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Abstract: Phosphoinositide 3-kinases (PI3Ks) play an essential role in the signal transduction events initiated by
the binding of extracellular signals to their cell surface receptors. There are eight known PI3Ks in humans, which
have been subdivided into three classes (I-111). The class 1 of PI3K comprises the p110a, p110b and p110d
isoforms, which associate with receptor tyrosine kinases (RTKs). On the other hand, the class Ig PI3K p110gis
regulated by G-protein-coupled receptors (GPCRs). Gene targeting studies in mice have revealed specific biological
functions for the class 1a p110d in lymphocyte activation, and the class Iz p110gin inflammatory cell responses. In
human cancer, recent reports have described activating mutations in the PIK3CA gene encoding pll0a, and
inactivating mutations in the PTEN gene, a tumor suppressor and antagonist of the PI3K pathway. Thus, individual
PI3K isoforms are potential drug targets for a variety of human diseases, including allergies, cancer, rheumatoid
arthritis and arterial thrombosis. In this review, we will discuss recent patents relating to class | PI3Ks, including
patents on the cDNA sequences of p110g and p110d. Moreover, we will review patents on novel pharmacological

PI3K inhibitors and on methods of manipulating T cell responses through PI3K.

Keywords: Phosphatidylinositol 3-kinase, Akt, receptor tyrosine kinase, G-protein-coupled receptor, cancer, inflammation,

rheumatoid arthritis, allergy.

INTRODUCTION
PHOSPHOINOSITIDE 3-KINASES

The phosphoinositide 3-kinases (PI3K) are a family of
evolutionary conserved lipid kinases, which play a crucial
role in controlling a wide variety of intracellular signaling
events. PI3Ks phosphorylate phosphatidylinositol (PI) on
the D-3 position of the inositol ring, producing distinct
second messengers such as PI(3)P, P1(3,4)P, and PI(3,4,5)P;
(PIP3) [1]. These second messengers are known to activate
diverse target proteins involved in complex signaling casca-
des, ultimately resulting in the activation of cellular respon-
ses including growth, proliferation, survival and motility.

The family of PI3Ks identified in various species can be
subdivided into three main classes (class I-111), based on
structural similarity and in vitro substrate specificity [1]
(overview given in Fig. (1)). Class la includes pli0a,
p110b, and p110d, which are known to form a heterodimeric
complex with a p85, p55, or p50 (a or b) regulatory
subunit. This adapter subunit contains two Src-homology 2
(SH2) domains mediating their association with activated
tyrosine kinase-coupled growth factor receptors [1]. PIPs
produced by class I. PI3Ks activates the protein kinase
phosphoinositide-dependent  protein  kinase-1  (PDK1),
inducing the recruitment and activation of the key signal
transducer protein kinase B (PKB)/Akt [2]. Akt is involved
in regulating the cell cycle and glucose metabolism
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through glycogen synthase kinase-3 (GSK3) [3] and in
modulation of cell growth and survival. Moreover, Akt
controls the translational machinery through the mammalian
target of rapamycin (mTOR), the ribosomal protein S6
kinase (S6K) and the 4E-binding protein (4E-BP) [4].
Downstream events controlled by Akt further include the
control of apoptosis through the regulation of proteins such
as forkhead (FKHR), BAD, NF-kB and murine double
minute gene-2 (MDM-2) [5] (overview given in Fig. (2)).
Expression studies of the class In PI3K isoforms have
revealed a ubiquitous distribution of the subunits p110a and
pl110b in human tissues, whereas pl110d appears to be
selectively expressed in leukocytes [6-8].

The class Ig of PI3Ks is composed of one enzyme only,
p110g, which functions through heterodimer formation with
a regulatory subunit p101 [9] or p84 [10]. Activation of
pl10g is controlled by receptors capable of activating
heterotrimeric guanine nucleotide-binding proteins, termed
G-protein coupled receptors (GPCRs) [9]. The PI3K p110g
is thought to link GPCR signaling to PIP; production,
which controls cell motility in inflammatory cells such as
macrophages and neutrophils [11] (Fig. 3).

The human class 1l of PI3Ks comprises the three isofo-
rms PI3KC2a, PI3KC2b and PI3KC2g [1]. The hallmarks
of class Il family members are a substrate specificity
restricted to Pl and PI(4)P in vitro and a C-terminal C2
domain. Although the precise cellular function of these
enzymes remains generally poorly understood, recent reports
have described class Il PI3Ks as downstream transducers of
activated polypeptide growth factor receptors [12,13]. The
class 111 of PI3K includes a homolog of the yeast vesicular
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Fig. (1). Overview of PI3K isoforms. The PI3K family consists of eight isoforms, which are grouped into three classes, based on
sequence homology and in vitro substrate specificity. The class | isoforms are further subdivided into class I and class lg isoforms
based on their mechanism of activation. While certain PI3K isoforms are expressed ubiquitously, isoforms such as p110g or p110d

have been found to be more tissue-specific.

protein-sorting protein Vsp34 [14] and its major function is
in intracellular trafficking events [15].

INHIBITION OF PI3K SIGNALING

As PI3Ks have been identified to play critical roles in
distinct cellular signaling processes, a precise understanding
of these kinases, their substrates and effectors is of particular
interest. Anomalies in signaling cascades have been
described in various human diseases and thus a better
understanding of these events is of high importance in the
search for therapeutic, diagnostic and screening applications.
A number of attempts have been made to better understand
PI3Ks in general, as well as to gain insight into the specific
functions of the different isoforms. The first selective
pharmacological PI3K inhibitors to have been described are
wortmannin [16,17], a compound that was originally
isolated from soil bacteria and is toxic to fungi, and
LY294002 [18], a morpholino derivative of quercetin, a
naturally occurring bioflavinoid and broad spectrum kinase
inhibitor. Both compounds have been shown to inhibit cell
growth at concentrations that would be expected to inhibit
class | PI3Ks. However, as these pharmacological inhibitors

display little selectivity within the PI3K family and might
also affect other kinases, further research has been aimed at
developing compounds with improved specificity and
pharmacokinetic properties. Various PI3K inhibitor prodrugs
and their possible pharmaceutical applications have been
patented by Garlich et al. [19]. In addition, patents exist on
various PI3K polypeptides, nucleic acid sequences encoding
P13Ks, antibodies that are specifically immunoreactive with
P13Ks and methods for using these reagents in screening and
therapeutic applications.

GENE-TARGETING STRATEGIES

Gene-targeting strategies have been aimed at deleting
specific PI3K isoforms and have uncovered key roles of the
different enzymes in immunity, metabolism, cardiac func-
tion, cell proliferation and cancer susceptibility. Different
knock-out mice with targeted deletions of genes encoding
PI3K regulatory and catalytic subunits have been generated
and phenotypically analyzed [20].

A knock-out mouse with a deletion in the gene of the
PI3K class |4 catalytic subunit p110a has been generated by
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Fig. (2). Overview of the phosphoinositide 3-kinase (PI13K) signaling pathway. Upon growth factor (GF) binding, transmembrane
receptor tyrosine kinases (RTK) are activated by autophosphorylation. PI3K activation occurs when the regulatory p85 subunit is
recruited to specific phosphotyrosine sites located in the intracellular domain of the activated RTK. Key downstream signaling
mediators include phosphoinositide-dependent kinase 1 (PDK1) which is essential for activation of protein kinase B (PKB/Akt).
Effector molecules include glycogen synthase kinase-3 (GSK-3), BAD, forkhead (FKHR), nuclear factor kappa B (NF-kB), mammalian
target of rapamycin (mTOR), ribosomal protein S6 kinase (S6K) and murine double minute gene 2 (MDM2).

Fig. (3). Activation of p85/p110d and p101/p110goccurs via different receptors. While the p85/p110d complex is recruited to
activated receptor tyrosine kinases (RTK) following growth factor (GF) binding (a), the p101/p110g complex is activated by the Gbg
subunit following binding of a specific ligand to G protein-coupled receptors (GPCR) (b).
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targeting the p85-binding domain of the PIK3CA gene,
leading to loss of expression of this specific isoform [21].
The PIK3CA®"* embryos showed a clear developmental
delay and died between days 9.5 and 10.5 of embryonic
development [21]. In embryos lacking the p110a enzyme, a
profound proliferation defect could be observed, which was
further supported by a failure in replication of pll0a-
deficient fibroblasts in culture medium, even when
supplemented with growth factors. The developmental period
between E9.5 and E10.5 is known for increased cellular
proliferation, growth, and differentiation. It has thus been
hypothesized that the intrauterine death of PIK3CA®"*
embryos at this stage was caused by the inability to meet the
increased demand in proliferative signals maintained by
PI3K signaling through the p110a isoform [21]. Moreover,
mice deficient in the pll0a isoform displayed multiple
vascular defects [22]. A role for p110a in the control of cell
growth was further highlighted by an increase in heart size in
transgenic mice expressing a constitutively active mutant of
pl10a [23]. Conversely, a decrease in heart size was
observed upon expression of a dominant-negative mutant of
this PI3K isoform in the heart [23]. The interpretation of
knock-out data, however, has been complicated by the
observation of an upregulation of other PI3K subunits after
the deletion of one specific isoform. In PIK3CA™"*
homozygous embryos there was an apparent increase in the
expression of the PI3K class I regulatory subunit p85/p55,
raising the question of a contributing phenotypical effect by
these adapter proteins. Further insight into the function of
pl10a has been given by the generation of mice carrying a
knock-in mutation (D933A) that abrogates the p110a kinase
activity [24]. Homozygocity for this mutation resulted in
embryonic lethality, while heterozygocity led to impaired
signaling via the insulin-receptor substrate (IRS) proteins,
which are key mediators of insulin, insulin-like growth
factor | (IGF-1) and leptin action. As a result, the mutant
mice displayed reduced somatic growth, hyper-insulinaemia,
glucose intolerance, hyperphagia, and increased adiposity.
Another study recently defined the pll0a subunit as the
critical lipid kinase required for insulin signaling in
adipocytes and myotubes [25]. The discovery of the role of
pll0a as a key intermediate in metabolic signaling raises
concerns about potential side-effects of PI3K inhibitors.

The biological functions of the PI3K class I catalytic
subunit p110b have been studied by a partial deletion allele
knock-out mouse [26]. Targeting of this specific isoform
resulted in very early embryonic lethality in the homozygous
state. Zygotes with the PIK3CB*"* genotype were non-
viable very early after fertilization, leading to a deficiency at
the blastocyst stage [26]. Crossbreeding studies of pl10b
knock-out mice with p110a-deleted mice did not reveal any
possible redundant functions of these two class la catalytic
isoforms. However, a possible overlap in functions that
might be manifested in more subtle phenotypical
abnormalities could not be ruled out so far [26].

