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Small Molecule Inhibitors of Phosphoinositide 3-Kinase (PI3K) & and y
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Abstract: In recent years, pharmaceutical companies have increasingly focused on phosphoinositide 3-kinases delta
(PI3K3) and gamma (P13KYy) as therapeutic targets for the treatment of inflammatory and autoimmune diseases. All class
1 PI3-kinases (a/B/y/d) generate phospholipid second messengers that help govern cellular processes such as migration,
proliferation, and apoptosis. PI3K &/y lipid kinases are mainly restricted to the hematopoetic system whereas PI3Kao/p are
ubiquitously expressed, thus raising potential toxicity concerns for chronic indications such as asthma and rheumatoid
arthritis. Therefore, the challenge in developing a small molecule inhibitor of PI3K is to define and attain the appropriate
isoform selectivity profile. Significant advances in the design of such compounds have been achieved by utilizing x-ray
crystal structures of various inhibitors bound to PI3Ky in conjunction with pharmacophore modeling and high-throughput
screening. Herein, we review the history and challenges involved with the discovery of small molecule isoform-specific
PI3K inhibitors. Recent progress in the design of selective PI3K39, P13Ky, and PI13K&/y dual inhibitors will be presented.
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1. INTRODUCTION

The phosphoinositide 3-kinases (PI3Ks) comprise a
family of enzymes that utilize both lipid and protein kinase
activity to regulate numerous intracellular signal transduc-
tion pathways, which in turn coordinate a range of down-
stream cellular processes [1]. Based on sequence homology
and lipid substrate specificity, the PI3K family is divided
into three classes (I, Il, and I11). The class | PI3Ks have
received the most attention from the scientific community
and are further broken down into two subclasses, 1A and 1B,
both of which catalyze the phosphorylation of phosphatidyl-
inositol (4,5)-bisphosphate (PIP,) to produce the signaling
molecule phosphatidyl-inositol(3,4,5)-trisphosphate (PIP5).
The class IA isoforms, PI3Ka, PI3Kp, and PI3KSJ, are
primarily activated by protein tyrosine kinase-coupled
receptors [2], whereas the sole class 1B member, PI3Ky, is
activated by G-protein coupled receptors (GPCRs), such as
chemokine receptors [3]. PI3Ka and f are ubiquitously
expressed and play a key role in cell growth, survival, and
proliferation. This is highlighted by the fact that genetic
deletion of the catalytic subunit of either isoform results in
embryonic lethality in mice [4,5]. Thus, due to the essential
role of PI3Ka and f in maintaining homeostasis, pharma-
cological inhibition of these molecular targets has been
largely limited to cancer therapy [6-8]. In contrast to PI3Ka.
and B, the expression patterns of PI3Kd and y are mainly
restricted to the hematopoietic system. PI3Ky is widely
expressed in granulocytes, monocytes, and macrophages,
while the § isoform is also found in B and T cells. Mice
containing knockouts for the genes encoding either PI3K3d or
PI13Ky are viable and fertile but exhibit significant defects in
both innate immunity as well as adaptive responses [9].
Given this phenotype, it is possible that selective inhibitors
of PI3Kd and/or PI3Kymay prove useful in treating
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inflammatory and autoimmune disorders [9-15]. This review
summarizes the evolution of PI3Kd and PI13Ky inhibitors and
focuses on chemotypes disclosed in peer-reviewed journals
and patent applications through May 2009.

2. CHALLENGES AND STRATEGIES FOR
DESIGNING SELECTIVE PISK INHIBITORS

Due to the high sequence homology between the four
class | PI3K catalytic domains and the conserved topology of
the ATP-binding site across the human kinome, the design of
small-molecule PI3K inhibitors that exhibit a sufficient level
of isoform selectivity (8 and/or y vs. a and ) and cross-
kinase selectivity to enable oral treatment of chronic
inflammatory diseases presents a formidable challenge [16].
To aid in this endeavor, crystal structures of the PI3Ka. and
v apoproteins have been elucidated [17,18], as well as
numerous cocrystal structures for a range of ATP-
competitive inhibitors bound to the latter isozyme [19-24].
These x-ray structures reveal a multidomain organization
similar to traditional protein kinases, including an ATP-
binding site between the N- and C-lobes of the catalytic
domain. All of the known inhibitors whose binding mode has
been determined by crystallography reside in this pocket and
utilize a hydrogen bond acceptor to access a common hinge
residue, Val882 (PI3Ky numbering). This is the same
backbone amino acid that forms a hydrogen bond with N1 on
the adenine ring of ATP. Although several structurally
diverse inhibitors are able to engage in additional specific
interactions with PI3Ky (i.e. Lys833, Asp964, 11e963,
Ser860), all of the observed interactions are conserved
among the class | PI3K isozymes. To further complicate
matters, only three positions within the active site, corres-
ponding to residues Lys802, Thr886, and Lys890 in PI3Ky,
differ between all of the class | subtypes [25]. These residues
are located on the periphery of the ATP-binding site, which
suggests that rational design of isoform-specific PI3K
inhibitors based on these differences may be difficult.
However, it has recently been demonstrated that point
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mutations of two of the corresponding amino acids in PI3Ka.
(His855 and GIn859) can negatively impact the potency of
PI3Ka inhibitors, whereas reciprocal mutations in PI3Kf
(Glu858 and Asp862) have no effect on the potency of
PI3Kp inhibitors [26]. Thus, it may be possible to optimize
ylo. selectivity by designing inhibitors that stabilize inter-
actions with Thr886 and Lys890 in PI3Ky, while desta-
bilizing the corresponding interactions in PI3Ka..

