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ABSTRACT

The mammalian target of rapamycin (mTOR) is an in-
tracellular serine/threonine kinase that exists as a
downstream component of numerous signaling path-
ways. The activation of mTOR results in the production
of proteins involved in cell metabolism, growth, prolif-
eration, and angiogenesis. Aberrant activation of
mTOR signaling has been identified in a number of
cancers, and targeted inhibition of mTOR has been suc-
cessful in achieving tumor responses, prolonging pro-
gression-free survival, and increasing overall survival
in various oncologic patient populations. In particular,
persistent activation of mTOR signaling has been iden-
tified in cell lines and patient samples with leukemias,
Hodgkin’s lymphoma (HL), non-Hodgkin’s lymphoma
(NHL), multiple myeloma (MM), and Waldenström’s
macroglobulinemia (WM). In vitro and preclinical

studies using agents that inhibit mTOR signaling have
demonstrated cytostatic and cytotoxic effects in these
hematologic malignancies, suggesting that mTOR is a
rational target for therapy in these disease states. In ad-
dition, the combination of mTOR inhibitors with tradi-
tional therapies may help to overcome the development
of resistance and may improve response rates over those
seen with established regimens through synergistic or
additive effects. Inhibitors of mTOR signaling currently
are being investigated in clinical trials of hematologic
malignancies as single agents and as components of
combination regimens. Thus far, promising results have
been seen with the application of mTOR inhibitors as
single agents in patients with relapsed or refractory leu-
kemia, HL, NHL, MM, and WM. The Oncologist 2011;16:
730–741

INTRODUCTION

The deregulation of signaling proteins both upstream and
downstream of the mammalian target of rapamycin
(mTOR) has been implicated in many types of cancer, in-
cluding hematologic malignancies [1, 2]. As shown in Fig-
ure 1, mTOR is an intracellular serine/threonine protein

kinase that exists as a component of two distinct multipro-
tein complexes, mTORC1, which has well-characterized
signaling pathways based on studies with pharmacologic
agents such as rapamycin, and mTORC2, which is currently
less well understood [3, 4]. The mTOR complex is an inte-
gration point for multiple extracellular and intracellular sig-
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nals arising from growth factors, cellular energy status, and
nutrient availability.

The stimulation of transmembrane receptors via growth
factors leads to activation of the membrane-bound protein
phosphoinositide 3-kinase (PI3K). PI3K in turn activates a
second messenger, phosphatidylinositol-3,4,5 triphosphate
(PIP3) [5, 6]. PIP3 recruits several proteins to the plasma
membrane, including the serine/threonine kinase Akt, thus
activating it. Akt-directed phosphorylation of the tuberous
sclerosis (TSC)1–TSC2 protein complex causes its disasso-
ciation from Ras homolog enriched in brain (Rheb), allow-
ing TSC to be activated and thus interact with the mTOR
kinase [6, 7].

Once activated, the mTOR protein associates with reg-
ulatory associated protein of TOR and G protein �-subunit-
like protein (mLST8/GßL) to form mTORC1. mTORC1
initiates a downstream cascade that triggers cellular trans-
lational machinery to produce proteins required for cell me-
tabolism, growth, proliferation, and angiogenesis. mTOR-
mediated phosphorylation of eukaryotic initiation factor
4E-binding protein 1 (4E-BP1) allows its dissociation from
eIF4E to promote cap-dependent mRNA translation [8]. In
addition, phosphorylation of p70 ribosomal S6 kinase
(p70S6K) by mTOR promotes translation of 5�-polypy-
rimidine tract mRNA transcripts for the synthesis of com-
ponents of the translation machinery [9]. On the other hand,
mTOR kinase also binds with rapamycin-insensitive com-

panion of TOR, mLST8/GßL, and mSin1 to form mTORC2
[10]. The function of mTORC2 is still under investigation.
From what is known, it has the ability to activate Akt and
lead to the full activation of this protein [11]. Fully acti-
vated Akt phosphorylates several proteins (including
TSC2, as described above), which drives cell growth, pro-
liferation, migration, and metabolism [12]. This diverse
pathway is referred to more simply as the PI3K/Akt/mTOR
pathway.

Therapeutic approaches that target the inhibition of the
PI3K/Akt/mTOR pathway are currently under active inves-
tigation (Table 1). Rapamycin was the first agent found to
interfere with this pathway, leading to the partial inhibition
of mTORC1 [13]. Temsirolimus and everolimus, two ana-
logs of rapamycin (i.e., rapalogs) have shown clinical effi-
cacy in a variety of tumors and are approved by the U.S.
Food and Drug Administration (FDA) as single-agent ther-
apy for the treatment of patients with advanced renal cell
carcinoma (RCC). Temsirolimus is indicated as first-line
therapy for patients with poor-prognosis RCC, and everoli-
mus is the standard of care after failure of vascular endo-
thelial growth factor receptor tyrosine kinase inhibitor
(TKI) therapies. Temsirolimus and everolimus are under
investigation as single agents or components of combina-
tion regimens in several hematologic malignancies.

