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ABSTRACT

The phosphoinositide 3-kinase pathway represents an important anticancer target because it has been implicated in
cancer cell growth, survival, and motility. Recent studies show that PI3K may also play a role in the development of
resistance to currently available therapies. In a broad range of cancers, various components of the phosphoinositide
3-kinase signaling axis are genetically modified, and the pathway can be activated through many different mechanisms. The frequency of genetic alterations in the phosphoinositide 3-kinase pathway, coupled with the impact in
oncogenesis and disease progression, make this signaling axis an attractive target in anticancer therapy. A better
understanding of the critical function of the phosphoinositide 3-kinase pathway in leukemias and lymphomas has
led to the clinical evaluation of novel rationally designed inhibitors in this setting. Three main categories of phosphoinositide 3-kinase inhibitors have been developed so far: agents that target phosphoinositide 3-kinase and mammalian target of rapamycin (dual inhibitors), pan-phosphoinositide 3-kinase inhibitors that target all class I isoforms,
and isoform-specific inhibitors that selectively target the α, -β, -g, or -d isoforms. Emerging data highlight the promise
of phosphoinositide 3-kinase inhibitors in combination with other therapies for the treatment of patients with hematologic malignancies. Further evaluation of phosphoinositide 3-kinase inhibitors in first-line or subsequent regimens
may improve clinical outcomes. This article reviews the role of phosphoinositide 3-kinase signaling in hematologic
malignancies and the potential clinical utility of inhibitors that target this pathway.

Introduction
Phosphoinositide 3-kinase (PI3K) signaling plays a key role
in protein synthesis, gene transcription, cell growth, and
motility. The PI3K pathway is dysregulated in various cancers, and aberrant PI3K signaling is associated with oncogenesis and disease progression in solid tumors and hematologic
malignancies.1-3 Oncogenic activation of the PI3K pathway
can occur via several mechanisms, including mutations or
amplification of the PIK3CA gene, activating mutations in
upstream receptor tyrosine kinases (RTKs), activating mutations of the downstream effector protein AKT, or inactivating
mutations or loss of the phosphatase and tensin homolog
deleted on chromosome 10 (PTEN, a negative regulator of the
PI3K pathway).1 Although PIK3CA mutations are rare in
hematologic malignancies, constitutive activation of the PI3K
pathway is common, and certain PI3K isoforms are expressed
mainly in hematopoietic cells.4 Interest in this pathway has
led to the development of novel inhibitors that target PI3K
itself or downstream effectors such as mammalian target of
rapamycin (mTOR) and AKT.5,6 mTOR inhibitors, everolimus
and temsirolimus, are approved for the treatment of various
cancers. Other mTOR inhibitors, such as OSI-027, AZD
2014, INK-128, and CC-223 are being investigated in patients
with solid tumors. Inhibitors of AKT, including perifosine,
MK2206, and GSK2110183, are also in clinical development.
This article will focus on PI3K inhibitors because mTOR and
AKT inhibitors have been extensively reviewed elsewhere.5-7

Herein, we explore the rationale for targeting PI3K in hematologic malignancies and discuss the clinical development of
PI3K inhibitors in these diseases.

Overview of the PI3K pathway
The PI3K family of heterodimeric enzymes is grouped into
three main categories: classes I, II, and III. Class I enzymes are
the most studied and are often implicated in cancer. Class I
enzymes are further divided into classes IA and IB, depending
on the structure of their regulatory and catalytic subunits.
Class IA encompasses five different regulatory subunits
(p85α, p85β, p55α, p55g, or p50α) and three distinct catalytic
subunits (p110α, p110β, or p110d).8,9 Class IB PI3Ks are composed of two different regulatory subunits (p101 or p87) and
one catalytic subunit (p110g).10 Notably, p110d and p110g are
exclusively expressed in hematopoietic cells, whereas the α
and β isoforms are ubiquitous.1,11,12 Class IA PI3Ks are activated by direct interaction with RTKs, non-RTKs, G-protein
coupled receptors (GPCRs), and Ras, whereas class IB
enzymes are activated by GPCRs and Ras.13-16 The regulatory
subunits mediate membrane localization, receptor binding,
and activation, whereas the catalytic subunit phosphorylates
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) to yield
phosphatidylinositol-3,4,5-trisphosphate (PIP3). The resulting
PIP3 initiates downstream signaling by recruiting 3-phosphoinositide-dependent kinase 1 (PDK1) to the membrane,
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where it activates the AKT serine/threonine kinase by
phosphorylating the threonine 308 residue (Figure 1). In
turn, AKT phosphorylates many downstream substrates,
including forkhead box protein O (FOXO), glycogen synthase kinase-3 (GSK-3), and Bcl-2 associated death promoter (BAD). AKT-mediated phosphorylation also
inhibits the proline-rich AKT substrate of 40 kDa
(PRAS40) and tuberous sclerosis complex 2 (TSC2), thereby activating mTOR complex 1 (mTORC1). mTORC1
consists of mTOR, mTOR-associated protein LST8
homolog (mLST8), regulatory associated protein of
mTOR (RAPTOR), DEP domain TOR-binding protein
(DEPTOR), and PRAS40. Activated mTORC1 stimulates
protein synthesis by phosphorylating the ribosomal
kinase proteins S6K1 (p70S6K/p85S6K) and S6K2
(p54S6K), and the eukaryotic initiation factor 4E-binding
proteins (4E-BP1, 4E-BP2, and 4E-BP3).17,18 mTORC2 is
physiologically distinct from mTORC1 and consists of
mTOR, mLST8, DEPTOR, rapamycin-insensitive companion of mTOR (RICTOR), protein observed with RICTOR (PROTOR), and mammalian stress-activated protein
kinase interaction protein 1 (mSIN1). Unlike mTORC1,
mTORC2 is considered rapamycin-insensitive because its
inhibition requires prolonged drug exposure. While its
function is not fully elucidated, mTORC2 is known to