By targeting inactive enzyme conformations, allosteric
sites, and gatekeeper residues, selective ATP-competitive
inhibitors of protein kinases have been identified [27].
Despite the low overall sequence homology between lipid
and protein kinases, similar strategies may allow for
selective inhibition of lipid kinases as well. In the case of
protein kinases, a ‘gatekeeper’ residue near the back of the
hinge region frequently controls access to a pre-existing
selectivity pocket [28]. For all of the class | PI3Ks, the
gatekeeper amino acid is a conserved isoleucine. Site-
directed mutagenesis of 11848, the gatekeeper residue in
PI3Ka, to either glycine or alanine severely impairs
enzymatic activity and does not improve sensitivity to
known PI3K inhibitors [29]. However, Shokat et al. have
disclosed two pyrazolopyrimidine Kkinase inhibitors that
inhibit PI3Ky by projecting underneath the gatekeeper
residue, 11e879 [23]. Several analogues of these inhibitors are
also able to inhibit a variety of tyrosine kinases (Abl, Src,
VEGF, etc.) by adopting a conformation that is accom-
modated through a rotation of the gatekeeper residue
(threonine or valine) in this family of protein kinases. These
same pyrazolopyrimidine inhibitors are inactive against a
range of serine-threonine kinases, and the authors surmise
that this is due to restricted movement of the larger gate-
keeper residue (methionine or isoleucine) in many of these
enzymes. Thus, it is possible that the isoleucine gatekeeper
within the class | PI3Ks shows more conformational
flexibility than the analogous amino acid in serine-threonine
kinases and targeting this residue may provide an oppor-
tunity to improve selectivity against proteins from the
Ser/Thr family of kinases.

Despite the numerous hurdles to identifying selective
ATP-competitive kinase inhibitors, several isoform-selective
class | PI3K inhibitors have been identified, and many of
these will be discussed in the following sections. However, it
should be noted that reported ICsps for kinase inhibitors must
be interpreted with caution when comparing values obtained
by different research groups since many factors can infl-
uence the observed inhibitory concentration (i.e. variations in
kinase construct, ATP concentration in the assay, K, of ATP
for the kinase of interest, Kkinetics of ligand binding,
compound solubility, etc.). As a consequence, it is wise to
further characterize the activity and selectivity of kinase
inhibitors in pertinent cell-based assays, since these experi-
ments can capture a range of dynamic signal transduction
pathways involving numerous kinases [30].

3. PI3K INHIBITORS DERIVED FROM NATURAL
PRODUCTS

The steroidal furan wortmannin 1 (Fig. 1) was isolated in
1957 from Penicillium wortmanni, and its structure was fully
elucidated through x-ray crystallography by researchers at
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Sandoz laboratories [31]. Although the potent anti-
inflammatory properties of 1 had been known for some time,
it was not until 1993 that its molecular target was determined
to be PI3K [32,33]. Further biochemical studies revealed that
1 functions as a mechanism-based inhibitor by forming an
irreversible covalent adduct between C-20 of its strained,
electrophilic furan ring and a lysine residue in PI3K that is
normally involved in the phosphate transfer reaction [34]. In
the case of PI3Ky, this residue is Lys833, and the covalent
interaction can be clearly observed in the cocrystal structure
of 1 bound to porcine PI3Ky (PDB ID: 1E7U) [22]. Several
oxygen atoms in the steroidal skeleton also engage the
enzyme through hydrogen bonds: the ketone oxygen of the
D-ring interacts with Val882 in the hinge region of the ATP
pocket; the A-ring carbonyl interacts with the Ser806
hydroxyl group; and both the B-ring ketone and the furan
oxygen interact with Asp964. Since all of these residues are
conserved within the class | PI3K family, it is not surprising
that 1 is unable to discriminate between the four isozymes
(ICss at 50 uM ATP: PI3Ka = 4.0 nM; = 0.7 nM; 8 = 4.1
nM; y = 9.0 nM) [35]. At higher concentrations 1 also cross-
reacts with myosin light-chain kinase (MLCK) and PI4K
[36], as well as several PI3K-related kinases, such as mTOR,
DNA-PK, ATM, and ATR [37].

Although compound 1 and related analogues have helped
to define the role of PI3K in numerous intracellular signaling
pathways, their development as viable therapeutic agents has
been limited by poor aqueous solubility and stability
(through hydrolytic ring opening of its furan), as well as high
in vivo toxicity [38]. However, researchers at Lilly revealed
that nucleophilic addition of certain secondary amines to C-
20 of the labile furan ring provides stable, ring-opened
vinylogous carbamates that retain activity against PI3K [39].
Further refinement of this series by Wipf and coworkers led
to the identification of PX-866 (2, Fig. 1), which is currently
being evaluated in phase | trials for the treatment of patients
with advanced solid tumors [40,41].

The naturally occurring flavanoid quercetin 3 (Fig. 1) is a
pan-kinase inhibitor with moderate affinity for PI3K (50 uM
ATP; PI3Ka 1Csg = 3.8 uM) [42]. Researchers at Lilly
explored substitution around the chromone core of 3 and
identified a morpholine moiety as a suitable replacement for
the catechol ring [43]. The lead compound from this study,
LY294002 (4, Fig. 1), exhibits similar PI3K inhibition (20
uM ATP; PI3Ka ICsy = 1.4 uM) as 3 but also demonstrates
significantly improved cross-reactivity against off-target
kinases (i.e. 50 uM of 4 does not inhibit PI4K, PKC, PKA,
MAPK, EGFR, or c-Src). Due to its chemical stability and
non-covalent mechanism of action, 4 is often used in place of
wortmannin to investigate the role of PI3K in various
cellular processes. However, the results of the these experi-
ments should be carefully analyzed since recent studies have
revealed that the overall selectivity of 4 towards class |
PI3Ks, PI3K-related kinases, and numerous protein kinases
may not be as high as originally thought [44].

Even though chromone 3 was used as a template to
design 4, cocrystal structures of each compound bound to
PI3Ky reveal remarkably different modes of inhibition [22].
In the case of 3 (PDB ID: 1E8W), the carbonyl of the
chromone ring is the hinge-binding element with Val882.
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LY 294002 (4)

Fig. (1). Natural product PI3K inhibitors and related analogues.