Second-generation mTOR inhibitors (known as mTOR
kinase inhibitors) currently are in development and differ
from rapalogs by binding to the ATP-binding pocket di-
rectly on mTOR. These compounds may have more dra-
matic effects on cell growth and proliferation with their
ability to inhibit both mTORC1 and mTORC2 [14]. An-
other class of agents capable of interfering with the PI3K/
Akt/mTOR pathway at two points via the dual inhibition of
mTOR kinase and PI3K also is under investigation. These
agents include PI-103, which inhibits mTOR and PI3K [15,
16]; PP242, which inhibits mTORC1 and mTORC2 [17,
18]; panobinostat, which inhibits histone deacetylase
(HDAC) and mTORC2 [19]; and NVP-BEZ235, which in-
hibits PI3K, mTORC1, and mTORC2 [20]. Many of these
agents are being applied to hematologic malignancies and
are in various phases of clinical study (Table 1).

The objectives of this review are to discuss the role of
the mTOR pathway in leukemia, lymphoma, multiple my-
eloma (MM), and Waldenström’s macroglobulinemia
(WM) and to present results from recent studies on the use
of mTOR-targeted agents in these diseases.

THE PI3K/AKT/MTOR PATHWAY IN LEUKEMIA

Aberrant regulation of the mTOR signaling pathway has
been identified in several types of leukemia, including
acute myeloid leukemia (AML), T-cell acute lympho-

Figure 1. Pathways involved in mTOR signaling.
Abbreviations: mTOR, mammalian target of rapamycin;

PI3K, phosphoinositide 3-kinase; TSC, tuberous sclerosis.
Adapted from: Kopelovich L, Fay JR, Sigman CC, Crowell

JA. The mammalian target of rapamycin pathway as a potential
target for cancer chemoprevention. Cancer Epidemiol Bio-
markers Prev 2007;16:1330–1340.
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blastic leukemia (T-ALL), Philadelphia chromosome
positive B precursor acute lymphoblastic leukemia (Ph�

B-ALL), B-cell chronic lymphocytic leukemia (B-CLL),
chronic myelogenous leukemia (CML), and high-risk
myelodysplastic syndromes (MDS) [1, 2]. High levels of
phosphorylated Akt have been found in patient-derived
AML cells in patients with newly diagnosed AML [21].
To study the significance of this finding, a myristoylated
and thus constitutively active form of Akt was trans-
planted into a mouse model, which demonstrated that in-
creased Akt signaling induced the development of
myeloproliferative disease (MPD), AML, and T-cell
lymphoma [22].

The lipid phosphatase and tensin homolog gene (PTEN)
leading to PTEN protein is a negative regulator of Akt, and
loss of PTEN expression via mutation has been implicated
in many cancers. In one study, constitutive hyperactivation
of the PI3K/Akt pathway was detected in 87.5% of patient-
derived T-ALL specimens [23]. Surprisingly, both PTEN�

and PTEN� samples displayed hyperactive PI3K/Akt path-
ways, suggesting that PTEN gene alterations are not the
only means of PTEN loss of function in leukemia. Despite
normal levels of PTEN expression in T-ALL specimens,
the protein was found to be inactivated via phosphorylation
secondary to upregulation of casein kinase 2 (CK2) activity
[23]. The pharmacologic inhibition of CK2 in these cell
lines resulted in significant cell death, suggesting the im-

portance of CK2-mediated activation of the PI3K/Akt path-
way via the downregulation of PTEN.

In Vitro Data with mTOR Inhibitors
in Leukemia
Theoretically, inhibition of the PI3K/Akt/mTOR pathway
should inhibit cell growth and proliferation and induce ap-
optosis. Preclinical studies have confirmed that inhibition
of this pathway impairs the clonogenic properties of leuke-
mic cells [24–27]. A 2005 study showed that mTOR inhi-
bition by rapamycin decreased the growth of AML cell
lines [24]. Subsequently, everolimus and temsirolimus
blocked mTORC1 and Akt activation via mTORC2 in
AML cells [25]. Kojima et al. [15] found that PI-103 en-
hances downstream p53 signaling, suggesting that a com-
bination strategy directed toward PI3K/Akt/mTOR
signaling and activating p53 signaling might be effective in
AML. Dual inhibition of mTORC1 and the insulin-like
growth factor 1 pathway induced additive antiproliferative
effects in AML cells [27]. To document the clinical signif-
icance of Akt upregulation in AML cell lines, investigators
examined the effects of Akt inhibition via the PI3K inhibi-
tor LY294002 [28]. Patient-derived AML cells incubated in
LY294002 exhibited lower levels of phosphorylated Akt,
p70S6K, and 4E-BP1, which resulted in apoptosis. Interest-
ingly, the level of PTEN expression in these cells did not
correlate with the amount of activated Akt.