Mice deficient in the class I PI3K catalytic subunit
p110d have been described by three different groups [27-29].
These studies revealed a major function of p110d in B and T
lymphocytes and a failure of the knock-out mice to mount
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normal immune responses. The mice lacking p110d showed
a reduction in the amount of B1 and marginal zone B cells,
as well as lowered serum levels of immunoglobulins [27].
Furthermore, antigen receptor signaling in B and T cells was
impaired and the mice were prone to the development of
inflammatory bowel disease [28]. However, despite the high
levels of pl110d expression in hematopoietic tissues, no
significant differences were found in either the number and
morphology of erythrocytes, peripheral leukocytes and
lymphocytes, or hemoglobin levels between wild-type and
p110d-deficient mice [29].

Knock-out mice with a targeted deletion of the PI3K
class Ig catalytic subunit p110g have been characterized by
three different groups [11,30,31]. These studies described
phenotypes mainly in components of the innate immune
response. Mice lacking p110g showed an accumulation of
defective neutrophils, which exhibited a failure in their
migratory capacity and a reduced thymic cellularity.
Moreover, chemoattractant-stimulated signal transduction
was inhibited, because of an impairment of PIP; production
in pl10g-deficient cells [30]. In contrast to pl110d, the
deletion of p110g resulted in no effect on B cells. Instead,
this isoform appeared to regulate proliferation and cytokine
production of T lymphocytes [30]. In view of the impaired
migration capacity of p110g knock-out macrophages towards
a wide range of chemotactic stimuli, a crucial role for
macrophage accumulation in the inflammatory response was
furthermore suggested [11]. Phenotypical analysis of mice
expressing a kinase-dead p110g only partially reproduced the
phenotype of knock-out animals [32]. Whereas both mice
exhibited an identical impairment in innate immune
reactions, the p110g-deficient mice additionally showed a
basal enhancement of cardiac contractility and cardiac tissue
damage upon pressure overload. It was therefore suggested
that p110g possesses a kinase-independent function in the
control of cardiac responses. A role of p110g in the control
of heart function was also described by Crackower et al.
[33]. These studies described a role for p110g as a negative
regulator of cardiac contractility through the inhibition of
CAMP production.

Regarding the regulatory PI3K subunits, gene-targeting
strategies have been aimed at disrupting the adapter subunits
p85a, its splice variants p55a and p50a, as well as p85h.
Ablation of the whole PIK3R1 gene, which encodes p85a
and the mentioned splice variants, resulted in perinatal
lethality [34]. However, disruption of the p85a gene only
led to impaired B cell development, a reduction in the
number of mature B cells, reduced B cell proliferative
responses and a lack of T cell-independent antibody
production [35]. Homologous deletion of the gene encoding
the adapter subunit p85b resulted in growth reduction of the
knock-out mice, compared to their wild-type littermates [36].
Surprisingly, muscle and adipose tissues of both the p85a
and p85b knock-out mice exhibited increased insulin-
stimulated PI3K activation, enhanced translocation of the
glucose transporter isoform-4 to the plasma membrane, as
well as hypoglycemia with decreased plasma insulin [34,
36]. Moreover, the mice showed enlarged muscle fibers,
brown fat necrosis and calcification of cardiac tissue [34].
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PHOSPHOINOSITIDE 3-KINASES AND HUMAN
DISEASE

As the PI3Ks are known to be involved in a wide
spectrum of control mechanism in the cell, deregulation of
their function has been linked to various human diseases.
Key roles of the PI3Ks have so far been described in tumor
formation and metastasis, chronic inflammation, allergy and
cardiovascular disease.

The importance of PI3K signalling in human cancer is
highlighted by the fact that there are numerous oncogenes
and tumor suppressor genes whose deregulation activates
PI3K signaling and enhances the malignant properties of
cells [37]. A prominent finding in this context were
mutations in the tumor suppressor gene phosphatase and
tensin homologue (PTEN), which have been described in
various human tumors [1, 37-39]. PTEN is a phosphatase
that antagonizes the action of PI3K by de-phosphorylating
the D-3 position of polyphosphoinositides [40]. The DNA
sequence copy number of PIK3CA, the gene encoding the
pll0a catalytic subunit of PI3K located on chromosome
3026, is frequently increased in ovarian cancers [41].
Moreover, recent reports have described activating mutations
in the PIK3CA gene in a variety of other human cancers,
including, medulloblastoma, breast and colon cancer [42,
43]. Although mutational alterations have predominantly
been characterized for p110a so far, an increase in p110b
activity was also found in human colon cancer biopsies and
adenocarcinoma cell lines [44]. Furthermore, a knock-down
analysis of pll0b in a prostate cancer mouse model
suggested a role for this PI3K isoform in the formation of
metastases [45].

Gene-targeting strategies have furthermore uncovered a
role for p110g in colorectal adenocarcinoma [46]. Lack of
p110g significantly increased the incidence rate of sponta-
neous development of multifocal carcinomas and invasive
adenocarcinoma in the colon of mice. In humans, protein
expression analysis of p110g revealed a loss of this protein
in a high number of colon cancer cell lines, as well as in
primary adenocarcinomas isolated from the colon of human
patients [46].

As shown by different studies [30, 47], p110g also plays
a pivotal role in mediating leukocyte chemotaxis and activa-
tion, as well as mast cell degranulation, thus suggesting an
involvement in inflammatory diseases. A specific contri-
bution of the p110g PI3K isoform to inflammation was
supported by a recent study demonstrating that p110g-
deficient mice were protected from rheumatoid arthritis [48].
These mice were essentially protected against collagen Il-
specific antibody-induced arthritis, correlating with the
defective neutrophil chemotaxis observed in this knock-out
model [48]. Moreover, treatment of different rheumatoid
arthritis mouse models with orally active small-molecule
inhibitors of pl10g suppressed the progression of joint
inflammation and damage in these mice [48]. Other studies,
however, have described a positive role for the PI3Ks in the
inflammatory response. In rheumatoid arthritis, the anti-
inflammatory cytokine IL-10 is spontaneously produced by
macrophages and infiltrating blood lymphocytes in the
rheumatic joint [49]. An involvement of PI3K signaling in
the regulation of IL-10 is known [50] and further analysis
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demonstrated that inhibition of PI3K signaling suppressed
the production of this cytokine [51].

The PI3K isoform p110d has also been shown to be
involved in the inflammatory response [27]. Recent studies
further supported this finding and described a contribution to
allergen-lgE-induced mast cell activation and vascular
permeability, which are common characteristics of chronic
inflammations, such as asthma [52]. Pharmacological inhibi-
tion of p110d in a murine asthma model resulted in a signi-
ficant reduction in IgE serum levels and in an attenuation of
airway inflammation and hyper-responsiveness, by preven-
ting vascular leakage [52, 53].

Gene knock-out studies of the class 1 regulatory subunits
in skeletal muscle of mice revealed a significant reduction in
muscle weight and fiber size. Moreover, these mice exhibi-
ted insulin resistance in the muscle and whole-body glucose
intolerance [54]. The p85 regulatory subunits are therefore
thought to act as critical mediators of PI13K signaling in the
regulation of muscle growth and metabolism. Furthermore,
they are thought to make an important contribution to the
symptoms of hyperlipidemia associated with human type 2
diabetes [54]. Diabetes is associated with vascular complica-
tions, including the impairment of vascular function and
alterations in the reactivity of blood vessels to vasoactive
agents [55]. It has been shown that PI3K signaling plays a
role in vascular growth, proliferation and apoptosis and is
implicated in modulating vascular smooth muscle cell
contractility [56]. A recent study demonstrated that selective
inhibition of PI3K attenuated the development of diabetes-
induced abnormal vascular reactivity in the carotid arteries of
diabetic rats [57].

The growing understanding of the biological functions of
PI3Ks has provided new insights into the links between
signaling events and cellular responses. As a result, these
kinases have become interesting targets in clinical research,
driving the urge to patent. Patents were deposited on various
components involved in, or targeting PI3K signaling, such
as polynucleotides encoding PI3Ks [58], constitutively
active PI3Ks and uses thereof [59], cDNA sequences of
different PI3K isoforms [60, 61], signaling pathway trans-
ducers [62], pharmacological inhibitors [63], and various
derivatives [64-68].

PATENTS

Cloning, Expression and Characterization of a Novel
Form of Phosphatidylinositol-3-Kinase [60, 69]

Stoyanov et al. reported for the first time the cloning and
characterization of a G protein- activated human phospha-
tidylinositol 3-kinase [70]. Here we will discuss the identi-
fication of the novel isoform of the PI3K family, termed
pl10g and the cloning, expression and characterization of
this enzyme. These findings were patented by the United
States Patent Office and by the European Patent Office [60,
69]. The invention concerns a nucleic acid sequence,
encoding p110g, an antibody directed against the protein,
and discusses the diagnostic and therapeutic use of the
protein, the nucleic acid sequence and the antibody. The
invention comprises seven nucleic acid/protein sequences
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(SEQ ID NO: 1-7) and eleven claims regarding the use of
these sequences.

The major subject matter of the invention is a nucleic
acid sequence encoding a novel PI3K isoform, p110g. In
order to isolate the cDNAs, a human bone marrow cDNA
library was screened using the polymerase chain reaction. A
human bone marrow cDNA library was chosen based on the
findings by two other groups, which identified a novel PI3K
activity in purified neutrophils and platelets stimulated by G
protein bg subunits [71,72]. For the library screening,
oligonucleotide primers were generated based on the highly
conserved amino acid sequences KNGDDLR (termed SEQ
ID NO.6) and HIDFG (termed SEQ ID NO.7), which were
reported for the catalytic subunit of the first cloned and
characterized PI3K (residues 803-809 and 932-936 on
pl10a) [73]. Using these primers, a 402 bp-long fragment
was obtained and subsequently subcloned and sequenced.
The PCR product showed a 57% homology to the
corresponding region of the gene encoding the bovine
pll0a. These PCR fragments were further used as a probe
for the identification of a set of overlapping clones from a
human U937 cDNA library. These overlapping clones were
isolated and analysed, which led to the identification of the
largest clone, containing the nucleic acid sequence termed by
the authors SEQ ID NO.1. This cDNA sequence contained
an open reading frame which codes for a protein of 1049
amino acids (termed SEQ ID NO.2). The new protein
sequence was termed pll0g and displayed a molecular
weight of approximately 120 kDa, similar to the previously
published catalytic isoforms pl110a and pl10b [73,74].
Furthermore, two other highly similar nucleic (SEQ ID
NO.3) and amino acid (SEQ ID NO.4) sequences were
obtained from the cDNA library, which code for p110g with
1050 amino acids. Thus the invention encompasses two
nucleic (SEQ ID NO.1,3) and two amino acid (SEQ ID NO.
2,4) sequences coding for human p110g. It further includes
naturally occurring allelic human variations of p110g, as
well as proteins produced by recombinant DNA technology,
which correspond to the proteins encoded by these
sequences.