The two flanking hydroxyl groups at the 3- and 5-positions
of the chromone also make hydrogen bonds with residues
880-882 in the hinge region, and the 3’-hydroxyl group on
the catechol ring interacts with Lys833. However, in the
cocrystal structure of compound 4 (PDB ID: 1E7V), the
ligand is flipped 180° with respect to 3 so that the mor-
pholine ring can avoid a sterically disfavored interaction
with Asp964. As a result, the chromone carbonyl of 4 forms
a putative hydrogen bond with Lys833, while the oxygen
atom of the morpholine interacts with Val882 and super-
imposes onto the carbonyl oxygen of 3. Thus, the mor-
pholine ring provides a unique opportunity to introduce a
solubilizing group as a hinge-binder, and it is not surprising
that numerous PI3K inhibitors based on the arylmorpholine
scaffold have been disclosed (see section 4).

In addition to steroid 1 and flavanoid 3, the alkaloid
staurosporine (5, Fig. 1) is a natural-product inhibitor of
PI3K (Kq4 for PI3Ky =290 nM) [22]. A cocrystal structure of
5 bound to human PI3Ky (PDB ID: 1E8Z) revealed that the
lactam of the oxindole mimics the adenine ring of ATP by
forming a two-point interaction with the backbone of Val882
in the hinge region of the enzyme [21]. Unfortunately, this
mode of binding is also accommodated by numerous protein
kinases (there are 23 different kinase cocrystal structures
with staurosporine deposited in the Protein Data Bank,
www.rcsh.org/pdb). The broad-spectrum activity of 5 was
recently confirmed in a 290-kinase panel (Kg < 1 uM for
83% of the molecular targets) [45]. However, despite the
promiscuous nature of 5, Marmorstein et al. have modified

Staurosporine (5)
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Quercetin (3)

the natural product’s heteroaromatic tetracyclic core in an
effort to design PI3K-selective inhibitors. By replacing the
sugar moiety of staurosporine with an organoruthenium
scaffold, the bis-indole ring system with a pyridocarbazole,
and the oxindole ring with a succinimide, the authors
identified a potent PI3Ky inhibitor, 6 (10 uM ATP; PI3Ky
IC50 = 39 nM). This compound is 5-fold less active against
PI3Ka and demonstrates minimal inhibition (1C5o > 5 uM) of
five protein kinases (MST1, PAK1, BRAF, GSK3a, and
PIM1) from four major kinase families (STE, TKL, CMGC,
and CAMK, respectively). A cocrystal structure of PI3Ky in
complex with 6 (PDB ID: 3CST) suggests that the selectivity
of the organoruthenium staurosporine analogue may be
attributed to the N-methyl group of the succinimide moiety,
which is within van der Waals contact distance of a tyrosine
residue (Tyr867) that is conserved among the PI3K isoforms
but not present in protein kinases. Additional interactions
observed in the cocrystal structure include a hydrogen bond
between the succinimide carbonyl and the backbone amide
of Val882 in the hinge region. The phenol moiety of the
ligand serves as a hydrogen bond donor for the carbonyl of
Val882, while simultaneously functioning as a hydrogen
bond acceptor for Asp884. In regards to the organoruthenium
scaffold, the CO ligand is within bonding distance of both
the main chain amide nitrogen and side chain hydroxyl of
Thr887, while the dihydroxy-tert-butyl amide attached to the
Cp ligand is directed towards a solvent channel. The authors
suggest that this region of the molecule may provide an
opportunity to improve isoform selectivity since the solvent
exposed boundary of the ATP pocket contains the greatest
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variation of amino acid residues among the class |1 PI3K
enzymes.

4. PI3Kd INHIBITORS

Quinazolinones and Related Derivatives

Whereas the natural products discussed in the previous
section display limited selectivity for the individual PI3K
isoforms, the xanthine alkaloid theophylline 7 (Fig. 2)
preferentially inhibits PI3K9 (ICses at 100 uM ATP: PI3Kd
=75 uM; o =400 uM; B = 400 uM; y = 1 mM) [46]. The N-
methylated congener, caffeine 8, also exhibits a similar
profile. Although the 5-fold isoform selectivity displayed by
7 and 8 is encouraging, weak inhibition of PI3Kd limits their
utility as leads for medicinal chemistry programs. However,
researchers at ICOS have disclosed a series of quinazolinone
P13Kd-selective inhibitors that bear structural characteristics
reminiscent of the xanthine alkaloids [47,48]. A well
characterized compound from this series, IC87114 (9, Fig. 2)
exhibits high in vitro selectivity (100- to 1000-fold) for
PI3Kd over the other PI3K isozymes (ICsos at 10 uM ATP:
PI3Kd = 0.13 uM; ¢ > 200 uM; B = 16 uM; y = 61 uM),
does not inhibit several related lipid kinases (ICsq > 100 uM
for class Il and class 111 PI3Ks, Pl4Ks, PIKKs, PIPKs), and
is remarkably clean against a panel of 36 diverse protein
kinases (<20% inh at 10 uM) [24,49,50]. This unique
selectivity profile has enabled researchers to utilize 9 as a
tool for deciphering the role of PI3Kd in leukocytes. For
instance, Sadhu et al. demonstrated that pre-treatment of
neutrophils with 9 blocked both fMLP- and TNF1a-induced
superoxide production and elastase exocytosis, whereas
PMA and FcyR-stimulated superoxide generation were
unaffected [51]. Further experiments using neutrophils
treated with 9 revealed that PI3Kd also regulates the ampli-
fication of PIP3 levels that lead to neutrophil polarization and
directional migration [49]. Given the clear importance of
PI3K3 in coordinating neutrophil activation and chemotaxis,
it is encouraging that administration of 9 (32 mg/kg, ip)
blocked TNFla-stimulated elastase exocytosis and neutro-
phil migration in a mouse air pouch model of inflammation
[51]. Compound 9 was also effective in a neutrophil-depen-
dent murine K/BxN serum transfer model of inflammatory
arthritis [52]. In this model, mice containing a genetic
deletion in either p110d or pl10y showed a statistically
significant reduction in paw swelling and histologic score
(14 days after administration of autoreactive antibodies)
compared to wild-type animals. Mice deficient in both p1103
and pl110y (p110yd7/) developed even less paw edema, and
histological evaluation of joints from these animals revealed
almost no sign of inflammation and bone or cartilage
erosion. Administration of 9 (20 mg/kg, po TID) to wild-
type mice resulted in decreased induction and progression of
joint deterioration in a manner similar to pl11087/ mice,
whereas treatment of pllOy"' mice with 9 completely
reversed disease pathology. Taken together, the results of
genetic and pharmacological inhibition of PI3Kd and vy
suggest that selective inhibitors of either isoform can help
alleviate the symptoms of rheumatoid arthritis, but dual
inhibition may provide superior clinical outcomes.