Table 1. mTOR inhibitors under current investigation

Drug Drug class Stage of development MOA/binding site

Sirolimus, rapamycin mTOR
inhibitor

Approved 2000 for renal transplant
rejection; phase I/II/III clinical trials

Binds to FKBP12 and interferes with
the FRB domain of mTOR [65]

Temsirolimus
(Torisel�),
CCI779

Rapalog mTOR
inhibitor

Approved 2007 for advanced renal
cell carcinoma

Prodrug of rapamycin; binds to
FKBP12 and interferes with the FRB
domain of mTOR [65]

Everolimus (Afinitor�),
RAD001

Rapalog mTOR
inhibitor

Approved 2009 for advanced renal
cell carcinoma after failure with
sunitinib or sorafenib

Binds to FKBP12 and interferes with
the FRB domain of mTOR [65]

Ridaforolimus (formerly
deforolimus), AP23573

Rapalog mTOR
inhibitor

Phase III clinical trials Binds to FKBP12 and interferes with
the FRB domain of mTOR [65]

PI-103 mTOR kinase
inhibitor

Preclinical Inhibits mTOR and PI3K [16]

PP242 mTOR kinase
inhibitor

Preclinical Inhibits mTORC1 and mTORC2
[17, 18]

Panobinostat (LBH589) mTOR kinase
inhibitor

Phase I/II/III clinical trials [66, 67] Inhibits HDAC and mTORC2 [19]

NVP-BEZ235 mTOR kinase
inhibitor

Phase I/II clinical trials [68] Inhibits PI3K, mTORC1, and
mTORC2 [20]

LY294002 mTOR kinase
inhibitor

Preclinical PI3K inhibitor [69]

Abbreviations: FKBP12, FK506 binding protein 12; FRB, FKBP-rapamycin-binding; HDAC, histone deacetylase; MOA,
mechanism of action; mTOR, mammalian target of rapamycin; mTORC, mTOR complex; PI3K, phosphoinositide 3-kinase.
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In one study, T-ALL cell lines containing constitutively
active PI3K/Akt/mTOR signaling were treated with differ-
ent concentrations of PI-103, a small-molecule inhibitor of
both PI3K and mTOR [26]. When compared with pharma-
cologic agents that inhibit either PI3K or mTOR alone, PI-
103 exerted a stronger effect on cell growth retardation and
displayed both cytostatic and cytotoxic properties. PI-103
also was capable of dephosphorylating Akt and down-
stream mTOR targets such as p70S6K and 4E-BP1 [26]. In
addition, bone marrow and peripheral blood cells from pe-
diatric T-ALL patients demonstrated higher levels of phos-
phorylated Akt and 4E-BP1 than peripheral blood
lymphocytes of normal controls, and after 96 hours of treat-
ment with increasing concentrations of PI-103, cell viabil-
ity was significantly lower than in untreated cells [26].

The Ph chromosome generated by the t(9;22)(q34;q11)
translocation results in the production of a fusion gene en-
coding a constitutively active Bcr-Abl tyrosine kinase,
which leads to the development of CML and some cases of
ALL. One downstream target of Bcr-Abl phosphorylation
is mTOR kinase. In an experimental mouse model of Ph�

B-ALL and Ph� CML cell lines, the efficacy of three types
of mTOR inhibition was tested using rapamycin, PI-103,
and PP242, a compound that binds to the ATP-catalytic
binding site on mTOR kinase, thus inhibiting both
mTORC1 and mTORC2 [17, 18]. Cell cycle analysis con-
firmed that, whereas rapamycin primarily caused cell cycle
arrest, both PI-103 and PP242 caused cell cycle arrest and
apoptosis.

Combination therapy with mTOR inhibitors and cyto-
toxic chemotherapy with other targeted therapies are under
investigation in numerous in vitro and preclinical studies.
In vitro AML cells incubated with rapamycin display
greater sensitivity to the apoptotic effects of cytarabine, an
S-phase–specific drug commonly used to treat AML [29].
Because rapamycin can increase levels of activated Akt, the
authors combined rapamycin with a PI3K inhibitor
(LY294002) and demonstrated a much stronger apoptotic
effect in these cells than with rapamycin alone. The subse-
quent addition of cytarabine to these cells further enhanced
this effect [29]. In T-ALL cell lines, PI-103 demonstrated
strong synergism with vincristine, an agent used in the stan-
dard treatment of T-ALL. Earlier in vitro data using cells
with myristoylated Akt demonstrated that more Akt may
confer resistance to microtubule inhibitors such as vincris-
tine [30]. Cytotoxicity induced by this combination was
higher than with either of the two agents alone [26]. Exper-
iments with precursor B-ALL cell lines and patient-derived
samples showed that administration of everolimus in com-
bination with bortezomib (a proteosome inhibitor) signifi-
cantly enhanced cell death [31].

TKIs are the mainstay of treatment for Ph� CML and
may be used in combination with chemotherapy for Ph� B-
ALL. The TKI imatinib is indicated by the U.S. FDA for the
treatment of newly diagnosed Ph� CML and for relapsed or
refractory Ph� ALL. Dasatinib is a multikinase inhibitor in-
dicated by the U.S. FDA for the treatment of Ph� ALL and
CML with resistance or intolerance to prior therapy, includ-
ing imatinib in the latter indication. Upregulation of mTOR
in these diseases may lead to propagation of a leukemic
phenotype with resistance to these agents, providing sound
rationale for studying the effects of TKIs with mTOR in-
hibitors.

