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Preface

Over the past two decades, hematologic malignancies have been extensively
evaluated by powerful technologies, evolving from conventional karyotyping and
FISH analysis to high-throughput next-generation sequencing (NGS). These anal-
yses have allowed to refine our understanding of the underlying disease mecha-
nisms in leukemia and lymphomas, elucidating the roles of different pathways
involved in carcinogenesis and enabling the development of molecularly targeted
drugs.

One of the early pioneers has been imatinib mesylate (Glivec®), a first-
generation small-molecule tyrosine kinase inhibitor (TKI), that showed remarkable
efficacy for the treatment of patients with Philadelphia chromosome-positive CML,
changing the course of this formerly deadly disease profoundly. Nowadays, second-
and third-generation TKIs for the treatment of CML are already in clinical use.
Also, the portfolio of targeted anticancer drugs has been further expanded by agents
such as ibrutinib, idelalisib, and venetoclax that all target B-cell cancers by
blocking the action of the BCL2 molecule—and even more agents are currently
investigated in clinical trials.

With the third edition of “Small Molecules in Oncology series”, we aim to give
you a comprehensive survey of both, already established drugs as well as promising
new substances. Therefore, all chapters of this book have been contributed by
renowned scientists and clinicians, offering first-hand insight into the exciting and
rapidly evolving field of targeted cancer therapies. Due to the tremendous amount
of available agents, the book has been divided into two volumes, while “Small
Molecules in Oncology” covers the treatment options in solid tumors and “Small
Molecules in Hematology” focuses mainly on molecularly targeted drugs in
hematologic malignancies.

Heilbronn, Germany Uwe M. Martens
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Abstract
Imatinib mesylate (Gleevec, Glivec [Novartis, Basel, Switzerland], formerly
referred to as STI571 or CGP57148B) represents the paradigm of a new class of
anticancer agents, so-called small molecules. They have a high selectivity
against a specific molecular target known to be the cause for the establishment
and maintenance of the malignant phenotype. Imatinib is a rationally designed
oral signal transduction inhibitor that specifically targets several protein tyrosine
kinases, Abl, Arg (Abl-related gene), the stem cell factor receptor (c-KIT),
platelet-derived growth factor receptor (PDGF-R), and their oncogenic forms,
most notably BCR-ABL. Imatinib has been shown to have remarkable clinical
activity in patients with chronic myeloid leukemia (CML) and malignant
gastrointestinal stroma tumors (GIST) leading to its approval for treatment of
these diseases. Treatment with imatinib is generally well tolerated with a low
incidence of severe side effects. The most common adverse events include mild
to moderate edema, muscle cramps, diarrhea, nausea, skin rashes, and
myelosuppression. Several mechanisms of resistance have been identified.
Clonal evolution, amplification, or overexpression of BCR-ABL as well as
mutations in the catalytic domain, P-loop, and other mutations have been
demonstrated to play a role in primary and secondary resistance to imatinib,
respectively. Understanding of the underlying mechanisms of resistance has led
to the development of new second- and third-generation tyrosine kinase
inhibitors (see chapters on dasatinib, nilotinib, bosutinib, and ponatinib).

Keywords
CML � Tyrosine kinase inhibitor � Imatinib

1 Introduction

Chronic myeloid leukemia (CML) is a clonal disorder of the hematopoietic stem
cell. The clinical presentation often includes granulocytosis, a hypercellular bone
marrow, and splenomegaly. The natural course of the disease involves three
sequential phases—chronic phase (CP), progressing often through an accelerated
phase (AP) into the terminal blast crisis (BC). The duration of CP is several years,
while AP and BC usually last only for months. In the past, prior to the introduction
of TKIs into the treatment of CML, median survival was in the range of 4–5 years
(Hehlmann et al. 2007b; Sawyers 1999).
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CML is characterized by the presence of the Philadelphia chromosome (Ph), a
unique reciprocal translocation between the long arms of chromosomes 9 and 22,
t(9:22), which is present in >90% of patients with CML and approximately 15–30%
of ALL (Nowell and Hungerford 1960; Rowley 1973). On the molecular level,
t(9:22) results in the generation of an oncogene, the BCR-ABL fusion gene,
encoding the BCR-ABL protein which has constitutive tyrosine kinase activity
(Konopka et al. 1984; Fig. 1).