Mast cells release inflammatory mediators that play an
important role in initiating and maintaining allergic respon-
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ses [53]. Ali et al. have reported that bone marrow mast cells
derived from mice expressing a loss-of-function allele for
p1108 (p1108°°*%) exhibit significant defects in SCF-
stimulated in vitro proliferation, adhesion, migration, and
allergen IgE-induced degranulation and cytokine release
[54]. Furthermore, in a mast cell-dependent model of passive
cutaneous anaphylaxis (PCA), p1108°”°* mice displayed a
significant reduction (70%) in vascular permeability com-
pared to wild-type animals from the same genetic back-
ground [55]. Treatment of wild-type mice with compound 9
(30 mg/kg, 1h before Ag challenge) diminished vascular
permeability by 40%. Interestingly, mice containing a
genetic deletion for p110y do not exhibit reduced allergic
responses in this model, despite strong evidence that PI3Ky
plays an important role in mast cell degranulation in vitro
[55,56]. The ability of 9 to reduce vascular permeability in
vivo was also observed in a mouse ovalbumin model of
asthma and could be correlated with a decrease in expression
of VEGF and hypoxia-inducible factor 1o (HIF-1a) [57].
Intratracheal administration of 9 (1 mg/kg, 1h before 1°
OVA challenge, day 21, and 3h after last OVA challenge,
day 23) to mice with OVA-induced bronchial asthma also
reduced several markers of allergic airway inflammation
(lung tissue eosinophilia, airway mucus production, peri-
bronchial/perivascular inflammation score) and suppressed
airway hyperresponsiveness to inhaled methacholine [58].
Thus, based on data from a variety of pre-clinical disease
models, it appears that selective inhibition of PI3Kd may be
an attractive strategy for the treatment of asthma in humans
[59].

Although cancer therapies targeting the PI3K pathway
have typically focused on inhibition of the o and/or
isoforms, PI3KJ is the only isozyme consistently expressed
at a high level in blast cells from patients with acute myeloid
leukemia (AML) [60]. Treatment of these malignant cells
with 9 (10 uM) completely blocked Flt-3-induced cell
proliferation, whereas the same concentration of inhibitor
had no effect on the proliferation of normal hematopoietic
progenitor cells. This suggests that selective inhibition of
PI3Kd may provide an opportunity to effectively treat
patients with AML, while minimizing the toxicities asso-
ciated with traditional oncolytics. In June 2009, Calistoga
Pharmaceuticals (which formed as a spin out of ICOS’
PI3Kd program [61]) reported that oral administration of
CAL-101, a compound with 40- to 300-fold selectivity for
delta over the other PI3K isoforms, resulted in partial clinical
responses in 12 of 24 patients with advanced hematologic
malignancies [62]. Partial response was defined as a decrease
of at least 50% in tumor burden. CAL-101 was also utilized
in a Phase | allergic rhinitis trial (100 mg BID for 7 days),
but results from this investigation are still pending [63]. In
addition to CAL-101, Calistoga plans to pursue cancer as an
indication for CAL-120, a dual PI3K&/p inhibitor and also
initiate Phase | trials with CAL-263, a PI3KJd-selective
inhibitor, for the treatment of patients with inflammatory
diseases [62].

PIK-39 (10, Fig. 2) is a mercaptopurine analogue of 9
that displays a similar level of isoform selectivity for PI3Kd
(ICsos at 10 uM ATP: PI3Kd = 0.18 uM; o > 200 uM; B =
11 uM; y = 17 uM) [24]. Knight et al. have published a
cocrystal structure of 10 bound to PI3Ky (PDB ID: 2CHW),
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Fig. (2). Quinazolinones and related PI3K$ inhibitors.

and the inhibitor appears to adopt a non-planar orientation in
which the mercaptopurine and quinazolinone rings are nearly
orthogonal to each other [24]. In this binding mode, N3 and
N9 of the purine ring form hydrogen bonds with the
backbone amides of Glu880 and Val882, respectively, in the
hinge region. In order to accommodate the bulky quina-
zolinone moiety, the enzyme must undergo a conformational
change in the loop between Met804 and Trp812 and induce
the formation of a hydrophobic cavity at the entrance to the
kinase active site. Given the poor affinity of compound 10
for PI3Ky, there is probably a large energetic penalty
associated with this reorganization, and the exquisite o-
selectivity of 10 may be attributed to differential confor-
mational mobility in this region of the protein among the
four class | isoforms. In support of this theory, site-directed
mutagenesis of Met752 in PI3Kd (which corresponds to
Met804 in PI3Ky) to an amino acid (valine or isoleucine)
that would be expected to restrict the conformational
flexibility of the hydrophobic loop results in a 100-fold loss
in inhibitor potency [24]. Interestingly, the recently disclosed
crystal structure of the PI3Ka catalytic subunit (PDB ID:
2V1Y) reveals that the loop between residues 771 and 779
(which corresponds to residues 803 to 811 in PI3Ky) adopts
a conformation that is distinct from the analogous hydro-
phobic loop in PI3Ky [64]. The authors docked 10 in the
ATP pocket of PI3Ka and observed that the ligand clashes
with Met772 (the equivalent of Met804 in PI3Ky) and can
not be accommodated by a change in the loop conformation.
Thus, it appears that compound 10 may function in a similar
manner to imatinib, by binding to a structurally dynamic
region of the target enzyme and stabilizing a single

conformation [65]. It has been suggested that the ‘Met804
down’ conformation is the PI3K equivalent of the ‘DFG out’
orientation in protein kinases [66], and it remains to be seen
whether targeting this motif will prove to be a general
strategy for improving PI3KJd selectivity.