In a xenograft model of human Ph� B-ALL cells trans-
planted into interleukin-2 receptor-� knockout nonobese
diabetic severe combined immunodeficient (NOD-SCID)
interleukin 2 receptor � null mice, the combined adminis-
tration of PP242 and dasatinib caused regression of leuke-
mic disease and prevented the spread of disease to the
central nervous system [17]. When PP242 was combined
with higher doses of dasatinib, the decrease in leukemic
burden was significantly higher than with dasatinib mono-
therapy [17]. The combination of everolimus and imatinib
enhanced the cytotoxicity induced by imatinib alone in
Bcr-Abl–expressing cells via persistent inhibition of cell
proliferation and apoptosis [32, 33]. Greater nuclear trans-
location of the normal p145 c-Abl protein occurred in re-
sponse to the combined presence of everolimus and
imatinib, leading to apoptosis [33].

Everolimus also may have a role in the blockade of ima-
tinib resistance in leukemic cells. One mechanism of ima-
tinib resistance involves activation of the PI3K/Akt/mTOR
pathway; however, treatment with everolimus antagonized
the late reactivation of mTOR triggered by imatinib treat-
ment in Bcr-Abl–expressing cells [32]. The T315I muta-
tion in the Abl kinase domain coding region alters the
imatinib binding site on tyrosine kinase and confers resis-
tance to imatinib. One study showed that, in imatinib-resis-
tant Ph� leukemia cell lines containing Bcr-Abl with the
T315I mutation, treatment with everolimus was able to
overcome resistance to imatinib and induce cell death [34].

The combination of rapamycin and tipifarnib, a farne-
syltransferase inhibitor, achieved synergistic inhibition of
the growth of both Bcr-Abl� human myeloid leukemia cell
lines and Bcr-Abl� cell lines established from patients with
CML [35]. Growth inhibitory effects involved apoptosis
and cell cycle blockade [35]. When patient-derived periph-
eral blood AML cells were treated with each agent and with
both agents in combination, combination therapy again
showed a synergistic effect on growth inhibition (Fig. 2)
[35]. The addition of rapamycin to tipifarnib treatment of
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tipifarnib-resistant cells overcame tipifarnib resistance and
resulted in synergistic growth inhibition [35].

These preclinical results suggest that combination ther-
apy with mTOR inhibitors and other agents may improve
response rates in patients with leukemia through synergistic
or additive effects.

Clinical Studies with mTOR Inhibitors
in Leukemia
Clinically, mTOR inhibition has achieved responses in pa-
tients with relapsed or refractory leukemia. Ongoing clini-
cal trials of mTOR inhibitors in leukemia are summarized
in Table 2. In a trial of five patients with chemotherapy-
refractory AML, 14 days of treatment with a low dose of
rapamycin (2 mg/day) conferred a mild antileukemic effect
in half of the patients [36]. The authors suggested that
higher doses of rapamycin or a combination of mTOR in-
hibitors may increase the chances of driving these patients
into remission [36]. A phase I study examined rapamycin in
combination with mitoxantrone, etoposide, and cytarabine
in 29 patients with AML [37]. Six of 27 patients who com-
pleted chemotherapy experienced a clinical response (com-
plete response [CR] or partial response [PR]).

The first phase I/II study of 5 mg or 10 mg everolimus in

27 patients with refractory hematologic malignancies dem-
onstrated acceptable toxicity and possible activity in one of
five patients with MDS but not in the nine patients with
AML [38]. Results of a phase II clinical trial of everolimus
(10 mg/day) in patients with previously treated indolent he-
matologic malignancies showed that, in the subset of 22
heavily pretreated patients with CLL, four achieved a PR
(18%; 95% confidence interval [CI], 5%–40%). The me-
dian overall survival (OS) time was 10.5 months (95% CI,
4.9–20.7 months) and the median progression-free survival
(PFS) interval was 5.1 months (95% CI, 2.3–8.3 months)
[39]. The median decrease in clinically measurable lymph
node size from baseline was 76% (range, 38%–93%) [39].
In addition, the absolute lymphocyte count increased in as-
sociation with a decrease in lymphadenopathy in eight pa-
tients, suggesting mobilization of CLL cells from tissue
into the circulation. The investigators suggested that mobi-
lization of CLL cells by everolimus may have implications
for combination therapy, potentially enhancing the cytotox-
icity of agents such as alemtuzumab [39]. A phase II study
of ridaforolimus monotherapy in 52 evaluable patients with
relapsed or refractory hematologic malignancies demon-
strated PRs in five patients (10%) and hematologic im-
provement or stable disease (SD) in 21 patients (40%) [40].

