CH2Cl2, -20 �C, 57%; (d) HNMe2 (33% in EtOH),

THF, room temp, 64%; (e) 0.01 equiv of Pd(OAc)2, 0.015 equiv of rac-

BINAP, N-methylpiperazine, Cs2CO3, toluene, 100 �C, 27%; (f) NH3,

MeOH, 140 �C, 53%; (g) 1.2 equiv of (1H-indol-3-yl)oxoacetic acid

methyl ester, 5.0 equiv of KOtBu, DMF, 85 �C, 40%.
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between the distal nitrogen atom of the piperazine ring of 1
and the backbone carbonyl of Asp467 from the catalytic loop.
van der Waals interactions make a strong contribution to
the protein-ligand affinity. In particular, the hydrophobic
contacts exist between the indolyl moiety of 1 and residues
Leu345, Phe350, andVal353 from the glycine rich loop, where
the tip of the loopbends down toward 1 and the phenylalanine
side chain folds underneath it to form a complementary
surface for the inhibitor.
1 is a highly selective inhibitor of PKC isotypes, since in a

panel of selected kinases, the only enzyme that 1 inhibitedwith

IC50<1μMwasGSK3β.11However, in aGSK3β-dependent
cellular assay, 1 was active in the micromolar range only.
1 inhibited themouse and humanmixed lymphocyte reactions
(MLR, in vitro T cell immune response assays),11 with IC50 of
128 and 34 nM, respectively. For comparison, IC50 values of
cyclosporine A in mouse and humanMLR of 17 and 10 nM,
respectively, were measured. 1 is not a general inhibitor of cell
proliferation, as it affected the proliferation of mouse bone
marrow cells only in themicromolar range (IC50=3.7 μM).11

Taken together, this cellular profile indicated that 1 exerted its
immunomodulating effect via selective inhibition of early
T cell activation. In vivo efficacy of 1 was demonstrated in
the localized rat graft-versus-host model (GvH).11 Further-
more, 1, alone or in combination with adjunct immunosup-
pressive agents, prolonged rat heterotopic heart transplant
survival and cynomolgus monkey renal allograft survival.11

In summary, 1was found to be a potent and highly selective
low molecular weight inhibitor of novel and classical PKC
isotypes and was shown to be an effective inhibitor of early
T-cell activation. 1 has demonstrated efficacy in a clinical

Scheme 2
a

aReagents and conditions: (a) TIPSOCH2CH2Br, K2CO3, TBAI,

DMF, 60 �C, 84%; (b) n-BuLi, oxalic acid dimethyl ester, THF, 0 �C,
63%; (c) 2-(1H-indol-3-yl)-acetamide, KOtBu, THF, 70 �C, 49%;

(d) TBAF, THF, 0 �C, 95%; (e) (CH3SO2)2O, pyridine, THF, 60 �C,
97%; (f) HNMe2 (33% in EtOH), room temp, 70%; (g) NaH, BnBr,

Bu4NI, DMF, 93%; (h) tributylstannanylacetic acid ethyl ester, ZnBr2,

0.2 equiv of PdCl2[P(o-tolyl)3]2, DMF, 80 �C, 42%; (i) Pd/C,H2,MeOH,

room temp, 95%; (j) (CF3SO2)2O, pyridine, CH2Cl2, room temp, 89%;

(k) 0.05 equiv of Pd2(dba)3, 0.05 equiv of 2-(di-tert-butylphosphino)-

biphenyl, 1-methylpiperazine, K3PO4, THF, 80 �C, 84%; (l) formamide,

NaOMe, DMF, 105 �C, 92%; (m) (1H-indol-3-yl)oxoacetic acid methyl

ester, KOtBu, THF, room temp, 66%.

Scheme 3
a

aReagents and conditions: (a) POCl3, dimethylphenylamine, 150 �C,
81%; (b) (i) 3-oxobutyric acid ethyl ester,NaH,THF, 0 �C, then toluene,
140 �C; (ii) NH4OH, room temp; (iii) EtOAc, 76 �C, 54%. For 1: (c) (i)

1-methylpiperazine, 1-methyl-2-pyrrolidinone, 50 �C, 69%; (ii) (1H-

indol-3-yl)oxoacetic acid methyl ester, KOtBu, THF, 0 �C to room

temp, 47%. For 13: (c) (i) morpholine, 1-methyl-2-pyrrolidinone, 50 �C,
quant; (ii) (1H-indol-3-yl)oxoacetic acid methyl ester, KOtBu, THF,

0 �C to room temp, 25%.

Table 3. Pharmacokinetic Properties of Compounds 10, 12, and 1 in
Ratsa

10 12 1

Intravenous Administration (iv), Dose = 5 mg/kg

AUC¥ (ng h mL-1) 2694 4320 1629

t1/2E (h) 20.6 4.5 3.2

Cl (mL min-1 kg-1) 30.9 19.3 51.2

Vss (L/kg) 48.2 12.0 6.5

Oral Administration (po), Dose = 20 mg/kg

Tmax (h) 0.5 2.0 0.5

Cmax (ng/mL) 16.2 242 622

AUC¥ (ng h mL-1) 154 1992 2208

F (%) 1 12 34
aData reported as an average of three animals (OFA rats for 10 and 1;

Lewis rats for 12). Vehicle for iv: 75% saline (0.9%)-25% PEG400.
Vehicle for po: 75%water-25%PEG400. AUC¥: area under the curve,
extrapolated to infinity.

Figure 2. Detailed view of the X-ray crystal structure of 1 (carbons
in orange) bound to the ATP-binding site of PKCR (white, with the
glycin-rich loop in green). Hydrogen bonds formed between the
ligand and the protein are represented by dashed green lines.
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proof-of-concept study in psoriasis at well tolerated doses13

and is currently in phase II clinical trials for the prevention of
solid organ allograft rejection.

Supporting Information Available: Synthetic procedures and
characterization data for 1 and 9-13, docking study of 9 to a
PKCθ homology model, kinase selectivity profile of 1, and
biological methods. This material is available free of charge
via the Internet at http://pubs.acs.org.
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