Its causal role in the development of CML has been demonstrated in vitro as well
as in several animal models (Daley et al. 1990; Heisterkamp et al. 1990; Lugo et al.
1990; Voncken et al. 1995).

The pathological effects of BCR-ABL include increased proliferation, protection
from programmed cell death, altered stem cell adhesion, and possibly genetic
instability that leads to disease progression (Deininger and Goldman 1998; Dei-
ninger et al. 2000).

Before the introduction of imatinib, standard therapy of CML was interferon-a
alone or in combination with cytarabine (ara-C) leading to hematologic remissions
in the majority of patients, but major cytogenetic responses—i.e., <35% Ph+

metaphases—were only seen in 6–25% of patients (Hehlmann et al. 2007b). The
only curative treatment of CML is allogeneic stem cell transplantation from an
HLA-compatible donor. However, it is only an option for a part of the patients and
still associated with considerable morbidity and mortality (Gratwohl et al. 1998;
Hehlmann et al. 2007a).

Fig. 1 Common breakpoints in CML and Ph+ ALL: In CML, BCR breakpoints occur after the
second or third exon, whereas in Ph+ ALL, breaks can occur after the first exon. In c-ABL, a break
occurs between the first and second exon (CML and Ph+ ALL)
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The presence of BCR-ABL in >90% of CML patients and the identification of
its essential role in the pathogenesis of the disease provided the rationale of tar-
geting this fusion protein for treatment of CML.

In the nineties of the twentieth century, first data of compounds with an effect on
tyrosine kinases were published (Levitzky and Gazit 1995). Tyrphostins and other
similar compounds were shown to inhibit the ABL—as well as the BCR-ABL tyr-
osine kinase atmicromolar concentrations but had only limited specificity (Anafi et al.
1993a, b; Carlo-Stella et al. 1999). This led to the rational design of further TKI with
selective activity against the ABL tyrosine kinase, one of which was a
2-phenylaminopyrimidine called CGP57148B, later called STI571 or imatinib
mesylate (Buchdunger et al. 1995, 1996; Druker and Lydon 2000; Druker et al. 1996).

After demonstration of specificity in vitro, in cell-based systems as well as in
different animal models, this compound was tested in several phase I and phase II
studies (Druker et al. 2001a; Kantarjian et al. 2002a, b). Imatinib was shown to have
very high rates of hematologic remissions inCP-CMLpatients previously treatedwith
interferon-a as well as in advanced stages of the disease. Cytogenetic remissions were
achieved in a considerable portion of patients. Based on these good results, imatinib
was approved for treatment of CML patients in CP after treatment failure with
interferon-a and the advanced stages, i.e., AP and BC (Cohen et al. 2002b).

The phase III (IRIS-) trial led to establishment of imatinib as standard for first-line
therapy ofCP-CML (Cohen et al. 2009;Dagher et al. 2002;Hochhaus et al. 2017). The
very good clinical results for imatinib of the IRIS trial were reproduced by several
large phase III studies, including the German CML IV trial (Hehlmann et al. 2017).
Patients who optimally respond to imatinib or next-generation TKIs have a
near-normal life expectancy and, in this population, the impact of comorbidities on
survival outcomes is considered as greater than that of CML itself. However, lifelong
treatment is still recommended (Saußele et al. 2015, 2016; Rea and Mahon 2018).

Currently, several trials investigate the effect of stopping imatinib or
second-generation TKIs in patients reaching a very good long-lasting remission
based upon the results of the so-called STIM trial where it could be shown that
approximately half of patients stayed in a very good molecular remission after the
end of the therapy (Mahon et al. 2010; Etienne et al. 2017; Mahon et al. 2016; Rea
et al. 2017). This has prompted the development of a new concept in the evaluation
of CML patients known as “treatment-free remission” (Saußele et al. 2016).

Other molecular targets of imatinib are the stem cell factor receptor (c-KIT) and
platelet-derived growth factor receptor (PDGF-R) (Buchdunger et al. 1995, 1996,
2000; Heinrich et al. 2002a, b).

c-KIT is expressed in a variety of human cancers, including germ cell tumors,
neuroblastoma, melanoma, small cell lung cancer, breast and ovarian cancers, acute
myeloid leukemia, mast cell disorders as well as malignant gastrointestinal stroma
tumors (GIST).While inmost of these diseases, the exact role of c-KIT expression is not
defined, in mastocytosis andGISTs activatingmutations of c-KIT have been identified.