Furthermore, sequence homology analysis revealed that
the amino acid sequence of p110g has a homology of 36%
to the human p110a, 33.5% to the human p110b and 27.7%
to the yeast PI3K Vps34. The 400 C-terminal amino acids
comprised a highly conserved region in these PI3Ks, which
encodes a putative catalytic domain. The authors reported
moreover that there was no significant homology in the
amino-terminal regions of these PI3Ks, which in p110a is
known to be responsible for the binding to the regulatory
subunit p85a and p85b [75]. This finding raised the
question of a different regulatory mechanism for p110g.

A further subject of the invention is the detection of
pl10g at the protein and transcriptional level. The avail-
ability of an antibody that recognizes epitopes in specific
regions of p110g would be a big advantage for the detection
of the protein in biological samples and may be applied in
diagnostic techniques, where patient samples could be tested
for abnormal levels of this protein. In order to detect the
expression of p110g at the protein level, a polyclonal rabbit
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antiserum against p110g was produced by immunization
with a 15 amino acid-long peptide corresponding to a unique
sequence of pl10g NSQL PESFRVPYDPG (SEQ 1ID
NO.5). The expression of p110g in mammalian tissues was
analyzed by immunoprecipitation with this specific antibody
and subsequent Western blot analysis using the same
antibody. In the human leukemic cell lines U937 and K562,
p110g was detected as a 110 kDa protein. Hence, a further
subject matter of the invention is an antibody specific for
p110g, which does not show any cross-reaction with other
PI3Ks.

Furthermore, the invention encompasses the detection of
pl10g at the transcriptional level under stringent hybridi-
zation conditions. Multi-tissue Northern blot analysis was
performed with random prime-labeled PCR fragments
encompassing the sequences encoding amino acids 1 to 233
of p110g. This analysis revealed different expression levels
of a 5.3 kb-long mMRNA in human tissue from pancreas,
kidney, skeletal muscle, liver, lung, placenta, brain and
heart.

The invention further encompasses the recombinant
expression of p110g. The cloning of the nucleic acid seq-
uence coding for p110g in principle allows the construction
of an expression vector enabling the production of the p110g
protein in a suitable host cell. The authors presented the use
of a baculovirus expression system for the expression of
pl10g. The cDNA encoding p110g was cloned from codon
4 into the pAcG2T baculovirus transfer vector (BD
Biosciences), which allows foreign genes to be expressed as
glutathione S-transferase (GST) fusion proteins. Sf9 cells
were co-transfected with pAcG2T-p110g and linearized
baculovirus DNA prior to expression and purification of the
recombinant protein according to standard protocols [75].
This method further allowed the characterization of the
substrate specificity of pl10g, which was found to
phosphorylate PI, P1(4)P and P1(4,5)P, on the D-3 position
of the inositol ring and was inhibited by wortmannin at
nanomolar concentrations. However, recombinant p110g
failed to bind the p85a or p85b regulatory subunits.
Furthermore, the catalytic activity of the recombinant p110g
could be stimulated when incubated with the Gbg subunits,
or by Ras-GTP.

Based on the findings described above, the authors
further presented a pharmacological model based on the
p110g protein, the antibody targeting it and the nucleic acid
sequence coding for the active protein. These tools could be
used for analyzing the expression and modulating the
activity of p110g, which could lead to alterations in cell
proliferation, histamine release, differentiation, or glucose
transport.

We will now present further insight into the importance
of this patent, the increasing evidence of the biological
importance of p110g in human diseases and their treatment
with novel specific inhibitors. After the purification of the
catalytic p110g and the regulatory p101 subunit from pig
neutrophils [76], the crystallographic structure of the highly
conserved catalytic subunit of the porcine pl10g was
reported and revealed in detail the structure of the catalytic
domain and the Ras-binding domain (RBD) of p110g [77].
Since pharmacological inhibition of the PI3K activity by
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wortmannin [16], or LY 294002 [18] was useful to
demonstrate their role in a variety of leukocyte responses,
but failed to discriminate between distinct PI3K isoforms,
neutralizing, isoform-specific antibodies were used for this
purpose. For the first time, such an inhibitory antibody was
used to determine the role of p110g in leukocyte function,
which indicated that this enzyme is required for natural killer
cell migration upon chemokine stimulation [78]. The fact
that p110g is the sole PI3K isoform activated by GPCRs in
vivo has been definitively shown in p110g knockout-mice.
Three groups reported the generation of pl10g-deficient
mice, which revealed that inactivation of pl110g allows
normal embryonic and adult development, but causes defects
in the immune system [11,30,31]. p110g-deficient neutro-
phils showed defects in migration and oxidative burst in
response to GPCR agonists. Furthermore, it was reported
that p110g controls thymocyte survival and activation of
mature T cells, but has no role in the development or the
function of B cells. Moreover, it was observed that p110g-
deficient macrophages have significantly reduced migration
capacity towards chemotactic agents [11]. Taken together,
these data demonstrate that p110g has a crucial function in
linking GPCR signaling to P1(3,4,5)P; production and hence
controls the motility of neutrophils and macrophages. Since
abnormal  macrophage infiltration  causes  chronic
inflammatory diseases, Hirsch et al. further proposed, that
p110g could be a suitable target for the development of
novel specific inhibitors to modulate the function of inflam-
matory cells [11]. A subsequent study revealed a novel role
for p110g in the modulation of mast cell activation and the
control of allergic and inflammatory responses [47]. Despite
the crucial role of mast cells in the response to infectious
agents and parasites, abnormal mast cell activation can cause
allergy, asthma and ultimately anaphylactic shock. The
release of histamine-containing granules and the increase in
intracellular calcium concentration were both attenuated by
the loss of p110g. Furthermore, the existence of an autocrine
activation loop leading to enhanced mast cell activation was
proposed [47]. These observations pointed out that
inhibition of p110g could result in a therapeutic advantage
by diminishing the development of chronic inflammatory
diseases and the migration of inflammatory cells, since
multiple chemokine agonists activate GPCRs which signal
through p110g. Based on the emerging evidence that
leukocyte motility is crucial in inflammatory disease and
that signal transduction occurs through p110g, Fuchikami et
al. presented the first high-throughput in vitro screen for
pl10g activity. The assay made use of recombinantly
expressed His-tagged human p110g and had the potential for
high-throughput screening for inhibitors of lipid kinase
activity [79]. Such an assay could be very useful in
identifying novel specific p110g inhibitors, due to fact that
the catalytic activity of pl10g is crucial for leukocyte
migration. It has indeed been reported that mice expressing
catalytically inactive p110g show the same chemotactic
defects as those observed in p110g™ mice [32]. The
application of novel specific p110g inhibitors identified by
improved screening approaches resulted in the successful
treatment of two chronic inflammatory diseases: systemic
lupus erythematosus (SLE) and rheumatoid arthritis (RA) in
mice [48, 80]. These results revealed for the first time the
high efficacy of targeting signaling molecules in chronic
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inflammatory disorders and raise hope for developing
therapies with diminished side effects and increased life
quality for patients with chronic inflammatory diseases. The
use of these specific p110g inhibitors further revealed the
contribution of this isoform to thrombus stability [81].
Hence the development of anti-thrombus therapies based on
recent findings that pl110g modulates the formation and
stability of multi-platelet aggregates will be of interest [81-
83].

Surprisingly, recent studies have also revealed an
oncogenic potential for wild-type p110g. It was shown that
over-expression of this isoform induced oncogenic
transformation in chicken embryo fibroblasts and moreover,
that the lipid kinase activity of pl10g was essential for
transformation [84]. However, cancer-specific mutations in
p110g have not been reported to date [84].

More recently, a study revealed a crucial role of p110g in
electrotaxis-regulated wound healing. Targeting the p110g
gene in mice led to a decrease in electrical field-induced
signaling and attenuated the directed migration of healing
epithelium [85]. Thus, the first gene involved in cell
movement and wound healing in response to electrical
signals was identified, making p110g a very promising tool
to modulate the wound healing process.

Ten years after the discovery of p110g, studies on this
key enzyme still uncover new biological functions and the
initial hypothesis that targeting this enzyme could have a
significant therapeutic benefit could be confirmed by studies
using novel specific pharmacological inhibitors.

Phosphatidylinositol 3-Kinase p110d Catalytic Subunit
[61, 86] and Inhibitors of Phosphatidylinositol 3-Kinase
p110d [64, 87]

The class I PI3K catalytic subunit p110d was identified
and isolated as the last isoform within this class of PI3Ks
[6]. A patent on polynucleotides encoding p110d and
recombinant p110d polynucleotides, antibodies to p110d and
assays for identifying inhibitors of p110d was issued in
1999 by Chantry et al. [61, 86]. Their invention was
initially based on the identification and isolation of a novel
lipid kinase closely related to the other class | PI3K
isoforms. The enzyme displayed substantial sequence
homology with pl110b (72%), pl1l0a (49%) and pl10g
(45%) in the carboxy-terminal catalytic domain. The newly
identified cDNA sequence encoding the lipid kinase was
designated p110d and classified in the class I of the PI3K
family.

The cloning and characterization of p110d was based on a
strategy of amplification of conserved PI3K cDNA
sequences. In a PCR analysis, degenerate oligonucleotide
primers based on conserved sequences in the catalytic
domain of known P13Ks were used to screen a human cDNA
library [6]. The identified full length human p110d cDNA
comprised an open reading frame of 3135 nucleotides,
encoding a protein of approximately 114 kDa. Similarly to
pl10b, the catalytic domain of p110d was found to be
located in the C-terminus of the protein. The functionality of
the newly identified PI3K was shown by a lipid kinase
activity assay after transfection of cells with epitope-tagged
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p110d. Production of Pl 3-phosphates demonstrated a
functional PI13K enzyme activity, which was sensitive to the
PI3K inhibitor wortmannin. Similarly to the other class I
PI3Ks, which are known to form heterodimers with a p85
subunit, co-immunoprecipitation studies revealed the ability
of pl10d to associate with the adapter protein p85.
Expression analysis in various human tissues revealed an
abundant distribution of p110d in lymphocytes and
lymphoid tissue, suggesting a role in the immune system
[6].