phosphorylate AKT at serine 473, which is necessary for
maximum activation of AKT.19 Thus, mTOR plays important roles upstream and downstream of AKT.
PI3K is negatively regulated by PTEN and Src homology
domain-containing inositol phosphatases (SHIP1 and 2).
PTEN is ubiquitously expressed and often mutated or epigenetically silenced in many tumor types, which can lead
to sustained activation of the PI3K pathway (Figure 1).20,21
SHIP2 is also ubiquitously expressed while SHIP1 is
restricted to hematopoietic cells and has been implicated
in B-cell malignancies.22 Hydrolysis of PIP3 by PTEN generates PI-4,5-P2, thereby terminating downstream PI3K signaling. In contrast, SHIP modulates but does not terminate
PI3K signaling because SHIP yields phosphatidylinositol3,4-bisphosphate (PI-3,4-P2), which can initiate distinct
signaling by binding to proteins such as AKT, Bam32, and
tandem PH domain-containing proteins (TAPP1/2).23

Role of the PI3K pathway in hematologic
malignancies
Numerous molecular abnormalities that result in constitutive activation of the PI3K pathway in hematologic malignancies have been reported (Table 1), demonstrating the
importance of targeting PI3K in leukemias and lymphomas.

Figure 1. Key features of the phosphoinositide 3-kinase (PI3K) signaling pathway. Upon activation, class IA and B PI3Ks initiate signaling by
phosphorylating phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3), which recruits
AKT and 3-phosphoinositide-dependent kinase 1 (PDK1) to the plasma membrane. AKT-mediated phosphorylation can activate (arrows) or
inhibit (bars) downstream proteins. PI3K signaling affects cell growth, apoptosis, cell-cycle regulation, glucose metabolism, and DNA repair.
Some molecular details have been omitted from this diagram for simplicity.
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Leukemia
Acute myeloid leukemia
While most patients with acute myeloid leukemia
(AML) respond to polychemotherapy regimens, the frequency of relapse is high and patients with relapsed or
refractory AML have a poor prognosis.36 A major therapeutic challenge in AML is the presence of leukemic stem
cells (LSCs), which are primarily quiescent and resistant to
anticancer therapies. Eradication of LSCs is critical
because they are associated with metastases, resistance,
and relapse.37
Genetic mutations in Fms-like tyrosine kinase 3 (FLT3),
KIT receptor tyrosine kinase, N-Ras, and K-Ras, that are
associated with oncogenic activation of the PI3K pathway
are frequently reported in AML cell lines and patient samples (Table 1).26,38,39 PI3Kd is ubiquitously expressed in AML
blast cells, and the pathway is constitutively activated in
50-80% of AML cases.3,38,40 Constitutive activation of AKT
and FOXO1 is also associated with shorter overall survival
(OS) in patients with AML.40 Pre-clinical evidence shows
that PI3K inhibitors block downstream signaling and suppress growth of AML cells.3 Exploiting the PI3K pathway
may help identify new agents and/or innovative regimens
to improve outcomes in AML.

Chronic myelogenous leukemia
Tyrosine kinase inhibitors (TKIs) induce remissions in
most patients with chronic myelogenous leukemia (CML);
however, development of resistance or suboptimal
response to therapy can result in relapse and progression
to accelerated or blastic phases of the disease.41 The constitutively activated BCR-ABL1 tyrosine kinase is the main
oncogenic driver in the pathogenesis of CML, leading to
downstream activation of the PI3K signaling pathway.
Expression of p85α is critical for the proliferation and survival of BCR-ABL1–expressing CML cells. Furthermore,
p85d has been detected in BCR-ABL1 immunoprecipitates
from CML cell lysates.13 BCR-ABL1 also mediates specific
upregulation of p110g in CML.28 Treatment with the TKI
imatinib leads to compensatory activation of the PI3K
pathway, which precedes the development of imatinib
resistance and could be an escape mechanism that results
in BCR-ABL1–positive minimal residual disease (MRD) in

patients with CML.42 Furthermore, quiescent LSCs that are
not effectively targeted by TKIs can persist in the bone
marrow.41 Klejman et al. showed that PI3K inhibition
enhanced the activity of imatinib against CML cell lines.43
Notably, BCR-ABL1–independent activation of the PI3K
signaling pathway has been reported in TKI-resistant
CML cell lines.44 Therefore, combination of TKIs and PI3K
inhibitors may be an effective therapeutic strategy to eliminate LSCs and target residual CML cells via BCR-ABL1–
dependent or –independent mechanisms. Although there
are no ongoing studies of PI3K inhibitors specifically targeting CML, clinical evaluation of novel combinations
could improve long-term clinical outcomes.