Based upon data of a single open-label phase II trial and two large phase III trials
by the EORTC and SWOG, imatinib received approval for treatment of
metastatic/unresectable GIST (Cohen et al. 2009; Dagher et al. 2002). In addition,
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the role of neoadjuvant therapy and adjuvant treatment with imatinib after suc-
cessful resection of primary GIST has been clearly demonstrated and led to its
approval (Joensuu et al. 2012; von Mehren and Joensuu 2018). The duration of
adjuvant imatinib therapy in patients with a substantial risk of recurrence should be
at least 3 years. However, the optimal duration is unknown. As in CML, several
resistance mutations in c-kit as well as in the PDGFRA have been identified in
patients with GIST (von Mehren and Joensuu 2018).

Furthermore, imatinib has been successfully used in diseases with aberrant PDGF
receptors. They have been shown to deregulate the growth of a variety of cancers, such
as GIST; myeloproliferative disorders (Pardanani and Tefferi 2004), e.g., in hypere-
osinophilic syndrome (FIP1L1/PDGFRa-rearrangement), chronic myelomonocytic
leukemia (CMML), harboring the activating translocations involving the PDGF
receptor beta locus on chromosome 5q33 (FIP1/PDGFR-translocation); carcinomas;
melanoma; gliomas; and sarcomas, including dermatofibrosarcoma protuberans
(Barnhill et al. 1996; Greco et al. 2001).

In addition, in several non-malignant diseases, e.g., pulmonary veno-occlusive
disease and pulmonary capillary hemangiomatosis imatinib, has a positive effect on
the disease (Ogawa et al. 2017). Its role in the treatment of autoimmune disease has
been investigated (Hoeper et al. 2013; Moinzadeh et al. 2013).

2 Structure and Mechanisms of Action

Imatinib mesylate is designated chemically as 4-[(4-methyl-1-piperazinyl)methyl]-
N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl] aminophenyl] benzamide
methanesulfonate. Its molecular formula is C29H31N7O.CH4SO3, and its relative
molecular mass is 589.7 (Fig. 2).

Fig. 2 Structure of imatinib
mesylate (formerly STI 571
bzw. CGP57148)
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Imatinib functions as a specific competitive inhibitor of ATP. It binds with high
affinity at the ATP binding site in the inactive form of the kinase domain, blocks
ATP binding, and thereby inhibits kinase activity by interrupting the transfer of
phosphate from ATP to tyrosine residues on substrate proteins (Cohen et al. 2002a,
b, 2005; Lyseng-Williamson and Jarvis 2001; Mauro et al. 2002).

Imatinib selectively inhibits all the ABL tyrosine kinases, including BCR-ABL,
cellular homolog of the Abelson murine leukemia viral oncogene product (c-ABL),
v-ABL, TEL-ABL, and Abelson-related gene (ARG). In addition, it was found to
potently inhibit the tyrosine kinase activity of the a- and b-platelet-derived growth
factor receptors (PDGF-R) and the receptor for stem cell factor (c-KIT; CD117).
The concentrations required for a 50% kinase inhibition were in the range of
0.025 lM in in vitro kinase assays and approximately 0.25 lM in intact cells.
Extensive screening did not show activity against other tyrosine kinases or
serine/threonine kinases (Buchdunger et al. 1995, 1996, 2000, 2001; Deininger
et al. 2005; Druker and Lydon 2000; Druker et al. 1996; Heinrich et al. 2002a;
Okuda et al. 2001; Table 1).