The identification of p110d as another member of the
PI3K family opened an interesting avenue for further
investigations. The whole family of PI3Ks has been shown
to be of high importance in the control of various cellular
responses, which has made them interesting targets for
research and clinical applications. The described patent
includes various of these possible applications.

As a protein involved in signal transduction, the p110d
polypeptide is an interesting target for interaction studies. Its
use involves the generation of fragments modulating the
binding of p110d to a binding partner, or analogs with
additions, substitutions or deletions in order to increase or
decrease the binding affinity of p110d to a binding partner.
Furthermore, modification of the polypeptide might facili-
tate its passage into the cell and help control its localization.
Antibodies specifically immunoreactive with p110d provide
another useful tool to modulate the binding affinity of p110d
and can further be used for purification of the protein, its
detection and quantification in biological samples. Another
aspect is that the understanding of the polypeptide provides a
base for the identification of modulators that affect the
binding affinity, or the functionality of p110d, as well as the
expression levels of the protein.

With respect to human diseases, the chromosomal
localization of certain genes is of high interest to identify
deregulated expression of their transcripts. As elevated
function of PI3Ks has been shown to play a role in carcino-
genesis, the polynucleotides described in the invention may
be useful tools for chromosomal localization studies.
Furthermore, the above described antibodies could constitute
valuable diagnostic tools.

A patent on methods for inhibiting p110d activity, and
methods for treating diseases was deposited by Sadhu et al.
in 2003 [64, 87]. The methods employ active agents that
selectively inhibit p110d, while not significantly inhibiting
other PI3K isoforms. The applications of these pll0d
inhibitory compounds are of high interest for the treatment
of diseases such as disorders of immunity and inflammation.
These inhibitors could also be used to inhibit cancer cell
growth and proliferation. Furthermore, methods for the
inhibition of p110d-mediated processes in vitro and in vivo
were included in the described patent.

Generic PI3K inhibitors such as LY294002 [18] or
wortmannin [16, 17] have contributed a lot to the
understanding of these kinases. The identification of specific
functions of the different PI3K isoforms, however, requires
more targeted approaches and forced the quest for substances
acting on only one specific enzyme. The described invention
provides the structure of several compounds displaying
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selective inhibitory activity towards p110d. The compounds
were selected to be at least 10-fold more selective for p110d,
when compared to other PI3K isoforms. The described
compounds inhibit the biological activity of human p110d
and represent a useful tool to further characterize the
functions of p110d. Another aspect of the invention is that
the compounds provide methods to selectively modulate
p110d activity, which represent useful tools for the treatment
of diseases caused by p110d dysfunction.

An embodiment for the use of the described patent
includes methods for inhibiting the growth and proliferation
of cancer cells. The PI3K p110d has been suggested to play a
role in cancer development and a study has shown that
p110d enhances the radiation-induced tumor control in
murine cancer models [88]. Treatment of mice with Lewis
lung carcinoma or hind limb tumors with a p110d-specific
inhibitor in combination with radiation abrogated the
radiation-induced phosphorylation of Akt and significantly
reduced the tumor volume [88]. A recent study further
underlined the potential of pl110d-specific inhibitors in
cancer treatment by describing a reduction in cell
proliferation of acute myeloid leukemia (AML) cells [89].
Treatment of AML cells with a p110d-specific inhibitor
decreased the constitutive phosphorylation of Akt found in
AML cells and furthermore was synergistic in reducing cell
viability in combination with the topoisomerase Il inhibitor
VP16 [89]. Another field of application results from the
known role of p110d in B cells. Studies have shown an
involvement of p110d in the recruitment and activation of
certain inflammatory cells [90]. Inhibition of p110d impaired
the movement of neutrophils across inflamed venules [90].
Furthermore, specific inhibition of p110d activity attenuated
the allergic airway inflammation and hyper-responsiveness in
a murine asthma model [52]. Treatment of model mice with
a pl10d-specific inhibitor significantly reduced antigen-
induced airway infiltration of inflammatory cells, secretion
of Tu2 cytokines in the lungs, as well as vascular
permeability [53].

Mutations of the PIK3CA Gene in Human Cancers [91],
Condensed Heteroaryl Derivatives and their Use as
Inhibitors [65]

The pl10a isoform was described as a retroviral
oncoprotein that can transform chicken embryo fibroblasts in
vivo [92]. Its key role in tumorigenesis was further supported
by accumulating evidence indicating that pll0a gain-of-
function by over-expression or by somatic missense
mutations is common in many human cancers. The PIK3CA
gene consists of 20 exons encoding a protein of 1068 amino
acids and 124 kDa size. The 3q26 locus where it is located is
amplified in several human cancers, including head and neck
cancers [93], cervical cancers [94], gastric cancers [95] and
lung cancers [96]. In a landmark study, Samuels et al.
performed a large-scale sequence analysis of 8 PI3K and 8
PI3K-related genes in human cancers and discovered that
PIK3CA was the only gene harboring somatic mutations
[43]. Furthermore, they reported a surprisingly high
proportion of colorectal cancers (32%), gastric cancers (25%)
and glioblastomas (27%) carrying somatic mutations in
PIK3CA. These mutations also occurred in a smaller fraction
of lung cancers (4%) and breast cancers (8%). Interestingly,
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all mutations were apparent activating missense mutations
that were found to cluster primarily in two major “hot-
spots”, E545 in the helical phosphatidylinositol kinase
homology domain, and H1047 in the catalytic domain (exon
9 and exon 20, respectively). Clearly, the clustering of
mutations implies that PIK3CA sequence analysis may prove
useful for diagnostic purposes, as a marker for early detection
of cancers, or for monitoring tumor progression.
Furthermore, these data provide a reasonable case for consi-
dering pl10a as a potential target for pharmacological
intervention. Subsequent studies expanded these findings
and collectively found PIK3CA mutations in a wide range of
tumors, such as modulloblastoma (5% and 27%), medul-
loblas-toma (5%), breast cancer (18%, 25%, 27% and 40%),
lung cancer (4% and 1%), gastric cancer (6.5%), ovarian
cancer (6.6% and 12%), liver cancer (36%) and acute
leukemia (1%) [43, 97-100].

Samuels et al. patented their discovery [91], which
comprises methods for assessing cancer on body samples
from a human suspected of having cancer based on the
detection of intragenic mutation in a PIK3CA-coding
sequence. The invention also includes several methods for
inhibiting progression of a tumor in a human by reducing
the expression, or inhibiting the activity of p110a, a method
for delivering an appropriate chemotherapeutic drug to a
patient in need thereof, and a set of one or more primers for
amplifying and/or sequencing PIK3CA.

The discovery of non-random somatic mutations in the
PIK3CA gene in a wide range of human tumors strongly
pointed to an oncogenic role for the mutated enzyme. In
order to elucidate the consequences of PIK3CA alterations,
Kang et al. determined the growth-regulatory and signaling
properties of the three most frequently observed PI3K
mutations: E542K, E545K, and H1047R. When expressed in
chicken embryo fibroblasts, all three mutants induced
oncogenic transformation with a high efficiency and led to
constitutive increases in the phosphorylation of Akt, p70 S6
kinase, and 4E-binding protein-1 [42]. This transforming
ability correlated with elevated catalytic activity in in vitro
kinase assays. The expression of these mutant PIK3CA
enzymes conferred Akt activation in the absence of growth
factor stimulation, promoted cell growth and invasion [42,
101]. Moreover, treatment with the PI3K inhibitor
LY294002 abrogated PI13K signaling and preferentially inhi-
bited growth of PIK3CA mutant cells.

This remarkable progress in our understanding of the role
of the PI3K p110a in tumorigenesis allowed the develop-
ment of new therapeutic strategies for the treatment of
cancers harboring PIK3CA gene amplifications or mutations.
Recently Hayakawa et al. carried out a high-throughput
screen to identify novel p110a inhibitors and 4-Morpholino-
2-phenylquinazolin was discovered as having pll0a -
inhibitory activity [102]. A series of derivatives were
synthesized from this lead compound. Introduction of a 3-
hydroxy group on the phenyl group and replacement of the
quinazoline ring with a thieno [3,2-d]pyrimidine ring
resulted in  3-(4-Morpholinothieno[3,2-d]pyrimidil-2-yl)
phenol hydrochloride, also designated YMO024. This
compound is a highly selective inhibitor of p110a, when
compared to other kinases and PI3K isoforms, with an 1Cs
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value of 2.0 nM, making it the first example of a p110a-
selective PI3K inhibitor. These series of compounds were
patented in 2003 by the same group [65], claiming a
pharmaceutical composition for a PI3K inhibitor comprising
a fused heteroaryl derivative, or a salt thereof and a
pharmaceutical acceptable carrier. Moreover, patents exist for
their use in the manufacturing of medicaments for use in the
treatment of a disorder in which PI3K plays a role, and for
use in the treatment of cancer. They also describe a method
to treat disorders which are associated with PI3K and to treat
cancer by administering an effective amount of the fused
heteroaryl derivative to a patient [65]. According to the
invention, the pharmacological effects of the compounds
have been verified by several pharmacological tests.
Compounds of the present invention exhibited an excellent
pll0a-inhibitory activity, with ICs, values below 1 M,
whereas others were confirmed to have inhibitory activities
against other PI3K isoforms, such as PI3KC2b. Several
compounds exhibited an excellent growth-inhibitory activity
in vitro against colon cancer, melanoma, lung cancer,
glioma, ovary cancer, prostate cancer and pancreas cancer.
Furthermore, inhibition of cancer cell growth was assessed in
vivo. HelaS3 cells, a human cervix cancer cell line, were
inoculated into the flank of female BAIb/c nude mice by
subcutaneous injection. When the tumor reached 100-200
mm® in volume compounds were administrated intra-
peritoneally once a day for 2 weeks and tumor volume after
treatment was determined. The test compounds exhibited
superior anti-tumor activities as compared the control group.

YMO024 has also already proven to be a valuable research
tool for the investigation of isoform-specific p110a func-
tions, not only in cancer, but also in other PI3K-mediated
processes, such as inflammation [103].

PIK3CA represents one of the most frequently mutated
oncogenes identified to date and one of the few established
human oncogenes that is commonly activated through either
gene amplification or point mutations. Notably, no
mutations in the other PI3K catalytic subunits have been
reported in human cancer until the present date, suggesting
that the PI3K p110a harbors a selective oncogenic potential.
The oncogenic transforming activity of the mutant
pll0a proteins makes them promising targets for small
molecule inhibitors that could be further developed into
effective and highly specific anticancer drugs.