Acute lymphoblastic leukemia
Although recent therapeutic advances in polychemotherapy protocols and hematopoietic stem cell
transplantation have improved survival rates, both adult
and pediatric patients with relapsed or refractory disease
have a very poor prognosis.45,46 Persistence of drug-resistant LSCs can also contribute to subsequent relapses in
ALL.47 Research efforts are, therefore, focused on new
therapeutic approaches for these patients.
Approximately 25% of adult ALL cases are positive for
the Philadelphia (Ph) chromosome and express BCRABL1, which (in analogy to CML) activates the PI3K pathway.30,48 Inhibition of PI3K blocked BCR-ABL–induced
leukemogenesis in a murine model of Ph+ pre–B-cell ALL.48
Hyperactivation of the PI3K pathway is reported in up to
88% of T-cell ALL (T-ALL) cases.49 Concomitant inactivation of PI3Kg and PI3Kd suppressed tumor formation, and
the activity of either isoform alone supported malignant
transformation of T cells in PTEN-deficient mice.50 PTEN
inactivation has been reported in T-ALL cell lines and
patient samples.21 Inhibition of the PI3K/AKT/mTOR
pathway induced apoptosis in T-ALL cell lines and patient
samples, including those enriched for LSCs.51 These results
indicate that PI3K inhibition could be beneficial therapy
for patients with T- or B-ALL.

Chronic lymphocytic leukemia
Except for the few patients who are eligible for allogeneic stem cell transplantation, chronic lymphocytic leukemia

Table 1. Genetic aberrations that activate the PI3K pathway in hematologic malignancies

Disease

Node

Most common aberrations

Acute myeloid leukemia

Chronic myelogenous leukemia

FLT3
RAS
KIT
BCR-ABL1

FLT3-ITD and FLT3-TKD
KRAS and NRAS (codons 12, 13, and 61)
Mutations in exons 8 and 17; codon 816
p210 variant

Acute lymphoblastic leukemia

BCR-ABL1

p190 variant

PTEN

PTEN deletions
PTEN mutations
Loss of PTEN expression

Non-Hodgkin’s lymphoma

PTEN
PIK3CA

Mutations in exons 9 and 20 (DLBCL)
Gene amplification (MCL)

Frequency
≈40%
≈18%
5%-25%*
≈95%

8% (T-ALL)
25% (B-ALL)
9%-17% (T-ALL)
8% (T-ALL)
37% (DLBCL)
19% (MCL)
8% (DLBCL)
68% (MCL)

References
24
24,25
26,27
28,29
30,31
21,32
33,34
33,35

*Higher frequency in CBF-AML. ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; CBF: core binding factor; CLL: chronic lymphocytic leukemia; CML: chronic
myeloid leukemia; FLT3: Fms-like tyrosine kinase 3; FLT3-ITD: FLT3 internal tandem duplications; FLT3-TKD: FLT3 tyrosine kinase domain; HL: Hodgkin’s lymphoma; MCL: mantle
cell lymphoma; NHL: non-Hodgkin’s lymphoma; PI3K: phosphoinositide 3-kinase; PTEN: phosphatase and tensin homolog deleted on chromosome 10; SHIP: Src homology domain–
containing inositol phosphatase.
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(CLL) remains an incurable disease, and all patients eventually relapse after cytotoxic or biological therapy.52
Therapeutic decisions are more challenging in patients
with high-risk chromosomal abnormalities including 17p
deletion or TP53 mutation, which confer drug resistance
and are associated with short survival rates.53 The poor
prognosis for CLL patients calls for the development of
new treatment options to improve clinical outcomes.
The mechanisms by which the PI3K pathway is activated in CLL is not well understood. Although PI3K is not
often mutated in CLL cells, it mediates antiapoptotic signaling downstream of the B-cell receptor.54 Sustained PI3K
activation in CLL cells is associated with increased expression of antiapoptotic proteins such as Bcl-xL, Mcl-1, and
X-linked inhibitor of apoptosis (XIAP). PI3K activity correlates with nuclear factor kappa B (NFκB) activation and
prevents caspase-3–based apoptotic signaling in CLL
cells.54 Constitutive activation of PI3K in CLL is dependent
on the p110d isoform.2 Inhibition of p110d decreased
secretion of chemokines and blocked molecular interactions between CLL and bone marrow stromal cells that are
critical for tumor growth and survival.55 Additionally, CLL
cells over-express casein kinase 2 (CK2), which inactivates
PTEN leading to dysregulated PI3K signaling.56 Inhibition
of CK2 is associated with PTEN activation and increased
phosphorylation of Protein Kinase Cd, thereby inducing
apoptosis of CLL cells.56

Non-Hodgkin’s lymphoma (NHL)
Follicular lymphoma
The PI3K pathway has emerged as an important target
in follicular lymphoma (FL) because of the constitutive
phosphorylation of AKT and the mTOR substrates
p70S6K and 4E-BP1 in FL cells and patient samples.57
Protein microarray studies showed that serine 473 phosphorylation of AKT signified a clinically relevant molecular event in FL, differentiating FL from follicular hyperplasia.58 There was no significant difference in expression of
total AKT or AKT phosphorylated at threonine 308, suggesting that selective phosphorylation of AKT at serine
473, which usually occurs via mTORC2, is of biological
importance in FL.