Despite the obvious differences in shape and hydrogen
bonding orientation between a mercaptopurine and adenine
ring, molecular modeling of quinazolinone 9 within PI3Ky
predicts a similar binding mode to 10 [24]. Interestingly,
neither of these inhibitors appears to occupy a “deep affinity
pocket” in the back of the ATP-binding site. However, by
converting the purine ring of 9 into an isosteric pyrazolo-
pyrimidine, it was anticipated that the incorporation of
substituents at C-3 would allow access to the desired region
between Tyr867 and Asp964. Indeed, the introduction of a
phenol moiety provided PIK-294 (11, Fig. 2), an inhibitor
that is 100-fold more active against all of the PI3K isoforms
than purine 9 (ICses at 10 uM ATP: PI3Kd = 0.01 uM; a =
10 uM; B = 0.49 uM; v = 0.16 uM) [24]. This compound
retains the same level of PI3Kd-selectivity as 9 and suggests
that quinazolinones 9-11 bind to all of the PI3K isoforms in
a conserved manner. Knight et al. have filed several patent
applications describing 11 and related pyrazolopyrimidines
as PI3K inhibitors [67-69]. Eli Lilly has also disclosed a
similar series of pyrimidinone-based PI3Kd inhibitors, of
which adenine 12 (K;s for PI3Kd = 0.04 uM; y = 7.5 uM; a
= 58 uM; B = 5.0 uM) and mercaptopurine 13 (ICso = 1.2
uM in fMLP-induced elastase exocytosis from neutrophils)
are representative examples [70,71]. Researchers at the
Chemical Diversity Research Institute have identified PI3K
inhibitors comprised of a bicyclic pyrimidinone core, and
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furanopyrimidinone 14 is reported to be a PI3Kd-selective
inhibitor (1Cses for PI3Kd = 1.2 uM; y =71 uM; a = 13 uM;
B =80 uM) [72]. Quinoline 15 is a PI3KJ inhibitor (ICsy =
105 nM) exemplified in a recent patent application from
Amgen [73]. Although procedures for assessing inhibitor
selectivity in numerous enzymatic and cellular assays are
described, only data from a PI3Kd enzymatic assay is
provided.

Pyrimidinylmorpholines

In 2006, Astellas Pharma reported a morpholino-
thienopyrimidine 16 (Fig. 3), which was discovered through
a high-throughput screening campaign to find PI3Ka
inhibitors [74]. In an effort to improve the poor physi-
cochemical properties of 16, scientists at Piramed and
Genentech (both later acquired by Roche) subsequently
identified indazole 17 [75]. Although this compound was
originally described as a PI3Ka-selective inhibitor, it was
later revealed that 17 is also equipotent against PI3Kd with

()
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10- to 20-fold selectivity over the  and y isoforms (ICsgs at
1 uM ATP: PI3BK& =3 nM; =3 nM; $ =33 nM; y =75
nM) [76]. The compound exhibited acceptable oral bio-
availability in several species (mouse = 77%, rat = 30%; dog
= 71%; monkey = 20%) and also demonstrated a dose-
dependent reduction of tumor growth in a human U87-MG
glioblastoma xenograft model in mice. Due to this
impressive preclinical profile, compound 17 has progressed
into Phase 1 trials for the treatment of metastatic solid
tumors [77] and non-Hodgkin lymphoma [78]. A cocrystal
structure of 17 with PI3Ky (PDB ID: 3DBS) reveals a
binding mode reminiscent of chromone 4; the morpholine
interacts with the hinge Val882 amide, while the indazole
nitrogens are within close proximity to Tyr867 and Asp841.
The piperazine portion of the molecule resides in the solvent
exposed region, and the oxygens of the sulfonamide are
within hydrogen bonding distance of the side chain of
Lys802 and the backbone amide of Ala805. Related bicyclic
and monocyclic-pyrimidinylmorpholines (example structures
18-24) were disclosed in more recent Piramed/ Roche

E]

(GG @“r“i?

16 GDC-0941, (17) 18

Fig. (3). Pyrimidinylmorpholine PI3K3 inhibitors.
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patents [79-85]. While no isoform specific data is presented,
it is stated that the compounds exhibit some selectivity for
the p110d isoform.

5. PI3K&/y DUAL INHIBITORS

Morpholinothiazoles

The cocrystal structure of chromone 4 bound to PI3Ky
served as a template for pharmacophore modeling and
screening of commercial compound databases by scientists at
UCB [86]. This resulted in the identification of a 2-
morpholino fused thiazole 25 (Fig. 4) with pan-PI3K activity
(ICs0s: PI3Kar = 1.3 uM; $ = 0.69 uM; 6 = 0.70 uM; y = 3.5
uM). Structure-activity relationship studies demonstrated the
importance of dimethyl substitution on the cyclohexanone
ring. Additionally, a complete loss in activity was observed
when the morpholine was replaced by a piperidine,
suggesting that the binding mode in the active site of PI3Ky
was similar to that of morpholine 4. Further evaluation of the
core led to the identification of lactam 26 with greater than
10-fold improvement in activity at PI3K «, y, and &
(ICs0s: PI3Kaw = 59 nM; g = 1006 nM; & = 18 nM; y = 31
nM) [86,87]. The in vivo potency of 26 was assessed
utilizing a U87-MG xenograft model in nude mice. After a
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single dose (200 mg/kg, po), this compound demonstrated a
65% decrease in pAKT at 1h and a 32% decrease at 6h in an
ex vivo analysis of the tumor. Furthermore, dosing of 26
(100 mg/kg, po BID) resulted in a 31% reduction in tumor
growth (T/C value) after 15 days. An x-ray cocrystal
structure of 25 with PI3Ky (PDB ID: 3DPD) prompted a
second publication from UCB describing the effects of
fusing the morpholine to an aryl ring, thus allowing for an
edge-face interaction with Trp812 while maintaining the
hinge interaction of the morpholine oxygen with Val882
[88]. Compounds containing the aforementioned benzomor-
pholine were synthesized in both the ketone and lactam
series. The presence of the 6-phenyl benzomorpholine in the
lactam series significantly improved activity against both the
PI3Ky and PI3KJ isoforms, providing greater than 50-fold
selectivity over PI3Kp (ICsps for 27a: PI3Ka = nd; p = 3.7
uM; 8 = 0.05 uM; y = 0.08 uM). The analogous compound
in the ketone series (27b) showed improved affinity for only
PI3K9 (ICsps: PI3Ka = 2.7 uM; g = 8.0 uM; 6 = 0.08 uM; y
= 0.85 uM). Further optimization of the aryl substituent
resulted in N-methylpyrazole 28 (ICsgs: PI13Ka = 0.30 uM;
= 0.54 uM; & = 0.03 uM; y = 0.08 uM) and pyridazine 29
(ICsps: PI3Ka = 0.29 uM; B = 0.34 uM; 6 = 0.05 uM; y =
0.05 uM), with 5- to 15- fold selectivity for the y/d isoforms
over o/f [88,89]. Due to their high oral exposure and low
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Fig. (4). 2-Morpholinothiazole PI3K&/y inhibitors.
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clearance, these compounds were examined in a T-cell
activation model in rats. Inhibition of IL-2 release into the
blood after activation of T-cells by anti-CD3 was measured
after oral dosing to give EDsgs of 25 and 15 mg/kg for 28
and 29, respectively. Further improvements in in vivo
efficacy were attributed to the increased cellular activity and
reduced protein binding of pyrazole 30, which demonstrated
an EDsgy of 5 mg/kg in the same CD3-induced IL-2 release
study in Lewis rats [90]. Additional compounds from this
class have been revealed by UCB in the patent literature,
although no activity data was disclosed (31-34, Fig. 4) [91-
93].