Table 1 Inhibition of protein kinases by imatinib mesylate (formerly STI 571 bzw. CGP57148)
(adapted from Deininger et al. 2005)

Protein kinase Substrate phosphorylation
IC50a (lM)

Cellular tyrosine
phosphorylation IC50a (lM)

c-abl 0.2; 0.025 ND

v-abl 0.038 0.1–0.3

p210BCR−ABL 0.025 0.25

p185BCR−ABL 0.025 0.25

TEL-ABL ND 0.35

PDGF-Ra and b 0.38 (PDGF-Rb) 0.1

Tel-PDGF-R ND 0.15

c-KIT 0.41 0.1

FLT-3 >10 >10

Btk >10 ND

c-FMS ND >10

v-FMS ND >10

c-SRC >100 ND

v-SRC ND >10

c-LYN >100 ND

c-FGR >100 ND

LCK 9.0 ND

SYK (TPK-IIB) >100 ND

JAK-2 >100 >100

EGF-R >100 >100
(continued)
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Table 1 (continued)

Protein kinase Substrate phosphorylation
IC50a (lM)

Cellular tyrosine
phosphorylation IC50a (lM)

Insulin receptor >10 >100

IGF-IR >10 >100

FGF-R1 31.2 ND

VEGF-R1 (FLT-1) 19.5 ND

VEGF-R2 (KDR) 10.7 ND

VEGF-R3 (FLT-4) 5.7 ND

TIE-2 (TEK) >50 ND

c-MET >100 ND

PKA >500 ND

PPK >500 ND

PKC a, b1, c, d, e, n, η >100 ND

Protein kinase CK-1, CK-2 >100 ND

PKB >10 ND

P39 >10 ND

PDK1 >10 ND

c-RAF-1 0.97 ND

CDC2/cyclin B >100 ND

ND not done, PDGF-R platelet-derived growth factor receptor, Btk Bruton tyrosine kinase, TPK
tyrosine-protein kinase, EGF-R epidermal growth factor receptor, IGF-IR insulin-like growth
factor receptor I, FGF-R1 fibroblast growth factor receptor 1, VEGF-R vascular endothelial growth
factor receptor, PKA cAMP-dependent protein kinase, PPK phosphorylase kinase; PKC protein
kinase C, CK casein kinase, PKB protein kinase B (also known as Akt), PKD1 3-phosphoinoside-
dependent protein kinase 1
aIC50 was determined in immunocomplex assays

Imatinib concentrations causing a 50% reduction in kinase activity (IC50) are given.

3 Preclinical Data

In vitro studies demonstrated specific inhibition of myeloid cell lines expressing
BCR-ABL without killing the parental cell lines from which they were derived
(Deininger et al. 1997; Druker et al. 1996; Gambacorti-Passerini et al. 1997).
Continuous treatment with imatinib inhibited tumor formation in syngeneic mice as
well as in a nude mouse model after inoculation of BCR-ABL-expressing cells in a
dose-dependent manner, treated intraperitoneally or with oral administration of
STI571, respectively (Druker et al. 1996; le Coutre et al. 1999). Activity on primary
CML cells could be demonstrated, and a >90% reduction of BCR-ABL-expressing
colonies in colony-forming assays from peripheral blood or bone marrow from
CML patients was achieved at a concentration of imatinib of 1 lM while normal
colonies did not show growth inhibition (Deininger et al. 1997; Druker et al. 1996;
Gambacorti-Passerini et al. 1997).
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4 Clinical Data in CML

4.1 Phase I Trials

In 1998, a phase I clinical trial with imatinib was initiated. This study was a dose
escalation trial designed to determine the maximally tolerated dose, with clinical
benefit as a secondary endpoint. 83 patients with CP-CML who had failed standard
therapy with interferon-a (IFN-a) or were intolerant to it were enrolled. One-third of
patients had signs of early progression to AP. They received escalating oral doses of
imatinib, ranging from 25 to 1000 mg/day. Clinical features of patients were typical
of the disease. Dose-limiting toxicity was not reached, although a higher frequency
of severe toxicities was encountered at imatinib doses >750 mg/day. The most
common adverse events were nausea (43%), myalgia (41%), edema (39%), and
diarrhea (25%). After 29 patients were enrolled, therapeutic doses of 300 mg or
more per day were reached. 53 of 54 patients achieved a complete hematologic
response, reaching normal blood counts typically within four weeks of treatment.
51 of these 53 patients maintained normal blood counts after one year of therapy.
Furthermore, these patients had a 31% rate of major cytogenetic responses
(MCyR; <35% Ph+ metaphases) and a 13% rate of complete cytogenetic responses
(CCyR; eradication of Ph+ bone marrow cells) (Druker 2008; Druker et al. 2001b).