Diffuse large B-cell lymphoma
The PI3K pathway is activated in diffuse large B-cell
lymphoma (DLBCL) cell lines and primary tumor
samples.33,59 Downstream molecules AKT, FOXO1, and
GSK-3 are constitutively phosphorylated in DLBCL cell
lines and PI3K inhibition blocks phosphorylation of these
proteins and induces apoptosis.59 Clinical data indicate
that PTEN deletions and mutations result in activation of
the PI3K pathway in DLBCL. Mutational analysis of 215
DLBCL cases showed that 37% of samples had reduced or
loss of PTEN expression.33 Another study confirmed that
expression of PTEN and SHIP was lowest in patients with
DLBCL in comparison with FL or normal B cells.22 Loss of
PTEN expression in DLBCL is associated with shorter survival rates.60

Mantle cell lymphoma
Studies using cell lines and primary tumor samples indicate that PI3K inhibition could be an effective therapeutic
strategy in mantle cell lymphoma (MCL). Constitutive
activation of the PI3K pathway via the B-cell receptor
leads to deregulation of cell-cycle progression in MCL
10

cells.61 PTEN phosphorylation is also enhanced in MCL
cells; this phosphorylation renders PTEN inactive, leading
to activated PI3K signaling.61 While p110d is widely
expressed in MCL, p110d inhibitors have shown modest
activity. Evidence suggests that p110α may be a more
important target in MCL because PIK3CA gene amplification is a frequent genetic alteration. Analysis of MCL cell
lines and primary samples suggest that PIK3CA amplification may be a mechanism of resistance to p110d inhibition.35

Hodgkin’s lymphoma
PI3K is constitutively activated in Hodgkin’s and ReedSternberg (HRS) cells and is associated with prolonged cell
survival.62 In Hodgkin’s lymphoma (HL) cell lines, PI3Kd
was detected at higher levels than other class I PI3K isoforms.62 AKT was also found to be constitutively phosphorylated in HL cell lines and tumor samples, particularly
in response to signals from the bone marrow stromal
cells.62 Specific inhibition of PI3Kd blocked stromainduced phosphorylation of AKT and increased apoptosis
of HL cells.62 The tumor suppressor FOXO1, which is inactivated by AKT, is repressed in HRS cells; only one of 32
cases analyzed by Xie et al. was FOXO1 positive.63
Inhibition of AKT caused a dose-dependent increase in
FOXO1 expression in classic HL cell lines.63
Together, these findings emphasize the important role
of PI3K in hematologic malignancies and suggest that inhibition of this pathway may be a viable therapeutic
approach. Further investigation of PI3K inhibitors in
hematologic malignancies may help to establish the role
of this drug class in the treatment armamentarium and
improve patient outcomes.

Evaluating PI3K inhibitors in hematologic
malignancies
One of the earliest known PI3K inhibitors was wortmannin, a natural product that binds irreversibly to PI3K.64
The synthetic compound LY294002 was found to
reversibly inhibit PI3K at micromolar concentrations.65
Both wortmannin and LY290042 blocked PI3K signaling
and induced apoptosis in cancer cells. Despite their
demonstrated antitumor activity, these agents were associated with significant toxicity in animal models. It is
unclear whether the observed toxicity is related to the fact
that both wortmannin and LY294002 are broad-spectrum
inhibitors whose targets include multiple PI3K isoforms,
phosphoinositide 4-kinase, mTOR, and DNA-PK.66 Given
their lack of selectivity, the toxicity associated with both
compounds, and the poor solubility of LY294002, these
agents were not considered good drug candidates.
However, the promising activity led to the development
of newer and more specific PI3K inhibitors with improved
pharmacokinetic properties, efficacy, and tolerability. The
three categories of PI3K inhibitors include dual
PI3K/mTOR inhibitors, pan-PI3K inhibitors, and isoformspecific inhibitors (Figure 2). These agents have demonstrated anticancer activity and are in various stages of clinical development.

Dual PI3K/mTOR inhibitors
Given the structural similarity in the catalytic domains
of p110 and mTOR, the rationale for developing dual
inhibitors is to use a single agent to target the pathway at
haematologica | 2014; 99(1)