Pteridines

With the primary goal of identifying compounds that
could be used to treat acute myocardial infarction by
inhibiting VEGF-induced vascular leakage, researchers at
TargeGen prepared a library of compounds containing an
ATP-binding element (i.e. aminoheterocycles) fused to a
phenol moiety [94]. It was anticipated that the phenol would
mimic a common structural motif of flavanoids, which are
known to have vascular protective properties, and the
aminoheterocycle would bind to any of the numerous kinases
involved in the complex signal transduction pathways that
regulate vascular permeability. Although phenols are often
considered a metabolic liability in drug leads, a quick onset
of action and rapid clearance may be a desirable property in
therapies that treat acute indications such as myocardial
infarction. A Miles assay, in which compound is injected
into rats prior to sequential administrations of Evans blue
and VEGF, was used as an in vivo screen to evaluate the
ability of the library compounds to inhibit VEGF-induced
vascular leakage. In general, compounds containing an
aminopyrimidine or pyridinopyrazine scaffold showed the
most efficacy, and TG100-115 (35, Fig. 5) was selected as a
lead. Subsequent profiling against a panel of 140 kinases
revealed that compound 35 is a PI3Ky/d dual inhibitor (ICsqs
at 10 uM ATP: PI3Ky =83 nM; 6 = 235 nM; a = 1300 nM;
B = 1200 nM). Remarkably, 35 did not significantly inhibit
any of the other 136 protein kinases tested (<50% inh at
1uM). Additional structure-activity relationship studies
indicated that the phenol attached to the 6-position of the
pteridine is required for activity, whereas the aromatic ring
in the 7-position is not essential. However, removal of this
substituent had a detrimental effect on the PI3K isoform
selectivity of 36 (ICses: PI3Ky =50 nM; & = 24 nM; o = 165
nM; B = 215 nM) [95]. The position of the meta-hydroxyl

OH
NH, O NH,
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NT X NTX
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TG100-713, (36)

TG100-115, (35) ©OH

Fig. (5). Pteridine-based PI3Kd/y dual inhibitors.
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group also appears to be important, since des-hydroxy and
para-hydroxy analogues of 35 and 36 were all 30-fold less
active against PI3Ky. An indole ring can serve as a
bioisostere for the phenol in 36, but not without a substantial
loss in selectivity against PI3K( (ICsps for 37: PI3Ky = 85
nM; 8 = 64 nM; a = 1200 nM; g = 107 nM). Molecular
modeling studies indicate that the superior isoform
selectivity of 35 relative to 36 and 37 may be attributed to
decreased rotational freedom of the aromatic rings attached
to the pteridine core [95].

In addition to attenuating VEGF-induced vascular
permeability in vivo, compound 35 demonstrated a cardio-
protective effect in a rodent model of myocardial infarction
[95,96]. In this disease model, occlusion of the left anterior
descending coronary artery creates an ischaemia/reperfusion
(I/R) injury to the rat myocardium. A single bolus dose of 35
(0.5 mg/kg, i.v.) delivered at 60 minutes post-reperfusion
provided a 50% reduction in infarct area after 22 hours. This
cardioprotective effect was also reproduced in a porcine
model of myocardial infarction. Due to the encouraging pre-
clinical efficacy of 35, TargeGen initiated a Phase I/l
clinical trial in 2005 to evaluate an intravenous delivery of
this compound to patients who suffer a heart attack and
undergo angioplasty to restore blood flow [97]. No results of
the study have been reported, and a recent publication from
TargeGen revealed that intranasal administration of 35 was
effective in murine models of asthma and COPD, suggesting
that TargeGen may be considering an alternate indication(s)
for this compound [98].