In another phase I trial, patients with myeloid and lymphoid blast crisis and
patients with relapsed or refractory Ph+ lymphoblastic leukemia (ALL) were treated
with daily doses of 300–1000 mg of imatinib. 55% of patients with myeloid blast
crisis responded to therapy (45% of patients with <5% blasts in the bone marrow,
and 11% reached a complete remission with full recovery of peripheral blood
counts, respectively) but only in 18% response was maintained longer than one
year.

Of 20 patients with Ph+ ALL or lymphoid blast crisis, 70% responded, 20%
reached a complete hematologic remission. Nevertheless, all but one relapsed
between days 45 and 117 (Druker et al. 2001a).

Based on the results of the phase I trials, the use of imatinib was expanded to
large phase II and phase III clinical trials.

4.2 Phase II Studies

Three open-label, single-arm phase II studies using imatinib as a single agent were
conducted in patients with Ph+ CML in three clinical settings: CML-CP after IFN-a
failure or with intolerance to the drug, CML-AP, and CML-BC. Imatinib was
administered orally once daily. Initially, all patients received 400 mg/day. Early in
the study, however, the imatinib dose was increased to 600 mg daily for CML-AP
and CML-BC trials. Patients with resistant or progressive disease receiving a dose
of 400 or 600 mg/day could receive doses of 600 or 800 mg daily (administered as
400 mg twice daily).
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In 532 patients with CP-CML who had failed IFN-a therapy, 95% of patients
reached a complete hematologic response, with CCR rates of 41% and major
cytogenetic remission (MCR) of 60%. The estimated rates of freedom from pro-
gression to accelerated or blastic phase and overall survival at 6 years were 61 and
76%, respectively (Druker 2008; Hochhaus et al. 2008; Kantarjian et al. 2002a).

For patients in BC and with Ph+ ALL, the studies confirmed the results of the
phase I trial. Response rates were also high; however, relapses were seen fre-
quently. The majority of patients in BC relapsed during the first year of treatment.
Hematologic responses were observed in 52% of patients (n = 260) with myeloid
BC, with a median response duration of 10 months. Interestingly, 48% of patients
in this trial developed new cytogenetic abnormalities during treatment, demon-
strating clonal evolution (Druker et al. 2001a; Ottmann et al. 2002; Sawyers et al.
2002).

The efficacy in patients with AP CML was intermediate between CP and BC. Of
181 patients with AP, 82% showed a hematologic response, 53% reached a CHR
which was sustained in 69%. Major cytogenetic remissions were seen in 24% of
patients with a CCR rate of 17% (Talpaz et al. 2002).

The treatment results in advanced phase CML and Ph+ ALL underline the
necessity of combination therapies with conventional chemotherapy as well as the
use of second-generation tyrosine kinase inhibitors.

The results of the phase I and phase II trials led to the approval by the Food and
Drug Administration (FDA) of imatinib for the treatment of CML in advanced
phase and after failure of IFN therapy in CP CML (Cohen et al. 2002b; Deininger
et al. 2005; Druker 2008).

4.3 Phase III Study (IRIS Trial)

In a landmark phase III study, the International Randomized Study of Interferon and
STI571 (IRIS) trial, imatinib and the combination of IFN plus cytarabine were
compared in newly diagnosed CP-CML patients. More than 1000 patients were
accrued in less than 7 months. 553 patients were randomized to each of the two
treatments, imatinib at 400 mg per day or interferon-a plus Ara-C. There were no
significant differences in prognostic or clinical features between the two treatment
arms. After a median follow-up of 19 months, patients randomized to imatinib had
significantly better results for CHR, MCR, and CCR, as well as progression-free
survival than patients treated with interferon-a plus Ara-C (O’Brien et al. 2003a, b).

The remarkable superiority of imatinib led to early disclosure of study results.
Thereafter, most patients were crossed over from interferon-a plus Ara-C to the
imatinib arm.