THE PI3K/AKT/MTOR PATHWAY IN LYMPHOMA

Persistent activation of mTOR signaling has been demon-
strated in cell lines and primary tissues in diffuse large B-
cell lymphoma (DLBCL) [19], mantle cell lymphoma
(MCL) [41, 42], and Hodgkin’s lymphoma (HL) [43]. High
levels of active Rheb are expressed in some lymphomas,
and Rheb expression is associated with greater mTOR ac-
tivation [44]. In a syngeneic mouse model, introduction of
Rheb via adoptive transfer of retrovirally modified hema-
topoietic progenitor cells induced rapid development
of aggressive lymphomas [44]. The genetic alteration un-
derlying MCL, a t(11;14)(q13;q32) chromosomal translo-
cation, results in overexpression of cyclin D1, a cell cycle
mediator regulated by the PI3K/Akt/mTOR pathway [45].
Thus, mTOR targeting is one of many therapeutic ap-
proaches being evaluated in lymphoma.

In Vitro Data with mTOR Inhibitors
in Lymphoma
Results of in vitro and preclinical studies have demon-
strated the potential value of mTOR inhibitors as single
agents, in combination with other targeted agents, and in
combination with conventional chemotherapy for the treat-
ment of lymphoma. Administration of rapamycin in a
mouse model that has an elevated incidence of MPD, AML,
and T-cell lymphoma resulted in a longer time to disease
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Figure 2. Synergistic effect of combination therapy with tipi-
farnib and rapamycin on patient-derived acute myeloid leuke-
mia cells. The growth inhibitory effect of each agent on
primary leukemia cells from the peripheral blood of a patient
with acute myeloid leukemia is surpassed by that with combi-
nation therapy with both agents.

Reprinted from Nagai T, Ohmine K, Fujiwara S et al. Com-
bination of tipifarnib and rapamycin synergistically inhibits
the growth of leukemia cells and overcomes resistance to tipi-
farnib via alteration of cellular signaling pathways. Leuk Res
2010;34:1057–1063, with permission from Elsevier.
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development, lower incidence of T-cell lymphoma, and
longer survival duration [22].

Treatment of DLBCL cell lines with the combination of
rapamycin and the HDAC inhibitor panobinostat
(LBH589), which also inhibits mTORC2, synergistically
inhibited phosphorylation of p70S6K and 4E-BP1, as well
as cell proliferation and survival [19, 46]. In other DLBCL
cell lines, treatment with everolimus inhibited cell cycle
progression and enhanced the toxicity of rituximab [47].
Everolimus also inhibited the proliferation of MCL cell
lines, and synergistic cytotoxic effects were obtained with
pairings of everolimus with rituximab, doxorubicin, vin-
cristine, paclitaxel, vorinostat, and bortezomib [48]. The
activity of everolimus in HL was suggested by induction of
cell cycle arrest in HL cell lines and by results obtained in a
xenotransplant model, in which treatment of mice with
everolimus delayed tumor growth, decreased tumor size,
and inhibited proliferation and metastasis [49].

Clinical Studies with mTOR Inhibitors
in Lymphoma
mTOR inhibitor therapy has achieved clinical responses in
patients with relapsed or refractory lymphoma. In the first
clinical evaluation of an mTOR inhibitor in MCL patients,
temsirolimus was given as a single agent infused weekly at
a dose of 250 mg to patients with relapsed or refractory dis-

ease in a phase II trial [50]. Patients were treated for up to
six 4-week cycles; those who progressed or had SD at 6
months went off study whereas those who achieved a CR or
PR at 6 months continued treatment (2 months for CRs and
to a total of 12 months for PRs) [50]. The majority of pa-
tients (91%) had stage IV disease at baseline [50]. In the 34
patients assessed, the objective response rate was 38% (one
CR, 12 PRs; 90% CI, 24%–54%). The median time to pro-
gression was 6.5 months (95% CI, 2.9–8.3 months), and
the median OS time was 12 months (95% CI, 6.7 months to
not reached). In the 13 responders, the median duration of
response was 6.9 months (95% CI, 5.2–12.4 months) [50].
A second study of the 25-mg i.v. weekly dose found similar
results with less myelosuppression [51]. Subsequently, a
phase III open-label trial in patients with relapsed or refrac-
tory MCL was carried out to compare two regimens of tem-
sirolimus (175 mg/week for 3 weeks followed by 25 mg/
week and 175 mg/week for 3 weeks followed by 75 mg/
week) with the investigator’s choice of therapy, consisting
of established treatment options (single-agent therapy with
a cytotoxic agent or alemtuzumab) [52]. Temsirolimus was
continued until disease progression or unacceptable toxic-
ity [50]. Almost all (97%) patients had stage III or stage IV
disease at baseline [50]. As shown in Figure 3A, the dosage
of temsirolimus of 175 mg/week for 3 weeks followed by
75 mg/week achieved a significantly longer median PFS in-

Table 2. Ongoing clinical trials of mTOR inhibitors in leukemia

Trial Trial design
Patient
population

Estimated
enrollment Treatment arm(s)

Primary
endpoint/
outcome
measure

Estimated
study
completion
date

NCT00819546
[70]