PI3K inhibitors in hematologic malignancies

Figure 2. Chemical structures of PI3K inhibitors
in development. 1Pre-clinical or clinical activity
in hematologic malignancies.
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multiple levels and block downstream signaling of PI3K,
mTORC1 and mTORC2. This strategy is theoretically
advantageous because it provides maximal signaling shutdown, circumvents feedback activation of the pathway
via mTORC2, and blocks potential tumor escape mechanisms. Dual inhibition may also be useful in clinical contexts such as AML and FL, where PI3K-independent activation of mTOR has been demonstrated.57,67 Dual
inhibitors being investigated in the clinical setting include
NVP-BEZ235, SF1126, XL765 (SAR245409), PF-04691502,
PF-05212384, GDC-0980, GSK2126458, and DS-7423.
The imidazoquinazoline derivative, NVP-BEZ235 has
demonstrated activity against hematologic malignancies
in pre-clinical models. NVP-BEZ235 blocked PI3K signaling and induced apoptosis in AML cells but not in normal
hematopoietic cells.3 As a single agent or in combination
with cytotoxic agents, NVP-BEZ235 induced cell-cycle
arrest and apoptosis in T-ALL cell lines, including a drugresistant cell line (CEM-R).68 NVP-BEZ235 also suppressed
cell growth and induced apoptosis in Ph+ and Ph– B-ALL
cells.69 In bortezomib-resistant MCL cell lines, NVPBEZ235 suppressed PI3K activation and cell growth.70
Treatment with NVP-BEZ235 inhibited survival of FL cells
in vitro, restored sensitivity to bortezomib in a bortezomibresistant FL cell line (SUDHL4), and significantly suppressed tumor growth in xenograft models.71 One ongoing
phase I study is evaluating NVP-BEZ235 as a single agent
in patients with relapsed or refractory acute leukemia
(NCT01756118). Early data showed one complete
response (CR) and one hematologic improvement in
patients with Ph– B-ALL, and stable disease (SD) in one
AML patient.72 The estimated study completion date is
May 2014 (www.clinicaltrials.gov).
SF1126 is a peptide-linked derivative of LY294002 with
improved solubility and tolerability compared with the
parent compound. In pre-clinical studies, SF1126 blocked
proliferation and induced apoptosis of MCL cells more
potently than the isoform-specific inhibitor idelalisib
(GS1101, CAL-101).73 A phase I study of SF1126 in
patients with solid tumors or B-cell malignancies reported
SD in 58% of patients (including 2 with B-cell malignancies). One patient with CLL who had progressed on rituximab therapy achieved SD after two months of SF1126
monotherapy. Notably, pharmacodynamic analyses did
not provide conclusive evidence regarding target inhibition and response to SF1126. One grade 3 diarrhea was
reported.74 The observed safety profile of SF1126 is noteworthy, given the non-specificity of the parent compound
LY294002. Further investigation is needed to determine
the clinical utility of LY294002 derivatives.
XL765 (SAR245409), a quinoxaline derivative, demonstrated anticancer activity in a phase I trial involving 34
patients with advanced solid tumors. Five patients (15%)
had SD lasting over three months, and dose-limiting toxicities (DLTs) included elevated liver enzymes, rash, nausea, and vomiting. Evidence of PI3K inhibition (defined as
decrease in pAKT and p4EBP1 levels from baseline to Day
27) was observed in patient peripheral blood mononuclear
cells (PBMCs), hair follicles, skin, and tumors.75 Ongoing
clinical studies are evaluating the efficacy and safety of
XL765 (SAR245409) as a single-agent or in combination
with other agents in patients with hematologic malignancies (Table 2).
Other dual PI3K/mTOR inhibitors in development
include GDC-0980, PF-04691502, PF-05212384, DS-7423,
12

and the pyridylsulfonamide GSK2126458. These agents
are currently being investigated in phase I and II trials in
patients with advanced solid tumors.
With the potential to block compensatory signaling or
feedback loops, dual PI3K/mTOR inhibitors represent an
interesting new drug class. Preliminary data shows that
simultaneous inhibition of all PI3K isoforms, mTORC1,
and mTORC2 is feasible in the clinical setting. The most
frequently reported adverse events include diarrhea, nausea, and vomiting. The demonstrated efficacy of dual
PI3K/mTOR inhibitors in drug-resistant cell lines highlights the possibility of overcoming limitations associated
with conventional therapies. Robust clinical trials are
needed to determine whether dual PI3K/mTOR inhibitors
have a therapeutic advantage over selective PI3K or
mTOR inhibitors.

Pan-PI3K inhibitors
Agents in this category block oncogenic signaling by
selectively targeting all class I PI3K isoforms (α, β, g, and
d). It has been hypothesized that inhibiting all 4 isoforms
of class I PI3K may be advantageous over inhibiting specific isoforms. Some pre-clinical studies suggest that functional redundancy may lead to compensatory signaling
after genetic or pharmacological inactivation of specific
isoforms.84 However, the concept of functional redundancy is controversial, and the clinical relevance of redundant
roles remains unclear. Pan-PI3K inhibitors such as NVPBKM120, XL147 (SAR245408), BAY 80-6946, PX-866, and
GDC-0941 have demonstrated potent anticancer activity.
NVP-BKM120 is a dimorpholinopyrimidine derivative
that blocks AKT phosphorylation and inhibits tumor
growth as a single agent or in combination with other
therapies such as docetaxel and temozolomide.85 A phase
I study in 35 patients with previously treated solid tumors
showed that NVP-BKM120 treatment led to a partial
response (PR) in one patient with triple-negative breast
cancer and SD in 16 patients. BKM120 demonstrated the
ability to cross the blood-brain barrier resulting in 28%
shrinkage of a metastatic brain tumor in one patient.
Target inhibition was assessed using pre- and post-treatment levels of pS6K in skin samples; 80% of patients had
40-85% decrease in pS6K levels after exposure to NVPBKM120. Frequently reported grade 3/4 adverse events
included rash (11%), hyperglycemia (9%), and mood alterations (6%). The mood alterations were attributed to the
activity of BKM120 in the central nervous system.86 NVPBKM120 also has activity in hematologic malignancies
and was shown to induce apoptosis in Ph+ and Ph− BALL.69 Three studies are investigating NVP-BKM120
monotherapy in patients with advanced leukemias and
lymphomas (Table 2). The data from these ongoing trials
are eagerly anticipated.
Another quinoxaline derivative, XL147 (SAR245408), is
currently in clinical development. Early safety data from a
phase I trial of XL147 in patients with refractory CLL (n=5)
and relapsed lymphoma (n=10) showed that common
grade 3/4 adverse events were neutropenia (27%), thrombocytopenia
(7%),
and
hyperglycemia
(7%).
Pharmacodynamic analyses demonstrated evidence of target inhibition in patient PBMCs, hair follicles, skin, and
tumors.82,87 Efficacy data from this study have not yet been
reported.
BAY 80-6946 is a reversible pan-PI3K inhibitor with
broad anticancer activity in pre-clinical models. BAY 80haematologica | 2014; 99(1)
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Table 2. Ongoing clinical evaluation of PI3K inhibitors in hematologic malignancies

Compound

Phase Tumor type(s) N.