Methods for Modulating T cell Responses by
Manipulating Intracellular Signal Transduction [104]

T lymphocytes are cells involved in the adaptive immune
response (secondary response), which in case of infection are
able to provide a more specific response than the innate
immune system (primary response). T cell precursors
produced by the bone marrow, migrate to the thymus, where
they undergo complete differentiation and selection. In the
thymus, T cells come in contact with self MHC-peptide
complexes expressed on antigen-presenting cells (APCs) to
which the T cells should not react. T cells that show the
appropriate affinity for the self MHC-peptide complexes are
allowed to migrate to the secondary lymphoid organs (spleen
and lymph nodes), while the others are eliminated [105].
Immature T lymphocytes express both the CD4 and CD8 co-
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receptor molecules on their surface, but after the selection
and maturation process they express only one of them. While
CD4" cells recognize non-self antigen presented on the
surface of APCs by MHC class Il molecules and become
cytokine-secreting cells, CD8" cells recognize non-self
antigen presented by MHC class | and become cytotoxic
effector cells. APCs include cells such as dendritic cells,
Langerhans cells and natural killer cells (NK).

In the secondary lymphoid organs, the lymphocytes are
in a state of anergy, until they encounter APC cells, which
present a non-self peptide in complex with MHC class | or 11
molecules on their cell surface (either from a pathogen or a
cancer cell) [106]. Mature T cells recognize MHC-non self
peptide complexes via their transmembrane T cell receptor
(TCR). However, this interaction is not sufficient to generate
a proper immune response against the antigen. For complete
T cell activation, an interaction with co-stimulatory ligands,
such as CD80 and CD86 expressed on the surface of the
APCs is necessary. These co-stimulatory ligands are able to
bind to the CD28 receptor on the surface of T cells. The
signals from this co-stimulatory receptor, in combination
with those from the TCR, activate the cell and initiate gene
transcription, cell growth and mitosis. One of the most
important effects of the co-engagement of TCR and CD28
receptors is the production of IL-2, a cytokine that provides
strong proliferative and survival signals.

Several studies have provided clear evidence for a rapid
recruitment and substantial activation of PI3K in T cells,
which drives the production of D-3 phosphoinositides as
signal mediators. Activation of T cells induces a time-
dependent elevation of the described second messengers,
which remain high until nine hours after activation and then
return to normal levels. Subcellular localization studies
revealed a major presence of these phosphoinositides in the
contact area between the T cell and the APC [107].

Further evidence for an involvement of PI3Ks in
proliferation signals in T cells was provided by the fact that
mouse T lymphocytes stimulated with an anti-CD3 antibody
showed a decrease in their proliferation rate in the presence of
the PI3K inhibitor LY294002. In T cells from mice carrying
a mutation in the PI3K catalytic subunit pll0d
(p110d°° AP "3 reduction in Akt/PKB phosphorylation,
as well as in CD4" T cell proliferation in response to CD3
stimulation was observed [28,108]. The proliferation
capacity of CD4" cells was restored upon co-stimulation with
CD28. These results supported other studies describing an
important role for PI3K in TCR signalling independently of
CD28, even though the molecular mechanism by which the
TCR is coupled to PI3K is still unclear [109,110]. Similar
experiments performed in p110d knock-out mice yielded less
clear results, which might be caused by a greater capacity of
pl10a and p110bto compensate for the absence of p110d
expression [29].

Interestingly, it was shown that CD28 can activate PI3K
independent of the TCR and that CD28 contains a Tyr-X-X-
Met motif in its cytoplasmatic domain that can bind the
SH2 domain of p85 [107,111,112]. However, the exact role
played by CD28 and its cytoplasmatic domain in the
activation of PI3K is still not totally understood. CD28-
deficient mice expressing a CD28-Tyrl70Phe mutant
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(Phenylalanine to Tyrosine substitution in the PI3K binding
motif of CD28), were still able to co-stimulate T cell
proliferation and IL-2 production independently of CD28
association with PI3K [113]. Instead, a defect in Bcl-Xt
activation and T cell survival was observed [113, 114]. On
the other hand, the capacity of CD28-deficient mice to
proliferate and produce IL-2 was also restored by expression
of an activated mutant of Akt/PKB, which seems to be in
conflict with the previous observation [115]. Despite the fact
that the ability of CD28 to recruit PI3K might be
dispensable for T cell proliferation and IL-2 production, it is
still possible that CD28 can influence the capacity of the
TCR to couple to PI3K and activate Akt/PKB independently
of the CD28-Tyr170. Furthermore, the cytoplasmic domain
of CD28 contains two Proline-rich regions (PYAP) that are
able to facilitate the recruitment of p85 through its SH3
domain [116,117]. Taken together, it appears that the
activation of PI3K due to CD28 triggering can be direct,
through the involvement of the Y XXM region (Fig. (4)), or
indirect, through the involvement of the PYAP region and
consequent involvement of proteins such as Lck and ZAP-
70.

A patent on methods for modulating T cell responses by
manipulating intracellular signals associated with T cell co-
stimulation was deposited by June in 2004 [104]. The
invention focuses on the inhibition or the activation of the
production of D-3 poly-phosphoinositides in T cells, which
can be achieved by manipulating PI13K signaling, or other
intracellular signals associated with co-stimulation. The pa-
tent describes useful tools for clinical applications, including
situations where it is desirable to inhibit an immune res-
ponse to an antigen(s), e.g. organ or bone marrow trans-
plantation and autoimmune diseases.

The evidence that CD28 activation plays a crucial role in
T cell activation and that PI3K plays a central role in the
CD28 cascade focused the attention of research on the
possibility of suppressing the immune system by
modulating PI3Ks and the signal cascade controlling its
activation. The best described PI3K inhibitors are
wortmannin [16,17] and the quercetin derivative LY294002
[18]. However, their lack of isoform specificity, as well as
their high overall toxicity limits their utility with respect to
clinical applications. In view of the limitations of generic
pharmacological inhibitors, there is a need to find other
agents that can be used alone, or in combination with these
PI3K inhibitors. A main result of combining different drugs
that act by different mechanisms is that a very powerful
immunosuppressive effect can be achieved. This makes it
possible to administer low doses of each single drug, which
reduces drug-related toxicity. The use of compounds
displaying higher specificities, such as inhibitors of the
PI3K isoforms p110d or pll0g would also have great
advantages and are described in this review [60, 64]. An
important benefit of specifically suppressing the immune
system is that the body is still able to maintain a sufficient
level of host defense to protect itself against infections and
malignancies.

A new strategy directly connected to the suppression of
CD28 activation was derived from the evidence that the
cytotoxic T lymphocyte antigen 4 (CTLAA4) receptor binds to
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Fig. (4). Involvement of PI3K in T cell receptor (TCR) signaling. The cytoplasmatic tail of the CD28 co-receptor contains a Y XXM
motif, to which the PI3K regulatory subunit p85 can bind upon tyrosine phosphorylation. While PI3Ks have the potential to regulate
different signaling pathways in T cells, the exact role they play is not yet clear.

the same APC ligand (CD80-CD86) as CD28 [118,119].
The interaction results in an inhibition of IL-2 production,
cell-cycle progression and the activation of TCR-induced
cyclins through blockage of JNK, Erk and NF-k B activation
[120-122]. 1t would thus be possible to block CD28
engagement and induce CTLA4 triggering by treating
patients with a B7-specific fusion protein CTLA4-1g. The
use and toxicity of this molecule is, however, a controversial
issue and thus it was used in different approaches depending
on the disease. In human bone marrow transplantation,
CTLA4-Ig has an in vitro use to prevent graft-versus-host
disease (GVHD). Its use in vivo is common in case of
allograft rejection of kidney and heart, as well as for the
treatment of psoriasis [123,124]. The effect of CTLA4-Ig
might further be improved by combined use with a CD40L-
specific monoclonal antibody that induces CTLA4 over-
expression [125,126].

Several other drugs/agents are already under study, some
of which directly target the different steps of the extracellular
signal-regulated kinase (Erk) cascade, Jun N-terminal kinase
(JNK), or p38 MAPK and are commonly used in vitro for
interference with cytokine production. Current immune
suppressive therapies which are used mainly in organ and
bone marrow transplantation and occasionally in rheumatoid
arthritis are Cyclosporine A (a fungal metabolite extracted
from Tolypocladium inflatum gams) and Tacrolimus (derived
from the soil fungus Streptomyces tsukubaensis). These two
molecules are able to block the translocation of the nuclear
factor of activated T cells (NFAT) to the nucleus. In this way
these compounds block IL-2 production and cell
proliferation, which are the first steps in T cell activation
[127-129].

All these different inhibitory approaches can be combined
with the PI3K inhibitors described before. In this way, the

problems resulting from the use of wortmannin or quercetin-
derived inhibitors alone could potentially be overcome.

There are two main types of applications for inhibitors of
T cell activation, which are in vivo and in vitro. In the first
case, the PI3K inhibitor, together with the other agents
chosen (especially in the case of antibodies), are directly
injected into the patient. For example, in case of organ
transplantation, the agents are injected together with the
transplant and maintained by follow-up injections. However,
this approach is not always successful, depending on the
toxicity of the agents and possible unspecific collateral
effects on other cells. In the case of transplantation, an in
vitro approach is therefore often preferred. In this case, a state
of anergy has to be induced in order to avoid the GVHD
which happens in allogeneic transplantation. This approach
is based on cells from a donor cultured together with a CD3-
triggering agent and a CD28 inhibitor. At the time when the
T cells are totally anergic, they can be transplanted into the
patient together with the cells needed.

Most of what has been described above relates to the
capacity to trigger CD28 and its related proteins in order to
induce T cell anergy. However, these approaches can also be
used for immune system stimulation, which is especially
beneficial to induce tumor rejection. The basis of this
approach is the possibility to produce a stronger co-
stimulation for specific T cells that have already received a
primary activation signal through TCR triggering. The most
important application of PI3K activation/co-stimulation is in
cancer immune therapy. In general, chemoresistant cancer
cells that express specific antigens on their surface are able to
induce T cell activation. However, this activation is often
too slow and too low for a complete elimination of the
cancer cells [130]. An approach to boost the signal for the
immune system is the implementation of a co-stimulation,
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independently of the presence of APCs. Some drugs already
commonly used in the clinic are thalidomide analogs such as
ImiDs and SelCIDs. Their role in co-stimulation of T cells
has already been demonstrated [131]. As already discussed in
the case of immune system tolerance, the use of these
compounds can be planned in vitro or in vivo.