Phase I,
nonrandomized, open
label, single group,
safety

Poor-prognosis
AML or MDS,
CMML

36 Everolimus �
PKC412 (dose
escalation)

MTD of
everolimus

January
2011

NCT00780104
[71]

Phase I,
nonrandomized, open
label, active control,
single group, safety/
efficacy

Myeloid
leukemias,
AML, CML

15 Single arm:
rapamycin,
mitoxantrone,
etoposide, and
cytarabine

Biologic effects
of rapamycin
(e.g., p70 protein
phosphorylation)

June 2010

NCT00762632
[72]

Phase I/II,
nonrandomized, open
label, single group,
safety/efficacy

AML 40 Single arm: nilotinib
(phase I), nilotinib �
everolimus (phase II)

Response rate NR

NCT00290472
[73]

Phase II,
nonrandomized, open
label, uncontrolled,
single group, safety/
efficacy

CLLa (relapsed
or refractory)

101 Temsirolimus Response rate May 2009
(primary)

aAlso includes patients with relapsed or refractory B-cell lymphoma.
Abbreviations: AML, acute myeloid leukemia; CML, chronic myelogenous leukemia; CMML, chronic monomyelocytic
leukemia; MDS, myelodysplastic syndrome; MTD, maximum tolerated dose; mTOR, mammalian target of rapamycin; NR,
not reported.
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terval than with the investigator’s choice of therapy (4.8
months versus 1.9 months, respectively; p � .0009; hazard
ratio for progression, 0.44; 97.5% CI, 0.25– 0.78). The
lower dose of temsirolimus showed a trend for a longer PFS
duration than with the investigator’s choice of therapy, but
the difference was not significant. The objective response
rate also was significantly higher with temsirolimus (175
mg/75 mg) than with the investigator’s choice of therapy
(22% versus 2%, respectively; p � .0019). The median OS
time did not differ significantly among groups (Fig. 3B)
[52].

A recent phase I and pharmacokinetic study of everoli-
mus in patients with relapsed or refractory non-Hodgkin’s
lymphoma (NHL) determined that daily oral doses of
everolimus up to 10 mg were well tolerated, with no dose-
limiting toxicities [53]. Everolimus was investigated as sin-

gle-agent therapy in an open-label phase II trial of patients
with relapsed NHL and HL after a median of four prior ther-
apies. Patients received everolimus (10 mg/day) until dis-
ease progression or unacceptable toxicity. The overall
response rate (ORR) in 145 evaluable patients was 33%
(five CRs, 43 PRs; 95% CI, 26%–41%). In patients with
MCL, the ORR was 32% (95% CI, 13%–57%); in patients
with DLBCL, the ORR was 30% (95% CI, 17%–45%); and
in patients with T-cell lymphoma, the ORR was 63% (95%
CI, 24%–91%). In the 48 responders, the median duration
of response was 6.8 months (95% CI, 5.4 –11.0 months)
[54]. Patients with HL in that trial also were analyzed as a
separate group. In all 19 HL patients, the ORR with ever-
olimus was 47% (one CR, eight PRs; 95% CI, 24%–71%).
The median PFS interval was 6.2 months (95% CI, 5.9–9.5
months), median OS time was 25.2 months (95% CI, 13.0
months to not reached), and median duration of response in
nine responders was 7.1 months (95% CI, 3.9 –14.8
months) [55]. Ongoing registered clinical trials of mTOR-
targeted agents in lymphoma are summarized in Table 3.

THE PI3K/AKT/MTOR PATHWAY IN MM
MM is a malignancy of terminal B cells and represents
nearly 2% of all cancers [56]. The PI3K/Akt/mTOR path-
way is constitutively activated in human myeloma cell lines
and in freshly isolated plasmocytes from patients with MM
[56].

Akt hyperactivity is a frequent occurrence in myeloma
[57], and the sensitivity of MM cells to the cytostatic effects
of mTOR inhibitors is related to cellular levels of Akt. This
is associated with Akt-dependent differential effects on cy-
clin D expression and translational efficiency as well as in-
ternal ribosome entry site activity that is mediated in part by
regulation of extracellular signal–related kinase activity,
another kinase regulator of cell proliferation [57].

In Vitro Data with mTOR Inhibitors in MM
Rapamycin has demonstrated in vitro activity against MM
cell lines as a single agent and in combination with the im-
munomodulatory drug CC-5013 [6]. Exposure to rapamy-
cin or temsirolimus prevents the proliferation of PTEN- and
RAS-mutated myeloma cell lines. Temsirolimus was shown
to inhibit the growth of human myeloma cell lines by induc-
ing G1 cell cycle arrest, apoptosis, and tumor angiogenesis
[6]. In a murine xenograft model of MM, temsirolimus
demonstrated a dose-dependent inhibition of proliferation
and angiogenesis and induced tumor cell apoptosis [58]. In
a NOD-SCID mouse model of diffuse MM, everolimus
suppressed MM tumor burden and led to a longer survival
time (p � .01) [59].

Figure 3. Progression-free survival (A) and overall survival
(B) with temsirolimus in patients with relapsed or refractory
mantle cell lymphoma.