Leukemia
Idelalisib

III

CLL

160

Idelalisib
Idelalisib
Idelalisib
Idelalisib

III
III
III
II

CLL
CLL
CLL
CLL or SLL

390
160
210
60

Idelalisib

I

IPI-145

I

NVP-BEZ235

I

Hematologic 100
malignancies
Hematologic 60
malignancies

Regimen

Primary endpoint

NCT

Status

High-dose vs. standard-dose idelalisib.
(Extension study of patients who participated
in NCT01539512)
Bendamustine/rituximab ± idelalisib
Rituximab ± idelalisib
Idelalisib + ofatumumab
Idelalisib + rituximab

ORR

NCT01539291

Recruiting

PFS
PFS
PFS
ORR

NCT01569295
NCT01539512
NCT01659021
NCT01203930

Idelalisib

Safety

NCT01090414

Recruiting
Recruiting
Recruiting
Active, not
recruiting
Recruiting

IPI-145

Safety

NCT01476657

Recommended
phase II dose
DLT
MTD

NCT01756118

NCT01396499

Recruiting
Preliminary
results
reported76,77
Recruiting
Preliminary
results reported72
Recruiting

Safety, PK, response
ORR
PFS

NCT01300026
NCT01660451
NCT01732926

Recruiting
Recruiting
Recruiting

NVP-BEZ235

NVP-BKM120

Relapsed or 23
refractory
acute leukemia
I Advanced leukemias16

Lymphoma
AMG 319
BAY 80-6946
Idelalisib

I
II
III

50
60
450

AMG 319
BAY 80-6946
Bendamustine/rituximab ± idelalisib

Idelalisib

III

375

Rituximab ± idelalisib

PFS

NCT01732913

Recruiting

Idelalisib

II

120

Idelalisib

ORR

NCT01282424

Idelalisib

II

25

Idelalisib

ORR

NCT01393106

Active,
not recruiting
Recruiting

Idelalisib

I/II

15

Idelalisib

Safety, response

NCT01306643

Idelalisib

I

Safety

NCT01088048

Idelalisib
GDC-0941

I
I

MTD
Safety, DLT, PK

NCT01644799
NCT00876122

GDC-0980

I

GDC-0980

I

NVP-BKM120

II

NVP-BKM120

I

XL765 (SAR245409) II
XL765 (SAR245409) I

NHL or CLL
NHL
Previously
treated NHL
Previously
treated NHL
NHL
Relapsed or
refractory HL
Previously
treated NHL

NVP-BKM120

Recruiting
Correlative
study results
reported78
Recruiting

Relapsed or 224
refractory NHL
or CLL
FL
30
NHL or
60
solid tumors

Idelalisib in combination with rituximab,
bendamustine, ofatumumab, fludarabine,
everolimus, bortezomib or chlorambucil
Idelalisib + lenalidomide + rituximab
GDC-0941

Refractory NHL 42
or solid tumors
Refractory NHL 105
or solid tumors

GDC-0980

Safety, PK

NCT00854126

GDC-0980

Safety, PK

NCT00854152

Relapsed or
refractory NHL
Relapsed or
refractory NHL
NHL or CLL
NHL or CLL

66

NVP-BKM120

ORR

NCT01693614

Recruiting
Preliminary
results
in solid tumors
reported80
Recruiting

18

NVP-BKM120

NCT01719250

Recruiting

162
85

XL765
XL765 + rituximab
XL765 + bendamustine
XL765 + rituximab + bendamustine

Clinical benefit
(PR, CR, SD)
ORR
MTD

NCT01403636
NCT01410513

Recruiting
Recruiting

Recruiting
Completed
Preliminary
results reported79
Completed
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XL765 (SAR245409) I

Solid tumors
or lymphoma

48

XL765

DLT

NCT01596270

XL147 (SAR245408) I

Solid tumors 118
or lymphoma

XL147

Safety, MTD

NCT00486135

Safety, PK, response

NCT00972686

GSK 2126458

I

Refractory 150
lymphoma
or solid tumors

GSK2126458

Recruiting
Preliminary
results in solid
tumors reported81
Completed
Results in solid
tumors reported82
Active,
not recruiting
Results in solid
tumors
reported83

CLL: chronic lymphocytic leukemia; CR: complete response; DLT: dose-limiting toxicity; FL: follicular lymphoma; HL: Hodgkin’s lymphoma; MTD: maximum tolerated dose; NCT:
National Clinical Trial; NHL: non-Hodgkin’s lymphoma; ORR: overall response rate; PFS: progression-free survival; PI3K: phosphoinositide 3-kinase; PK: pharmacokinetics; PR: partial
response; SD: stable disease; SLL: small lymphocytic lymphoma.