In vitro cancer immunotherapy can be divided into
passive and adoptive methods, depending on the character-
istics of the lymphocytes generated and injected into the
patient. In the case of the adaptive immunotherapy, lympho-
cytes are cultured in the presence of a specific antigen and a
CD28 stimulator (or agents that induce co-stimulation). In
this case, the T lymphocytes generated and re-injected into
the patient are able to directly attack the tumor cells [132,
133]. In contrast, lymphocytes generated for the active
immunotherapy are not themselves specific for the antigen,
but are able to stimulate the patient’s immune system in
order to respond better and faster to the antigen. The latter
method can also be used in patients with a temporary
immune deficiency in order to generate a temporary immune
protection against common pathogens [134].

In vivo immunotherapy relates to the possibility of
inducing a stronger and faster immunity without any cellular
vaccination. Patients are treated with direct injections of
agents which provide a stronger and longer co-stimulatory
signal by acting directly on specific T cells that have already
received a signal through in vivo TCR engagement.

The growing understanding of PI3Ks and their possible
role(s) in the immune response opened an interesting field of
research regarding the identification of better and safer
immunosuppressive or immunostimulatory drugs. However,
an improvement in short and long term outcome of the
desired immune response is still needed. Multiple potential
P13K modulators have recently been described and screening
assays will hopefully reveal their potential uses in
immunotherapy. However, ex vivo studies still have to be
performed for a better understanding of the capacity of drugs
targeting PI3K activity to modulate immune responses.
Systematic studies in animals and human patients will then
be required to bridge the transition in drug development
from target enzymes to the modulation of lymphocyte
function.

CURRENT & FUTURE DEVELOPMENTS

The patents described in the present review have a wide
range of potential applications in medical research, including
the development of novel anti-cancer drugs and anti-
inflammatory agents. This is the consequence of the various
biological functions of distinct PI3K isoforms, which have
been characterized in the past years. Gene targeting and
transgenic mouse models have been instrumental in
describing the distinct roles of the pl10g and pll0d
isoforms in the immune system. These studies have been
confirmed by the use of isoform-specific pharmacological
inhibitors, which are now further being developed as novel
drugs for diseases such as rheumatoid arthritis and allergies.
In the case of p110a, the discovery of somatic mutations in
the PIK3CA gene in a substantial number of different human
cancers has made this PI3K isoform a validated target for the
development of anti-cancer agents. However, in view of the

Arcaro et al.

complexity of the signaling networks involving PI3K
isoforms [24,32,135], it remains unclear how soon drugs
targeting these enzymes will successfully achieve the
transition from the bench to the bedside.

ACKNOWLEDGEMENTS

This work was supported by grants from the Swiss
National Science Foundation (Grant 3100A0-105321),
Oncosuisse (OCS-01501-02-2004), the Forschungskredit der
Universitat Zirich and the Krebsliga Ziirich to AA.

REFERENCES

[1] Katso R, Okkenhaug K, Ahmadi K, White S, Timms J,
Waterfield MD. Cellular function of phosphoinositide 3-kinases:
implications for development, homeostasis, and cancer. Annu
Rev Cell Dev Biol 2001; 17: 615-75.

[2] Vanhaesebroeck B, Alessi DR. The PI3K-PDK1 connection:
more than just a road to PKB. Biochem J 2000; 346 Pt 3: 561-76.

[3] Liang J, Slingerland JM. Multiple roles of the PI3BK/PKB (Akt)
pathway in cell cycle progression. Cell Cycle 2003; 2(4): 339-
45,

[4] Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator
of nutrient and growth factor signals and coordinator of cell
growth and cell cycle progression. Oncogene 2004; 23(18):
3151-71.

[5] Downward J. PI 3-kinase, Akt and cell survival. Semin Cell Dev
Biol 2004; 15(2): 177-82.

[6] Chantry D, Vojtek A, Kashishian A, et al. p110delta, a novel
phosphatidylinositol 3-kinase catalytic subunit that associates
with p85 and is expressed predominantly in leukocytes. J Biol
Chem 1997; 272(31): 19236-41.

[7] Vanhaesebroeck B, Leevers SJ, Panayotou G, Waterfield MD.
Phosphoinositide 3-kinases: a conserved family of signal
transducers. Trends Biochem Sci 1997; 22(7): 267-72.

[8] Vanhaesebroeck B, Welham MJ, Kotani K, et al. P110delta, a
novel phosphoinositide 3-kinase in leukocytes. Proc Natl Acad
Sci USA 1997; 94(9): 4330-35.

[9] Krugmann S, Hawkins PT, Pryer N, Braselmann S. Charac-
terizing the interactions between the two subunits of the
p101/p110gamma phosphoinositide 3-kinase and their role in the
activation of this enzyme by G beta gamma subunits. J Biol
Chem 1999; 274(24): 17152-58.

[10] Suire S, Coadwell J, Ferguson GJ, Davidson K, Hawkins P,
Stephens L. p84, a new Gbetagamma-activated regulatory
subunit of the type IB phosphoinositide 3-kinase p110gamma.
Curr Biol 2005; 15(6): 566-70.

[11] Hirsch E, Katanaev VL, Garlanda C, et al. Central role for G
protein-coupled  phosphoinositide  3-kinase gamma  in
inflammation. Science 2000; 287(5455): 1049-53.

[12] Arcaro A, Zvelebil MJ, Wallasch C, Ullrich A, Waterfield MD,
Domin J. Class Il phosphoinositide 3-kinases are downstream
targets of activated polypeptide growth factor receptors. Mol
Cell Biol 2000; 20(11): 3817-30.

[13] Brown RA, Domin J, Arcaro A, Waterfield MD, Shepherd PR.
Insulin activates the alpha isoform of class Il phosphoinositide
3-kinase. J Biol Chem 1999; 274(21): 14529-32.

[14] Schu PV, Takegawa K, Fry MJ, Stack JH, Waterfield MD, Emr
SD. Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene
essential for protein sorting. Science 1993; 260(5104): 88-91.

[15] Wurmser AE, Gary JD, Emr SD. Phosphoinositide 3-kinases and
their FYVE domain-containing effectors as regulators of
vacuolar/lysosomal membrane trafficking pathways. J Biol
Chem 1999; 274(14): 9129-32.

[16]  Arcaro A, Wymann MP. Wortmannin is a potent phosphatidyl-
ino-sitol 3-kinase inhibitor: the role of phosphatidylinositol 3,4,5-
trisphosphate in neutrophil responses. Biochem J 1993; 296 (Pt
2): 297-301.

[17] Powis G, Bonjouklian R, Berggren MM, et al. Wortmannin, a
potent and selective inhibitor of phosphatidylinositol-3-kinase.
Cancer Res 1994; 54(9): 2419-23.

[18] Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor
of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-



The PI3K/Akt Pathway in Drug Discovery

*[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

4H-1-benzopyran-4-one (LY294002). J Biol Chem 1994,
269(7): 5241-48.

Garlich, J.R., Durden, D.L., Patterson, M., Su, J., Suhr, R.G.:
US20056949537B2. (2005).

Vanhaesebroeck B, Ali K, Bilancio A, Geering B, Foukas LC.
Signalling by PI3K isoforms: insights from gene-targeted mice.
Trends Biochem Sci 2005; 30(4): 194-204.

Bi L, Okabe I, Bernard DJ, Wynshaw-Boris A, Nussbaum RL.
Proliferative defect and embryonic lethality in mice
homozygous for a deletion in the pll0alpha subunit of
phosphoinositide 3-kinase. J Biol Chem 1999; 274(16): 10963-
68.

Lelievre E, Bourbon PM, Duan LJ, Nussbaum RL, Fong GH.
Deficiency in the pllOalpha subunit of PI3K results in
diminished Tie2 expression and Tie2(-/-)-like vascular defects
in mice. Blood 2005; 105(10): 3935-38.

Shioi T, Kang PM, Douglas PS, et al. The conserved
phosphoinositide 3-kinase pathway determines heart size in
mice. EMBO J 2000; 19(11): 2537-48.

Foukas LC, Claret M, Pearce W, et al. Critical role for the
pll0alpha phosphoinositide-3-OH kinase in growth and
metabolic regulation. Nature 2006; 441(7091): 366-70.

Knight ZA, Gonzalez B, Feldman ME, et al. A pharmacological
map of the PI3-K family defines a role for p110alpha in insulin
signaling. Cell 2006; 125(4): 733-47.

Bi L, Okabe I, Bernard DJ, Nussbaum RL. Early embryonic
lethality in mice deficient in the p110beta catalytic subunit of PI
3-kinase. Mamm Genome 2002; 13(3): 169-72.

Clayton E, Bardi G, Bell SE, et al. A crucial role for the
pl10delta subunit of phosphatidylinositol 3-kinase in B cell
development and activation. J Exp Med 2002; 196(6): 753-63.
Okkenhaug K, Bilancio A, Farjot G, et al. Impaired B and T cell
antigen receptor signaling in p110delta Pl 3-kinase mutant mice.
Science 2002; 297(5583): 1031-34.

Jou ST, Carpino N, Takahashi Y, et al. Essential, nonredundant
role for the phosphoinositide 3-kinase p110delta in signaling by
the B-cell receptor complex. Mol Cell Biol 2002; 22(24): 8580-
91.

Sasaki T, Irie-Sasaki J, Jones RG, et al. Function of PI3Kgamma
in thymocyte development, T cell activation, and neutrophil
migration. Science 2000; 287(5455): 1040-46.

Li Z, Jiang H, Xie W, Zhang Z, Smrcka AV, Wu D. Roles of
PLC-beta2 and -beta3 and PI3Kgamma in chemoattractant-
mediated signal transduction. Science 2000; 287(5455): 1046-
49.

Patrucco E, Notte A, Barberis L, et al. PI3Kgamma modulates
the cardiac response to chronic pressure overload by distinct
kinase-dependent and -independent effects. Cell 2004; 118(3):
375-87.

Crackower MA, Oudit GY, Kozieradzki I, et al. Regulation of
myocardial contractility and cell size by distinct PI3K-PTEN
signaling pathways. Cell 2002; 110(6): 737-49.

Fruman DA, Mauvais-Jarvis F, Pollard DA, et al
Hypoglycaemia, liver necrosis and perinatal death in mice
lacking all isoforms of phosphoinositide 3-kinase p85 alpha. Nat
Genet 2000; 26(3): 379-82.