Reprinted from Hess G, Herbrecht R, Romaguera J et al.
Phase III study to evaluate temsirolimus compared with inves-
tigator’s choice therapy for the treatment of relapsed or refrac-
tory mantle cell lymphoma. J Clin Oncol 2009;27:3822–3829.
Reprinted with permission. © 2009 American Society of Clin-
ical Oncology. All rights reserved.
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Clinical Studies with mTOR Inhibitors in MM
Several clinical studies of mTOR inhibitors are ongoing in
MM patients. In a phase I/II open label trial of everolimus, 17
patients with relapsed or refractory MM were enrolled after at
least two lines of previous treatment. Following a dose-esca-
lation protocol (5 mg, 7.5 mg, and 10 mg), patients received a
fixed dose of oral everolimus for 6 months. No dose-limiting
toxicities were observed at any dose level. Two of seven seri-
ous adverse events (pulmonary embolism and atypical pneu-
monia) during treatment were assessed as being possibly
related to the study drug. Adverse events of grade �3 included
two severe thrombocytopenias. Of 15 evaluable patients, one

PR was reported in a heavily pretreated patient and SD was
observed in seven additional patients (one maintained for �9
months) [60]. Ongoing registered studies of mTOR inhibitors
in MM are summarized in Table 3.

THE PI3K/AKT/MTOR PATHWAY IN WM
WM is a rare, low-grade lymphoplasmacytic B-cell lym-
phoma accompanied by serum IgM monoclonal gammopa-
thy [61]. mTOR inhibitors have been investigated in WM
based on results of in vitro studies demonstrating activation
of PI3K/Akt/mTOR signaling in WM cells. Results of one
trial indicated that Akt is constitutively activated in WM

Table 3. Ongoing clinical trials of mTOR inhibitors in lymphoma, MM, WM

Trial Trial design
Patient
population

Estimated
enrollment Treatment arm(s)

Primary
endpoint/outcome
measure

Estimated study
completion date

NCT00702052/
PILLAR-1 [74]

Phase II,
nonrandomized, open
label, uncontrolled,
single group, safety/
efficacy

MCL refractory to
bortezomib and
treated with �1
agent other than
bortezomib

60 Single-arm: everolimus Overall response
rate

March 2011

NCT00790036/
PILLAR-2 [75]

Phase III,
randomized, double
blind, placebo
controlled, parallel
group, safety/efficacy

Poor-risk DLBCL
and complete
remission with
first-line CHOP �
rituximab

915 Everolimus, placebo Disease-free
survival,
incidence of AEs,
incidence of
noninfectious
pneumonitis

May 2016

NCT00869999
[76]

Phase II,
nonrandomized, open
label, single group,
safety/efficacy

Relapsed or
refractory DLBCL

25 Single-arm: everolimus �
rituximab

Clinical efficacy March 2011

NCT00727207
[77]

Phase II,
nonrandomized

Older MCL
patients with prior
first- or second-
line CT

35 Single-arm: everolimus PFS May 2009
(primary)

NCT00290472
[73]

Phase II,
nonrandomized, open
label, uncontrolled,
single group, safety/
efficacy

B-cell lymphoma
(relapsed or
refractory)a

101 Single arm: temsirolimus Response rate May 2009
(primary)

NCT00678769
[78]

Phase I, open label,
single group

Advanced or
metastatic cancer

89 Temsirolimus � IMC-A12
(anti-IGF-1R
cixutumumab)

Safety, MTD,
biomarkers,
tumor metabolism
by PET

May 2011
(primary)

NCT00962507
[66]

Phase I, dose
escalation

Lymphoma, MM,
WM (relapsed or
refractory)

36 Single arm: panobinostat �
everolimus

MTD
(panobinostat),
toxicity

July 2012
(primary)

NCT00918333
[67]

Phase I/II, open label,
parallel group, safety/
efficacy

MM, WM, NHL,
HL (recurrent)

109 Single arm: panobinostat �
everolimus

Toxicity (phase
I), response rate
(phase II)

May 2014
(primary)

NCT00474929
[79]

Phase I/II, dose
escalation, safety/
efficacy

MM, WM, NHL,
HL (relapsed or
refractory)

103 Single arm: sorafenib �
everolimus

Toxicity (phase
I), AEs (phase I),
response rate
(phase II)

December 2011

NCT00436618
[80]

Phase II, open label Lymphoma, WM
(relapsed or
refractory)

280 Single arm: everolimus Response rate January 2015
(primary)

aAlso includes patients with relapsed or refractory chronic lymphocytic leukemia.
Abbreviations: AEs, adverse events; CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; CT,
chemotherapy; DLBCL, diffuse large B-cell lymphoma; HL, Hodgkin’s lymphoma; IGF-1R, insulin-like growth factor
receptor 1; MCL, mantle cell lymphoma; MM, multiple myeloma; MTD, maximum tolerated dose; NHL, non-Hodgkin’s
lymphoma; PET, positron emission tomography; PFS, progression-free survival; WM, Waldenström’s macroglobulinemia.
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cell lines and in bone marrow cells derived from WM pa-
tients. Further, results of a recent study demonstrated lower
PTEN expression and constitutive activation of Akt and
mTOR in patient-derived WM cells from bone marrow, fur-
ther supporting the conclusion that the PI3K/Akt pathway is
constitutively activated in WM [20].