6946 was more potent than the p110d-specific inhibitor
idelalisib against B-cell lymphomas with median IC50s of
0.49 mM and 37 mM, respectively.88 A phase I study of BAY
80-6946 in patients with relapsed NHL reported 5 PRs in 6
evaluable patients (83%). Significant lymphoma shrinkage
was seen within 48 h of the first dose on 18F-fluorodeoxyglucose positron emission tomography and computed tomography (18FDG-PET/CT). The most frequently
reported adverse events included hyperglycemia, nausea,
diarrhea, and fatigue.89 An ongoing phase II study is evaluating BAY 80-6946 as a single agent in patients with
relapsed, indolent, or aggressive NHL (clinicaltrials.gov identifier:01660451). Results from this study have not been
reported.
PX-866 is a wortmannin derivative that binds irreversibly to PI3K and is active in PIK3CA mutant or PTEN
null xenografts. In a phase I study, 28.6% evaluable
patients with solid tumors had SD as best response to PX866. Within 4 h of treatment, pharmacodynamic assays in
7 patients showed that PX-866 treatment resulted in from
13% to 94% reduction in pAKT levels.90 There are no
ongoing studies in patients with hematologic malignancies.
The thieno [3,2,-d] pyrimidine, GDC-0941, blocked
PI3K signaling in a mouse model of FL.91 As a single agent
or in combination with other compounds, GDC-0941
induced apoptosis in AML cells under hypoxic conditions,
which suggests efficacy in targeting residual AML cells
sequestered in a hypoxic bone marrow microenvironment.92 In MCL tumor samples, GDC-0941 blocked proliferation and induced apoptosis more effectively than the
p110d-specific inhibitor, idelalisib. The superior activity of
GDC-0941 was attributed to the change in isoform
expression in relapsed MCL. While PI3Kd was the most
consistently expressed, PI3Kα expression was significantly
greater in patients with MCL who had relapsed multiple
times and PIK3CA amplification was associated with
resistance to p110d inhibition.35 Several ongoing trials are
evaluating GDC-0941, including a phase I dose-escalation
study in patients with NHL or solid tumors
(clinicaltrials.gov identifier:00876122). Preliminary results in
patients with solid tumors have been reported.79
Overall, pan-PI3K inhibitors have shown encouraging
anticancer activity as single agents or in combination with
other agents, and results from ongoing trials are eagerly
awaited. Combination regimens may have better efficacy
because single-agent activity of pan-PI3K inhibitors could
14

theoretically be limited by PI3K-independent activation of
mTOR. Pan-PI3K inhibition with BAY 80-6946 was superior to isoform-specific inhibition in pre-clinical studies,88
but it is unknown whether this will translate to superior
clinical efficacy. Further investigation is needed to determine whether complete inhibition of all isoforms is necessary, and whether the doses required for total target inhibition will be tolerable in patients. Consistent with other
inhibitors of the PI3K pathway, the most common adverse
events are hyperglycemia, diarrhea, and rash.

Isoform-specific inhibitors
Selective PI3K inhibitors may have benefit in tumors in
which a particular isoform is predominantly expressed or
more critical for survival. PI3Kα is expressed and frequently mutated in many tumor types, whereas the β isoform
has been shown to regulate the growth of PTEN-null
tumors.1,93 PI3Kd and PI3Kg are mainly expressed in
hematopoietic cells.11 Blocking the activity of specific isoforms that are crucial for survival could theoretically provide complete target inhibition at tolerable doses and
maximize the therapeutic index of this drug class.
PI3Kα-specific inhibitors are expected to be highly
effective in tumors harboring PIK3CA mutations. Notably,
PIK3CA mutations are rare in hematologic malignancies.
NVP-BYL719, INK1117, and GDC-0032 are being evaluated in patients with solid tumors.
KIN-193 and GSK2636771 specifically target the PI3K-β
isoform. First identified in a kinase inhibitor screen, KIN193 demonstrated pre-clinical activity but has not yet
entered clinical trials.93 GSK2636771 is being evaluated in
a phase I trial in patients with PTEN-deficient solid tumors
(clinicaltrials.gov identifier:01458067).
IPI-145 selectively inhibits both PI3Kd and PI3Kg isoforms. A phase I trial is evaluating IPI-145 as a single agent
in patients with hematologic malignancies (clinicaltrials.gov
identifier:01476657). Preliminary data from 34 CLL patients
reported partial response in 12 of 22 evaluable patients.
Nodal response (defined as ≥50% reduction in tumor mass
without PR) was observed in 7 patients. The most common grade 3 or over adverse event was neutropenia
(25%). Pharmacodynamic analysis in 26 patients showed
a significant reduction in pAKT levels within 1 h of treatment. There was also a marked decrease in cytokines and
chemokines.76
The restricted expression of PI3Kd, and its important
role in B-cell receptor signaling, make it a key anticancer
haematologica | 2014; 99(1)
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target in hematologic malignancies. PI3Kd-specific
inhibitors include AMG 319 and idelalisib (GS-1101, CAL101), both of which are in clinical trials for the treatment
of patients with hematologic malignancies. AMG 319
monotherapy is being investigated in a phase I trial in
patients with relapsed or refractory lymphoid malignancies with an expansion cohort in patients with CLL (clinicaltrials.gov identifier:01300026). Results have not been
reported.
Of the PI3K inhibitors in development, idelalisib is the
most studied in hematologic malignancies and is being
evaluated in several phase III studies (Table 2). Pre-clinical data suggested that idelalisib activity may not be solely dependent on isoform expression; despite the ubiquitous expression of PIK3d in AML, idelalisib was not very
effective against AML samples from patients but had a
greater therapeutic potential against lymphoid malignancies, such as CLL.2 A phase I trial in 55 patients with
relapsed/refractory CLL showed that idelalisib
monotherapy led to an objective response rate (ORR) of
26%. The most common grade 3/4 adverse events were
pneumonia (24%), neutropenia (24%), thrombocytopenia (7%), and febrile neutropenia (7%). Idelalisib therapy
also led to a transient increase (≥50%) in absolute lymphocyte count in 58% of patients.94 In another phase I
study involving patients with relapsed or refractory CLL,
idelalisib was administered in combination with rituximab (n=19), bendamustine (n=17), or both (n=15). ORRs
were 78%, 82%, and 87%, respectively. Approximately
85% of patients had 50% or more reduction in lymphadenopathy. The 2-year progression-free survival (PFS)
was 63%, and 2-year OS rate was 84%. Neutropenia
was the most common grade 3 or over adverse event
reported in 32%, 76%, and 67% of patients receiving
idelalisib with rituximab, bendamustine, or both, respectively. Treatment with idelalisib was associated with a
significant
reduction
in
disease-associated
chemokines/cytokines.95 Idelalisib has also demonstrated
activity in combination with ofatumumab (anti-CD20),
resulting in rapid reduction in lymphadenopathy in 9 of
11 patients (82%) with previously treated CLL.96
Correlative analyses of a phase I/II study showed that
idelalisib blocked downstream PI3K signaling in primary
samples from patients with indolent NHL.78 Idelalisib was
evaluated in combination with rituximab (n=31), bendamustine (n=34), or both (n=14) in patients with relapsed
or refractory NHL. Nearly all patients in this study had
received prior rituximab or bendamustine. ORRs were
71%, 88%, and 79% in the respective treatment arms and
20-month PFS was 72% among responders. Complete
responses were observed in 19%, 27%, and 43%, respectively. The most commonly reported grade 3 or over
adverse events were pneumonia (15%), rash (8%) and diarrhea (8%). ALT/AST elevations (grade ≥3) were reported in
18% of patients.97 Notably, idelalisib-based therapy led to a
significant reduction in chemokines/cytokines compared
with base-line levels.98 Interim analysis of a phase II study in
125 patients with indolent NHL refractory to both rituximab and an alkylating agent, showed that idelalisib treatment led to an ORR of 50% (CR 4%, PR 46%) and median
PFS of 11.4 months. Frequently reported grade 3 or over
adverse events included neutropenia (26%), diarrhea (10%)
and dyspnea (3%). Grade 3 or over ALT/AST elevations
occurred in 13% of patients.99
As a single agent or in combination with other agents,
haematologica | 2014; 99(1)