Fruman DA, Snapper SB, Yballe CM, et al. Impaired B cell
development and proliferation in absence of phosphoinositide 3-
kinase p85alpha. Science 1999; 283(5400): 393-97.

Ueki K, Yballe CM, Brachmann SM, et al. Increased insulin
sensitivity in mice lacking p85beta subunit of phosphoinositide
3-kinase. Proc Natl Acad Sci USA 2002; 99(1): 419-24.
Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase AKT
pathway in human cancer. Nat Rev Cancer 2002; 2(7): 489-
501.

Aggerholm A, Gronbaek K, Guldberg P, Hokland P. Mutational
analysis of the tumour suppressor gene MMACIL/PTEN in
malignant myeloid disorders. Eur J Haematol 2000; 65(2): 109-
13.

Ali IU, Schriml LM, Dean M. Mutational spectra of PTEN/
MMAC1 gene: a tumor suppressor with lipid phosphatase
activity. J Natl Cancer Inst 1999; 91(22): 1922-32.

Maehama T, Dixon JE. The tumor suppressor, PTEN/MMACL1,
dephosphorylates the lipid second messenger, phosphatidyl-
inositol 3,4,5-trisphosphate. J Biol Chem 1998; 273(22): 13375-
78.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]
*[60]
*[61]

[62]
[63]

*[64]

*[65]

[66]

[67]

Recent Patents on DNA & Gene Sequences 2007, Vol. 1, No. 1 21

Shayesteh L, Lu Y, Kuo WL, et al. PIK3CA is implicated as an
oncogene in ovarian cancer. Nat Genet 1999; 21(1): 99-102.
Kang S, Bader AG, Vogt PK. Phosphatidylinositol 3-kinase
mutations identified in human cancer are oncogenic. Proc Natl
Acad Sci USA 2005; 102(3): 802-7.

Samuels Y, Wang Z, Bardelli A, et al. High frequency of
mutations of the PIK3CA gene in human cancers. Science 2004;
304(5670): 554.

Benistant C, Chapuis H, Roche S. A specific function for
phosphatidylinositol 3-kinase alpha (p85alpha-p110alpha) in
cell survival and for phosphatidylinositol 3-kinase beta
(p85alpha-p110beta) in de novo DNA synthesis of human colon
carcinoma cells. Oncogene 2000; 19(44): 5083-90.

Czauderna F, Santel A, Hinz M, et al. Inducible shRNA
expression for application in a prostate cancer mouse model.
Nucleic Acids Res 2003; 31(21): e127.

Sasaki T, Irie-Sasaki J, Horie Y, et al. Colorectal carcinomas in
mice lacking the catalytic subunit of PI(3)Kgamma. Nature
2000; 406(6798): 897-902.

Laffargue M, Calvez R, Finan P, et al. Phosphoinositide 3-kinase
gamma is an essential amplifier of mast cell function. Immunity
2002; 16(3): 441-51.

Camps M, Ruckle T, Ji H, et al. Blockade of PI3Kgamma
suppresses joint inflammation and damage in mouse models of
rheumatoid arthritis. Nat Med 2005; 11(9): 936-43.

Brennan F, Foey A. Cytokine regulation in RA synovial tissue:
role of T cell/macrophage contact-dependent interactions.
Arthritis Res 2002; 4 Suppl 3: S177-82.

Crawley JB, Williams LM, Mander T, Brennan FM, Foxwell
BM. Interleukin-10 stimulation of phosphatidylinositol 3-kinase
and p70 S6 kinase is required for the proliferative but not the
antiinflammatory effects of the cytokine. J Biol Chem 1996;
271(27): 16357-62.

Foey A, Green P, Foxwell B, Feldmann M, Brennan F. Cytokine-
stimulated T cells induce macrophage IL-10 production depen-
dent on phosphatidylinositol 3-kinase and p70S6K: implications
for rheumatoid arthritis. Arthritis Res 2002; 4(1): 64-70.

Lee KS, Lee HK, Hayflick JS, Lee YC, Puri KD. Inhibition of
phosphoinositide 3-kinase delta attenuates allergic airway
inflammation and hyperresponsiveness in murine asthma model.
FASEB J 2006; 20(3): 455-65.

Lee KS, Park SJ, Kim SR, et al. Phosphoinositide 3-kinase-delta
inhibitor reduces vascular permeability in a murine model of
asthma. J Allergy Clin Immunol 2006; 118(2): 403-9.

Luo J, Sobkiw CL, Hirshman MF, et al. Loss of class IA PI3K
signaling in muscle leads to impaired muscle growth, insulin
response, and hyperlipidemia. Cell Metab 2006; 3(5): 355-66.
Jarrett RJ. Cardiovascular disease and hypertension in diabetes
mellitus. Diabetes Metab Rev 1989; 5(7): 547-58.

Zdychova J, Komers R. Emerging role of Akt kinase/protein
kinase B signaling in pathophysiology of diabetes and its
complications. Physiol Res 2005; 54(1): 1-16.

Yousif MH, Benter IF, Hares N, Canatan H, Akhtar S.
Phosphoinositide 3-kinase mediated signalling contributes to
development of diabetes-induced abnormal vascular reactivity
of rat carotid artery. Cell Biochem Funct 2006; 24(1): 13-22.
Williams, L.T., Molz, L., Chen, Y.: US20016291220B1 (2001).
Klippel, A., Williams, L.T.: US20006043062 (2000).

Stoyanov, B., Kanck, T., Wetzker, R.: EP0786004 (1997).
Chantry, D.H., Hoekstra, M.F., Holtzman, D.A.: EP1522584A3
(1997).

Masure, S.L.J., Richardson, A.: US20067071216 (2006).
Garlich, J.R., Durden, D.L., Patterson, M., Su, J., Suhr, R.G.:
US20056949537B2 (2005).

Sadhu, C., Dick, K., Treiberg, J., Sowell, C., Kesicki, E., Olivier,
A.: US20036667300B2 (2003).

Hayakawa, M., Kaizawa, H., Moritomo, H., Kawaguchi, K.,
Koizumi, T., Yamano, M., Matsuda, K., Okada, M., Ohta, M.:
EP1277738 (2003).

Hayakawa, M., Kaizawa, H., Kawaguchi, K., Matsuda, K.,
Ishikawa, N., Koizumi, T., Yamano, M., Okada, M., Ohta, M.:
US20051277754 (2005).

Drees, B.E., Chakravarty, L., Prestwich, G.D., Dorman, G.,
Kavecz, M., Lukacs, A., Urge, L., Darvas, F., Rzepecki, P.W.,
Ferguson, C.G.: EP1648463A2 (2006).



22 Recent Patents on DNA & Gene Sequences 2007, Vol. 1, No. 1

[68]

[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

[78]

[79]

(80]

(81]

(82]

(83]

(84]

[85]

(86]

(871

(88]

(89]

[90]

Bloomfield, G.C., Bruce, I., Leblanc, C., Oza, M.S., Whithead,
L., Cuenoud, B., Keller, T.H., Kirman, L., McCarthy, C.,
Woodward, G.E.: US20060148822A1 (2006).

Stoyanov, B., Kanck, T., Wetzker, R.: US5885777 (1999).
Stoyanov B, Volinia S, Hanck T, et al. Cloning and
characteriza-tion of a G protein-activated human phospho-
inositide-3 kinase. Science 1995; 269(5224): 690-93.

Thomason PA, James SR, Casey PJ, Downes CP. A G-protein
beta gamma-subunit-responsive phosphoinositide  3-kinase
activity in human platelet cytosol. J Biol Chem 1994; 269(24):
16525-28.

Stephens L, Smrcka A, Cooke FT, Jackson TR, Sternweis PC,
Hawkins PT. A novel phosphoinositide 3 kinase activity in
myeloid-derived cells is activated by G protein beta gamma
subunits. Cell 1994; 77(1): 83-93.

Hiles ID, Otsu M, Volinia S, et al. Phosphatidylinositol 3-kinase:
structure and expression of the 110 kd catalytic subunit. Cell
1992; 70(3): 419-29.

Hu P, Mondino A, Skolnik EY, Schlessinger J. Cloning of a
novel, ubiquitously expressed human phosphatidylinositol 3-
kinase and identification of its binding site on p85. Mol Cell Biol
1993; 13(12): 7677-88.

Dhand R, Hara K, Hiles I, et al. Pl 3-kinase: structural and
functional analysis of intersubunit interactions. Embo J 1994;
13(3): 511-21.

Stephens LR, Eguinoa A, Erdjument-Bromage H, etal. The G
beta gamma sensitivity of a PI3K is dependent upon a tightly
associated adaptor, p101. Cell 1997; 89(1): 105-14.

Walker EH, Perisic O, Ried C, Stephens L, Williams RL.
Structural insights into phosphoinositide 3-kinase catalysis and
signalling. Nature 1999; 402(6759): 313-20.

al-Aoukaty A, Rolstad B, Maghazachi AA. Recruitment of
pleckstrin and phosphoinositide 3-kinase gamma into the cell
membranes, and their association with G beta gamma after
activation of NK cells with chemokines. J Immunol 1999;
162(6): 3249-55.

Fuchikami K, Togame H, Sagara A, et al. A versatile high-
throughput screen for inhibitors of lipid kinase activity:
development of an immobilized phospholipid plate assay for
phosphoinositide 3-kinase gamma. J Biomol Screen 2002; 7(5):
441-50.

Barber DF, Bartolome A, Hernandez C, et al. PI3Kgamma
inhibition blocks glomerulonephritis and extends lifespan in a
mouse model of systemic lupus. Nat Med 2005; 11(9): 933-35.
Cosemans J, Munnix I, Wetzker R, Heller R, Jackson S,
Heemskerk J. Continuous signaling via PI13K isoforms {beta}
and {gamma} is required for platelet ADP receptor function in
dynamic thrombus stabilization. Blood 2006; 108: 2883-2884.
Hirsch E, Bosco O, Tropel P, et al. Resistance to thrombo-
embolism in PI3Kgamma-deficient mice. Faseb J 2001; 15(11):
2019-21.

Lian L, Wang Y, Draznin J, et al. The relative role of PLCbeta
and PI3Kgamma in platelet activation. Blood 2005; 106(1): 110-
17.

Kang S, Denley A, Vanhaesebroeck B, Vogt PK. Oncogenic
transformation induced by the p110beta, -gamma, and -delta
isoforms of class | phosphoinositide 3-kinase. Proc Natl Acad
Sci USA 2006; 103(5): 1289-94.