The IRIS trial is now a long-term follow-up study of patients who received
imatinib as initial therapy. After a follow-up of 5 years, the overall survival for
newly diagnosed CP patients treated with imatinib was 89%. An estimated 93% of
imatinib-treated patients remained free from disease progression to the AP or BC.
The estimated annual rate of treatment failure was 3.3% in the first year, 7.5% in
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year two, 4.8% in year three, 1.5% in year four, and 0.9% in year five. The
progression rate did not increase over time (Druker et al. 2006; Hochhaus et al.
2017; Fig. 3). Survival rates in the IRIS trial were especially high in patients who
had a major molecular response at 12 months or 18 months and those with low
Sokal scores. These results are consistent with previous reports from IRIS and other
studies as, e.g., the CML IV trial showing that early response to TKI therapy is a
valuable prognostic marker for long-term outcome (Hochhaus et al. 2017; Hehl-
mann et al. 2017).

Most of the side effects of imatinib were mild to moderate, with the most common
being edema, muscle cramps, diarrhea, nausea, skin rashes, and myelosuppression
(Druker et al. 2006; Hochhaus et al. 2017). Serious adverse cardiac events were
reported in 7.1%. No new safety signals were observed after the 5-year analysis.
Quality of life was far better in patients treated with imatinib (Hahn et al. 2003).

Fig. 3 Kaplan–Meier Estimated Overall Survival Rates at 10 Years in the Intention-to-Treat
Population. Shown is the overall survival over time among patients assigned to each trial
group. For the curve for the group of patients who had been randomly assigned to receive
interferon alfa plus cytarabine, data include survival among the 363 patients who crossed over to
imatinib (65.6%). These patients crossed over to imatinib after a median of 0.8 years of receiving
interferon alfa plus cytarabine. In patients with no reported death (whether because they were
known to be alive or because their survival status was unknown), survival was censored (tick
marks) at the date of last contact. (Adapted from Hochhaus et al. NEJM 2017)
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Rates of hematologic and cytogenetic responses are shown in Table 2. A recent
update at 10.9 years showed an estimated overall survival of 83.3% which is similar
to the rate of 84% reported among patients who were treated with imatinib-based
regimens in the German CML IV study, which was initiated shortly after IRIS to
investigate alternative dosing strategies and drug combinations in patients with
newly diagnosed CML in first chronic phase (Hehlmann et al. 2017). The estimated
EFS at 10.9 years was 79.6%.

The estimated rate without progression to AP or BC is 93%. A CCR was
achieved by 456 of 553 (82%) of patients on first-line imatinib (O’Brien et al.
2008).

Monitoring of residual disease by quantitative RT-PCR in complete cytogenetic
responders showed that the risk of disease progression was inversely correlated
with the reduction of BCR-ABL mRNA compared with pre-therapeutic levels
(Hughes et al. 2003). The rates of major molecular remissions as well as the depth
of molecular responses increase over time with a downward trend of relapse
(O’Brien et al. 2008).

Investigation of pharmacokinetics in the imatinib-treated patients showed a
correlation between imatinib trough plasma concentrations with clinical responses,
EFS, and adverse events. Patients with high imatinib exposure had better rates of
CCR, major molecular responses, and event-free survival (Larsen et al. 2008).

The results of the IRIS trial have led to FDA approval of imatinib for first-line
treatment of patients with CP-CML in 2002 (Cohen et al. 2002b, 2005; Druker et al.
2001b).

5 Treatment Recommendations for the Use of Imatinib
in Chronic Phase CML

Based upon the results achieved in the phase I, II, and III trials with imatinib, expert
panels of the European Leukemia Net and the NCCN have developed guidelines for
monitoring and treatment of CP-CML with imatinib (http://www.nccn.org/
professionals/physician_gls/PDF/cml.pdf; Baccarani et al. 2013; http://www.nccn.
org/professionals/physician_gls/PDF/cml.pdf; Table 3).

While the IRIS trial was performed, new guidelines for CML treatment were
published and new BCR-ABL1 inhibitors dasatinib, nilotinib, bosutinib were
developed. Nilotinib, dasatinib and bosutinib have been approved as first-line
therapies in patients with CML in chronic phase based on results from phase III
trials showing higher response rates than the comparator imatinib.