In Vitro Data with mTOR Inhibitors in WM
The addition of the specific Akt inhibitor perifosine to WM
cell lines resulted in antiproliferative effects and cytotoxic-
ity [62]. In addition, when a mouse xenograft model con-
taining tumors that developed from injected human WM
cells was treated with oral perifosine, WM tumor growth
was inhibited and the 12-week survival rate was greater
than in vehicle-injected controls [62]. Dual targeting of the
PI3K/Akt/mTOR pathway with the investigational agent
NVP-BEZ235 in WM cell lines dose-dependently inhibited
phosphorylation of Akt, glycogen synthase kinase (GSK)-
3�, GSK-3�, ribosomal protein S6, mTOR, p70S6K, and
4E-BP1 [20]. NVP-BEZ235 also inhibited proliferation of
WM cells and decreased their survival, without affecting
normal cells [20].

Clinical Studies with mTOR Inhibitors in WM
In the first clinical evaluation of an mTOR inhibitor in WM
patients, single-agent everolimus was given to patients with
symptomatic, relapsed or refractory WM in a phase II study
[63]. Half of the patient population was classified as inter-
mediate or high risk based on the international scoring sys-
tem for WM, and the median number of prior therapies was
three [63]. Patients were treated with oral everolimus (10
mg/day) in 4-week cycles. Those who progressed at any
time or had SD at 6 months went off study, whereas those
with SD or better after six cycles continued treatment based
on the physician discretion and until disease progression or
toxicity [63]. In the 50 evaluable patients, the ORR was
42% (all PRs; 95% CI, 26%–55%) and the CR plus PR plus
minimal response (MR) rate was 70% (95% CI, 55%–82%)
[63]. The median PFS and OS times had not been reached
after 12 months of treatment (Fig. 4A) [64]. The estimated
PFS rate was 75% (95% CI, 64%–89%) at 6 months and
62% (95% CI, 48%–80%) at 12 months [63]. Everolimus
demonstrated acceptable tolerability, with manageable tox-
icities [63]. These favorable results prompted further study
of everolimus in WM patients.

Perifosine was evaluated in a phase II trial of 37 patients
with symptomatic, relapsed or refractory WM (median of
two prior therapy lines). Over half (51%) of the patient pop-
ulation was classified as intermediate or high risk based on
the international scoring system for WM. Patients received
oral perifosine at a dose of 150 mg daily in 28-day cycles.

Figure 4. Progression-free survival (PFS) and overall sur-
vival (OS) with everolimus (A) and perifosine (B) in patients
with relapsed or refractory Waldenström’s macroglobuline-
mia.

(A) Reprinted from Ghobrial IM, Gertz M, LaPlant B et al.
Phase II trial of the oral mammalian target of rapamycin inhib-
itor everolimus in relapsed or refractory Waldenström macro-
globulinemia. J Clin Oncol 2010;28:1408 –1414. Reprinted
with permission. © 2010 American Society of Clinical Oncol-
ogy. All rights reserved.

(B) Adapted and reprinted by permission from the Ameri-
can Association for Cancer Research: Ghobrial IM, Roccaro
A, Hong F et al. Clinical and translational studies of a phase II
trial of the novel oral Akt inhibitor perifosine in relapsed or
relapsed/refractory Waldenström’s macroglobulinemia. Clin
Cancer Res 2010;16:1033–1041.
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Those with disease progression after two cycles went off
study, and those with SD or a response to treatment re-
ceived six cycles of therapy and could continue therapy be-
yond six cycles until disease progression [64]. The ORR
obtained was 35% (four PRs, 11%; nine MRs, 24%), with
an SD rate of 54%. The median PFS interval was 12.6
months (90% CI, 10.2–22.7 months), and the median OS
time was 26 months (90% CI, 26.0 to no estimate) (Fig. 4B)
[64]. Ongoing trials of mTOR-targeted agents in patients
with WM are summarized in Table 3.

CONCLUSIONS

Many hematologic malignancies involve tumor cells with
hyperactive PI3K/Akt/mTOR pathways, making mTOR a
rational target for therapy. Inhibition of mTOR achieves an-
tiproliferative effects and cytotoxic effects in a variety of
leukemias, lymphomas, MM, and WM, as demonstrated in
in vitro and preclinical studies. Clinical activity with
mTOR inhibitors has been achieved in patients with re-

lapsed or refractory AML, CLL, MCL, DLBCL, T-cell
lymphoma, HL, MM, and WM. Ongoing clinical trials are
extensions of this work and are showing promise in patients
with a variety of hematologic malignancies. Combinations
of mTOR inhibitors with other targeted agents and with cy-
totoxic drugs may achieve additive or synergistic effects to
maximize outcomes for patients with hematologic malig-
nancies.
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