idelalisib has demonstrated impressive results in clinical
trials, with durable responses, rapid reductions in lymphadenopathy and cytokine levels. Idelalisib is currently
being evaluated in 6 phase III trials involving patients with
CLL and NHL (Table 2). Results from these trials are eagerly awaited.

Conclusions and outlook
The few effective treatment options available for
patients with relapsed or refractory hematologic malignancies highlight the opportunities to improve first-line or
subsequent therapy. Aberrant activation of the PI3K signaling pathway plays a critical role in the pathogenesis of
hematologic malignancies; thus, there is considerable
interest in the development of PI3K inhibitors. Agents in
the three categories of PI3K inhibitors have demonstrated
anticancer activity. It remains uncertain whether functional redundancy among isoforms, or activation of feedback
loops, will have significant impact on the clinical activity
of these agents.
With the exception of idelalisib, most of the PI3K
inhibitors have been studied mainly in solid tumors; however, there is promising indication of efficacy in patients
with hematologic malignancies. For example, idelalisib
and BAY 80-6946 resulted in durable responses in patients
with hematologic malignancies.89,95,98 Idelalisib also
induced rapid reductions in lymphadenopathy and baseline cytokine levels.95,98 As impressive as the idelalisib
results are, other agents in development may have even
better efficacy. BAY 80-6946 and SF1126 showed superior
in vitro activity to idelalisib,73,88 but it remains to be seen
whether this will translate into superior clinical efficacy.
Despite the demonstrated single-agent activity, PI3K
inhibitors may work best in combination with other therapies. For example, targeting PI3K in combination with
other therapies such as TKIs could potentially eradicate
MRD in diseases such as CML or Ph+ ALL.47 Therefore,
investigators are seeking to identify the ideal combination
with targeted or cytotoxic agents that will improve patient
outcomes. On the basis of pre-clinical studies showing
activity of PI3K inhibitors in drug-resistant cell lines,85,100
there is the potential to overcome limitations of conventional therapies and restore sensitivity to prior treatment.
Restoring sensitivity to therapy could be particularly
important for patients with relapsed or refractory disease.
Overall toxicity is another key consideration for combination regimens. Thus far, PI3K inhibitors have demonstrated a predictable and manageable safety profile; the most
common toxicities are on-target effects, including hyperglycemia, rash, and diarrhea. Nevertheless, careful consideration of overall toxicity is needed to ensure that the
agents do not have overlapping toxicities or exacerbate
adverse events.
Overall, PI3K is a viable therapeutic target in hematologic malignancies, and preliminary findings warrant further
investigation in robust clinical trials. Results from ongoing
hypothesis-driven trials are eagerly anticipated, because
they may further define the role of PI3K inhibitors in therapeutic strategies for patients with hematologic malignancies. Emerging opportunities involve the validation of
pathway biomarkers to monitor response and determination of PI3K expression or mutation status to assist in
selecting appropriate therapy for individual patients.
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