Zhao M, Song B, Pu J, et al. Electrical signals control wound
healing through phosphatidylinositol-3-OH kinase-gamma and
PTEN. Nature 2006; 442(7101): 457-60.

Chantry, D.H., Hoekstra, M.F., Holtzman, D.A.: US5858753
(1999).

Sadhu, C., Dick, K., Treiberg, J., Sowell, C., Kesicki, E., Olivier,
A.: US20046800620B2 (2004).

Geng L, Tan J, Himmelfarb E, et al. A specific antagonist of the
pll0delta catalytic component of phosphatidylinositol 3'-kinase,
IC486068, enhances radiation-induced tumor  vascular
destruction. Cancer Res 2004; 64(14): 4893-99.

Billottet C, Grandage VL, Gale RE, et al. A selective inhibitor of
the pllOdelta isoform of Pl 3-kinase inhibits AML cell
proliferation and survival and increases the cytotoxic effects of
VP16. Oncogene 2006.

Puri KD, Doggett TA, Douangpanya J, et al. Mechanisms and
implications of phosphoinositide 3-kinase delta in promoting

*[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

*[104]
[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Arcaro et al.

neutrophil trafficking into inflamed tissue. Blood 2004; 103(9):
3448-56.

Samuels, Y., Velculescu, V.E., Kinzler, K.W., Vogelstein, B.:
WO05091849 (2005).

Chang HW, Aoki M, Fruman D, et al. Transformation of
chicken cells by the gene encoding the catalytic subunit of PI 3-
kinase. Science 1997; 276(5320): 1848-50.

Woenckhaus J, Steger K, Werner E, et al. Genomic gain of
PIK3CA and increased expression of pl10alpha are associated
with progression of dysplasia into invasive squamous cell
carcinoma. J Pathol 2002; 198(3): 335-42.

Ma Y'Y, Wei SJ, Lin YC, et al. PIK3CA as an oncogene in
cervical cancer. Oncogene 2000; 19(23): 2739-44.

Byun DS, Cho K, Ryu BK, et al. Frequent monoallelic deletion
of PTEN and its reciprocal associatioin with PIK3CA
amplification in gastric carcinoma. Int J Cancer 2003; 104(3):
318-27.

Bjorkgvist AM, Husgafvel-Pursiainen K, Anttila S, et al. DNA
gains in 3g occur frequently in squamous cell carcinoma of the
lung, but not in adenocarcinoma. Genes Chromosomes Cancer
1998; 22(1): 79-82.

Bachman KE, Argani P, Samuels Y, et al. The PIK3CA gene is
mutated with high frequency in human breast cancers. Cancer
Biol Ther 2004; 3(8): 772-75.

Broderick DK, Di C, Parrett TJ, et al. Mutations of PIK3CA in
anaplastic oligodendrogliomas, high-grade astrocytomas, and
medulloblastomas. Cancer Res 2004; 64(15): 5048-50.

Lee JW, Soung YH, Kim SY, et al. PIK3CA gene is frequently
mutated in breast carcinomas and hepatocellular carcinomas.
Oncogene 2005; 24(8): 1477-80.

Levine DA, Bogomolniy F, Yee CJ, et al. Frequent mutation of
the PIK3CA gene in ovarian and breast cancers. Clin Cancer
Res 2005; 11(8): 2875-78.

Samuels Y, Diaz LA Jr, Schmidt-Kittler O, et al. Mutant
PIK3CA promotes cell growth and invasion of human cancer
cells. Cancer Cell 2005; 7(6): 561-73.

Hayakawa M, Kaizawa H, Moritomo H, et al. Synthesis and
biological evaluation of 4-morpholino-2-phenylquinazolines and
related derivatives as novel PI3 kinase pll0alpha inhibitors.
Bioorg Med Chem 2006; 14(20): 6847-58.

Condliffe AM, Davidson K, Anderson KE, et al. Sequential
activation of class IB and class |A PI3K is important for the
primed respiratory burst of human but not murine neutrophils.
Blood 2005; 106(4): 1432-40.

June, C.H.: EP0758232B1 (2004).

von Boehmer H, Aifantis I, Gounari F, et al. Thymic selection
revisited: how essential is it? Immunol Rev 2003; 191: 62-78.
Serrano M, Gomez-Lahoz E, DePinho RA, Beach D, Bar-Sagi
D. Inhibition of ras-induced proliferation and cellular
transformation by p16INK4. Science 1995; 267(5195): 249-52.
Ward SG, Westwick J, Hall ND, Sansom DM. Ligation of CD28
receptor by B7 induces formation of D-3 phosphoinositides in T
lymphocytes independently of T cell receptor/CD3 activation.
Eur J Immunol 1993; 23(10): 2572-77.

Okkenhaug K, Vanhaesebroeck B. PI3K in lymphocyte
development, differentiation and activation. Nat Rev Immunol
2003; 3(4): 317-30.

Exley M, Varticovski L. Evidence for phosphatidylinositol 3-
kinase-dependent T cell antigen receptor (TCR) signal
transduction. Mol Immunol 1997; 34(3): 221-26.

Eder AM, Dominguez L, Franke TF, Ashwell JD. Phospho-
inositide 3-kinase regulation of T cell receptor-mediated
interleukin-2 gene expression in normal T cells. J Biol Chem
1998; 273(43): 28025-31.

Ward SG, June CH, Olive D. PI 3-kinase: a pivotal pathway in
T-cell activation? Immunol Today 1996; 17(4): 187-97.

Pages F, Ragueneau M, Rottapel R, et al. Binding of
phosphatidylinositol-3-OH kinase to CD28 is required for T-cell
signalling. Nature 1994; 369(6478): 327-29.

Okkenhaug K, Wu L, Garza KM, et al. A point mutation in
CD28 distinguishes proliferative signals from survival signals.
Nat Immunol 2001; 2(4): 325-32.

Harada Y, Tokushima M, Matsumoto Y, et al. Critical
requirement for the membrane-proximal cytosolic tyrosine
residue for CD28-mediated costimulation in vivo. J Immunol
2001; 166(6): 3797-803.



The PI3K/Akt Pathway in Drug Discovery

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Kane LP, Andres PG, Howland KC, Abbas AK, Weiss A. Akt
provides the CD28 costimulatory signal for up-regulation of IL-
2 and IFN-gamma but not TH2 cytokines. Nat Immunol 2001;
2(1): 37-44.

Kim HH, Tharayil M, Rudd CE. Growth factor receptor-bound
protein 2 SH2/SH3 domain binding to CD28 and its role in co-
signaling. J Biol Chem 1998; 273(1): 296-301.

Okkenhaug K, Rottapel R. Grb2 forms an inducible protein
complex with CD28 through a Src homology 3 domain-proline
interaction. J Biol Chem 1998; 273(33): 21194-202.

Salomon B, Bluestone JA. Complexities of CD28/B7: CTLA-4
costimulatory pathways in autoimmunity and transplantation.
Annu Rev Immunol 2001; 19: 225-52.

Krummel MF, Allison JP. CTLA-4 engagement inhibits IL-2
accumulation and cell cycle progression upon activation of
resting T cells. J Exp Med 1996; 183(6): 2533-40.

Alegre ML, Frauwirth KA, Thompson CB. T-cell regulation by
CD28 and CTLA-4. Nat Rev Immunol 2001; 1(3): 220-28.
Calvo CR, Amsen D, Kruisheek AM. Cytotoxic T lymphocyte
antigen 4 (CTLA-4) interferes with extracellular signal-
regulated kinase (ERK) and Jun NH2-terminal kinase (JNK)
activation, but does not affect phosphorylation of T cell
receptor zeta and ZAP70. J Exp Med 1997; 186(10): 1645-53.
Blair PJ, Riley JL, Levine BL, et al. CTLA-4 ligation delivers a
unique signal to resting human CD4 T cells that inhibits
interleukin-2 secretion but allows Bcl-X(L) induction. J
Immunol 1998; 160(1): 12-15.

Turka LA, Linsley PS, Lin H, et al. T-cell activation by the
CD28 ligand B7 is required for cardiac allograft rejection in
vivo. Proc Natl Acad Sci USA 1992; 89(22): 11102-5.

Abrams JR, Lebwohl MG, Guzzo CA, et al. CTLA4lg-mediated
blockade of T-cell costimulation in patients with psoriasis
vulgaris. J Clin Invest 1999; 103(9): 1243-52.

Recent Patents on DNA & Gene Sequences 2007, Vol. 1, No. 1 23

[125]

[126]

[127]

[128]

[129]

[130]

[131]
[132]
[133]

[134]

[135]

Kirk AD, Harlan DM, Armstrong NN, et al. CTLA4-1g and
anti-CD40 ligand prevent renal allograft rejection in primates.
Proc Natl Acad Sci USA 1997; 94(16): 8789-94.

Sho M, Sandner SE, Najafian N, et al. New insights into the
interactions between T-cell costimulatory blockade and
conventional immunosuppressive drugs. Ann Surg 2002; 236(5):
667-75.

Bierer BE, Hollander G, Fruman D, Burakoff SJ. Cyclosporin A
and FK506: molecular mechanisms of immunosuppression and
probes for transplantation biology. Curr Opin Immunol 1993;
5(5): 763-73.

Fruman DA, Burakoff SJ, Bierer BE. Immunophilins in protein
folding and immunosuppression. FASEB J 1994; 8(6): 391-400.
Danovitch GM. Immunosuppressive medications for renal
transplantation: a multiple choice question. Kidney Int 2001;
59(1): 388-402.

Marriott JB, Clarke 1A, Dredge K, Muller G, Stirling D,
Dalgleish AG. Thalidomide and its analogues have distinct and
opposing effects on TNF-alpha and TNFR2 during co-
stimulation of both CD4" and CD8" T cells. Clin Exp Immunol
2002; 130(1): 75-84.

Raje N, Anderson KC. Thalidomide and immunomodulatory
drugs as cancer therapy. Curr Opin Oncol 2002; 14(6): 635-40.
Tey SK, Bollard CM, Heslop HE. Adoptive T-cell transfer in
cancer immunotherapy. Immunol Cell Biol 2006; 84(3): 281-89.
Chen L, Linsley PS, Hellstrom KE. Costimulation of T cells for
tumor immunity. Immunol Today 1993; 14(10): 483-86.
Greenberg PD. Adoptive T cell therapy of tumors: mechanisms
operative in the recognition and elimination of tumor cells. Adv
Immunol 1991; 49: 281-355.

Vanhaesebroeck B, Rohn JL, Waterfield MD. Gene targeting:
attention to detail. Cell 2004; 118(3): 274-76.