6. PI3Ky INHIBITORS

Thiazolidinones

Serono has published extensively on a series of PI3Ky
inhibitors comprised of  vinylthiazolidinedione and
vinylrhodanine scaffolds (38-40, Fig. 6) [20, 99-101]. The
original leads for these series were identified using a
proprietary substructure analysis of low affinity inhibitors
derived from a PI3Ky high-throughput screening campaign
[20]. Since several thiazolidinediones (also called glitazones)
are well established hypoglycemic agents [102], promising
compounds were frequently counterscreened against various
peroxisome proliferator-activated receptors (PPAR a, v, )
early in the discovery program. Subsequent optimization
through synthetic chemistry provided AS-252424 (38),
which exhibits greater than 300-fold selectivity for PI3Ky

OH / NH

TG100-110, (37)
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over the class | isozymes (ICsps: PI3Ky = 33 nM; a = 935
nM; B = 20000 nM; 6 = 20000 nM). Compound 38 is also
remarkably clean against a panel of serine/threonine and
tyrosine kinases (ICso > 10 uM for 78/79), with the notable
exception of casein kinase 2 (ICsp = 20 nM). Structure-
activity relationship studies demonstrated that the 4-fluorine
substituent on the aromatic ring is not important for PI3Ky
activity but does provide a 3-fold improvement in selectivity
against PI3Ka. A cocrystal structure of 38 bound to PI3Ky
revealed two specific protein-ligand interactions: 1) a salt-
bridge between the side chain amine of Lys833 and the
nitrogen atom of the thiazolidinedione ring, and 2) a
hydrogen bond between a backbone NH of Val882 and the
2-hydroxy group on the phenol ring [20]. Despite the high
clearance (2.3 L/kg*h) and short oral half-life (t;, = 1 h) of
38 in rats, oral dosing (10 mg/kg) of this compound in a
mouse model of thioglycollate-induced peritonitis resulted in
a 35% reduction of neutrophil recruitment. This is nearly
identical to the phenotype observed in PI3Ky-deficient mice
[21].

Although compound 38 provides proof that PI3Ky-
selective inhibitors can be identified, poor pharmacokinetic
properties limit its utility in preclinical disease models. In
order to improve bioavailability, the phenol moiety was
replaced with a quinoxaline ring to provide AS-605240 (39,
Fig. 6). This compound exhibits 8- to 40-fold selectivity for
P13Ky over the other class | PI3K isoforms (ICses: PI3Ky = 8
nM; a = 60 nM; f = 270 nM; 6 = 300 nM) and minimal
cross-reactivity against protein kinases (3 of 38 >50%
inhibition at 1 uM) [21]. A cocrystal structure of quinoxaline
39 with PI3Ky (PDB ID: 2A5U) revealed a similar binding
mode as furan 38, except instead of the phenol oxygen
serving as a hinge-binding element, N1 of the pyrazine ring
forms a hydrogen bond with Val882. More importantly, the
pharmacokinetic profile of 39 is sufficient to enable its use in

F
0
HO o S//<
/ NH
A~
0

41 cl

Fig. (6). Thiazolidinone P13KYy inhibitors.
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rodent disease models. For instance, therapeutic dosing
(begun once disease was established) of 39 (50 mg/kg, po,
BID) in a murine aCll-induced arthritis model significantly
reduced clinical and histological signs of joint inflammation
[21]. Similarly, in a mouse model of collagen-induced
arthritis (CIA), 39 prevented arthritis progression when
administered at disease onset (semitherapeutic dosing) and
reversed disease symptoms (i.e. synovial inflammation,
cartilage erosion, paw thickness) when dosed therapeutically
[21]. Histological analysis also revealed that both dosing
protocols reduced neutrophil infiltration into arthritic joints
by 50%. In addition to rheumatoid arthritis, 39 has demon-
strated efficacy in murine models of atherosclerosis [103]
and lupus [104]. Clearly, thiazolidinedione 39 has proven to
be a valuable chemical probe for assessing the pharmacology
associated with inhibition of PI3Ky. The results of these in
vivo experiments, together with data from studies involving
P13Ky knockout mice, suggest an important role for PI3Ky in
the pathophysiology of inflammation and autoimmune
disease.

In a recent patent application from TargeGen, quina-
zoline 41 (Fig. 6) and related thiazolidinediones are
described as PI13Ky/a dual inhibitors (i.e. 1Csgs for 41: PI3Ky
= 15 nM; PI3Ka = 11 nM) [105]. In 2004, researchers at
Warner-Lambert (now Pfizer) disclosed a series of
benzoxazin-3-one and benzoxazine thiazolidinones (42-43,
Fig. 6), several of which inhibit PI3Ky [106,107]. Although
activity against other PI3K isoforms was not reported in
these patent applications, subsequent characterization of
PIK-124 (42) revealed cross-reactivity towards PI3Kq, and
PI3K3 (ICsos at 10 uM ATP: PI3Ky =54 nM; a. = 23 nM; B
= 1100 nM; & = 340 nM) [24]. Compound 42 also displays
strong affinity for two class Il PI3K enzymes, PI3KC2a
(ICsp = 0.14 uM) and PI3KC2p (ICso = 0.37 uM). However,
despite the poor selectivity of 42 towards lipid Kinases, this

PIK-124, (42) 43
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compound failed to demonstrate any significant activity
(<20% inhibition at 10 uM) against a panel of 36 protein
kinases. Pfizer later disclosed that rhodanine-based com-
pounds structurally related to 42 exhibited sub-micromolar
activity in a cellular assay measuring inhibition of super-
oxide formation by human neutrophils following stimulation
with fMLP [108]. Furthermore, several of these inhibitors
displayed in vivo efficacy (>40% inhibition of leukocyte
infiltration) when dosed in an E. coli-induced peritoneal
inflammation mouse model at 100 mg/kg po.

2-Aminothiazoles

Novartis first reported the 2-aminothiazole 44 (Fig. 7) as
a selective PI3Ky inhibitor in 2003 [109]. Since that time,
over 10 patents and publications have emerged from
Novartis, thereby establishing their presence as one of the
leaders in the development of PI3Ky inhibitors. Compound
44 was initially reported to have a PI3Ky 1Cso of 2 nM [110]
and was later shown by Knight et al. to inhibit all of the class
1 PI3K isoforms (ICsqs at 10 uM ATP: PI3Ky = 16 nM; a =
39 nM; B =590 nM; & = 120 nM), as well as PI4KIIIB (ICsq
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=19 nM) [24]. The cocrystal structure of 44 bound to PI13Ky
(PDB ID: 2CH7) displays hydrogen bonding interactions
between the 2-acetamidothiazole and both the backbone
amide NH and carbonyl of Val882. The sulfonamide makes
a third hydrogen bond with Asp964 [24]. Novartis continued
to expand on this series of compounds in several patent
applications spanning 2005-2008 [110-114]. Isoform
selectivity data was provided for the urea 45 (1Css: PI3K y
=16 nM; a = 3018 nM; 6 = 626 nM) [110]. Interestingly, this
scaffold was also utilized to generate PI3K3 inhibitors [115].
As disclosed in WO008000421, compound 46 potently
inhibits PI3K9 (ICso = 5 nM) and also attenuates B-cell
proliferation in vitro (ICso = 15 nM). The most recent patent
application from Novartis describes select 5-phenyl-2-
aminopyrimidines with PI3Ky activity, as exemplified by
sulfonamide 47 (PI3Ky 1Cso = 4 nM) [116].

Boehringer Ingelheim has focused their efforts on
tricyclic 2-aminothiazoles [117-119] and most recently
disclosed a series of thiazolyl-dihydro-indazoles (48, Fig. 8)
with activity against PI3Ky (ICss < 600 nM) [120].
Additional 2-aminothiazoles have been reported by Vertex
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Fig. (8). 2-Aminothiazole PI3Ky inhibitors (Boehringer Ingelheim, Vertex, Chroma, Serono).
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(49) and Chroma (50) with activities in a PI3Ky enzymatic
assay of 1Csg < 0.10 uM and 0.10 < ICsy < 1.0 uM, respec-
tively [121,122]. Serono has also described aminothiazoles
as PI3Ky inhibitors, of which bis-thiazole 51 is shown as a
representative example [123,124].

Miscellaneous 2-Aminoheterocycles

In addition to the aforementioned 2-aminothiazoles, a
variety of 2-aminoheterocycles have been explored as PI3K
inhibitors. Specifically, Boehringer Ingelheim [125], Pfizer
[126], Bayer [127], and Novartis [128] have all disclosed
fused 2-aminopyrimidine scaffolds with limited activity data
for PI3Kyin their respective patents. The structures of
examples 1 from the corresponding patent applications are
shown in Fig. 9 (52-55). Quinoxaline 56, developed by
Serono, is reported to inhibit PI3Ky with an 1Csy of 56 nM
and demonstrate activity in blocking SCF-induced AKT
phosphorylation in human peripheral blood mononuclear
cells (IC5y = 1.19 uM). Inhibition of IgM-induced AKT
phosphorylation in mouse bone marrow mast cells was also
reported at an ICs of 21 nM for 56. Additionally, dosing of
56 (30 mg/kg po) in a murine passive cutaneous anaphylaxis
model resulted in an 84% inhibition of vascular permeability
[129].
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Fig. (10). Amidotetrazole P13Ky inhibitors.
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Warner-Lambert has described a series of amidotetrazole
PI3K inhibitors, including the cycloheptyloxy derivative 57
(Fig. 10), which exhibits a PI3Ky 1Csy of 0.197 uM [130].
This compound elicited anti-inflammatory activity at 30
mg/kg QD in a murine collagen induced arthritis model,
resulting in a reduction in paw edema by 52% and clinical
score by 35%. Compound 57 also demonstrated an I1Ds, of
16.3 mg/kg in a streptococcal cell wall-induced edema model
in rat. Unfortunately, glucose dysregulation at high doses in
a rat toxicology study precluded further development of 57
[131]. This compound was later stated to be a non-specific
inhibitor of the PI3Ks, although data detailing the affinities
for the class 1 isoforms is not available. Earlier patent
applications from Warner-Lambert also disclose benzo-
furanyl and benzothiophene amidotetrazoles as inhibitors of
PI3K. For example, 58 and 59 inhibited PI3Ky activity with
1C50s 0f 0.69 and 0.25 nM, respectively [132-134].

Finally, both Novartis and Cellzome have divulged
various 6,5-fused heterocycles in the recent patent literature.
While Cellzome [135,136] has focused on triazoles (60, Fig.
11), a 2009 Novartis patent application discloses multiple
heterocycles [137]. Compounds 61-68 are active at PI3Ky

.with 1Csqs of 60, 7, 12, 27, 884, and 640 nM, respectively.
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Fig. (11). 6, 5-Fused heterocycles as PI13Ky inhibitors.

nM; B = 1682 nM; § = 1353 nM) and 68 (ICses: PI3Ky =
1223 nM; a = 63 nM; B = 240 nM; 6 = 103 nM) are repre-
sentative structures from two additional Novartis patent
applications [138,139].

7. CONCLUDING REMARKS

The clear clinical and commercial success of imatinib
(Gleevec) has helped to validate the development of protein
kinase inhibitors as anti-cancer agents. However, due to the
conserved topology of the ATP-binding site across the
human kinome, the design of small-molecule inhibitors that
exhibit a sufficient level of cross-kinase selectivity to enable
oral treatment of chronic inflammatory diseases remains an
elusive goal. A variety of genetic and pharmacologic tools
have defined clear roles for PI3Kd and PI3Ky in leukocyte
trafficking and immune responses, and the last several years
have witnessed a flurry of activity within the pharmaceutical
industry to identify selective inhibitors of these lipid kinases.
Although most of the known PI3K inhibitors were originally
identified from natural product leads or high-throughput
screening campaigns, recent x-ray cocrystal structures of
several structurally diverse compounds bound to PI3Ky may
greatly facilitate the rational design of future isoform-
selective PI3K inhibitors. However, despite the tremendous
effort already expended by the pharmaceutical industry,
there are no reports of PI3Ky-specific compounds
progressing to the clinic, and limited examples with PI3K-
selective or PI3Kd/y dual inhibitors. This may reflect the
inherent difficulty in identifying the optimal balance of
PI3K-isoform selectivity (y and/or & vs. a and ) for
achieving in vivo efficacy with minimal side effects. The
therapeutic window is further diminished by the need to
attenuate the activity of these ATP-competitive inhibitors
against off-target protein kinases. As a result, the choice of
which disease indication to pursue in a clinical setting may
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vary greatly based on the overall potency, selectivity, and
pharmacokinetic profile of the individual PI3K inhibitor. It is
anticipated that these factors will be delineated over time as
the many ongoing PI3K programs begin to mature.
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