In case of suboptimal response to imatinib, a mutation analysis should be per-
formed and treatment with a 2nd generation TKI such as dasatinib, nilotinib,
bosutinib or third-generation TKI as ponatinib should be discussed as they are
approved in this setting (see according chapters). Furthermore, the option of allo-
geneic stem cell transplantation should be considered. New third-generation TKI
are currently under investigation.
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6 Imatinib in Combination with Other Drugs

In order to further optimize the efficacy of imatinib in CML, a number of
approaches have been investigated in phase II trials. Increase in the dose of imatinib
monotherapy to 800 mg/d in CP-CML has shown earlier complete cytogenetic
responses but is associated with more side effects (Cortes et al. 2003; Hehlmann
et al. 2011; Hehlmann et al. 2017). In addition, imatinib in combination with other
agents, such as interferon-a, cytarabine, and homoharringtonine, has been exam-
ined. Patients treated with combination therapy reached faster cytogenetic remis-
sion, but also experienced higher rates of toxicity, in particular myelotoxicity
(Baccarani et al. 2003, 2004; Gardembas et al. 2003). Several major phase III trials
compared standard dose imatinib with increased doses and combinations with
cytarabine or interferon. In these trials, the induction of faster cytogenetic as well as
molecular remissions could be shown in patients receiving higher dosages of
imatinib. However, the increased dosage if imatinib as well as when used in
combination with cytarabine was more toxic than standard dose (Hehlmann et al.
2017; Preudhomme et al. 2010).

Table 3 Response definitions to first-line treatment with TKIs (any TKI) (adapted from
Baccarani et al. 2013)

Timepoint Optimal response Warning Treatment failure

Baseline NA High risk or
CCA/Ph+ Major Route

NA

3 months BCR-ABL1 � 10%
and/or Ph+ � 35%

BCR-ABL1 > 10%
and/or Ph+ 36–95%

Non-CHR and/or
Ph+ > 95%

6 months BCR-ABL1 < 1% and/or
Ph+ 0

BCR-ABL1 1–10%
and/or Ph+ 1–35%

BCR-ABL1 > 10%
and/or Ph+ > 35%

12 months BCR-ABL1 � 0.1% BCR-ABL1 > 0.1–1% BCR-ABL1 > 1% and/or
Ph+ > 0

Any time
point

BCR-ABL1 � 0.1% CCA/Ph− (−7, or 7q−) Loss of CHR/CCgR

Confirmed loss of MMRa

Mutation

CCA/Ph+

CHR complete hematologic response
CCgR complete cytogenetic response (absence of Ph+)
MMR major molecular response (ratio BCR-ABL/ABL > 0,10)
CCA/Ph+ clonal chromosome abnormalities in Ph + cells
CCA/Ph− clonal chromosome abnormalities in Ph− cells
aIn 2 consecutive tests, of which one with a BCR-ABL1 transcripts level � 1%
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7 Imatinib: Other Targets

Other molecular targets of imatinib are the platelet-derived growth factor receptor
(PDGF-R) and the stem cell factor receptor (c-KIT) (Buchdunger et al. 1995, 2000;
Heinrich et al. 2002a).

Aberrant PDGF receptors have been shown to deregulate the growth of a variety
of cancers, such as myeloproliferative disorders (Pardanani and Tefferi 2004), e.g.,
in hypereosinophilic syndrome (FIP1L1/PDGFR-rearrangement) (Jovanovic et al.
2007), CMML involving the 5q33 translocations (Jovanovic et al. 2007), carci-
nomas, melanoma, gliomas, and sarcomas, including dermatofibrosarcoma protu-
berans (Barnhill et al. 1996; Greco et al. 2001).

c-KIT is expressed in a variety of human malignancies, including germ cell
tumors, neuroblastoma, melanoma, small cell lung cancer, breast and ovarian
cancer, acute myeloid leukemia, mast cell disorders, and malignant GIST.

In most of these diseases, the exact role of c-KIT expression is not defined in
mastocytosis and GISTs, activating mutations of c-KIT have been identified
(Heinrich et al. 2003a, b).

In approximately 60% of cases of GIST, there are mutations in c-kit105 in the
juxtamembrane domain. In most of the remaining cases, mutations in exon 13 and
exon 9 have been found. The mutations lead to constitutive activation of the
receptor without its ligand (Lux et al. 2000). Imatinib at a dosage of 400 mg once or
twice daily was investigated in the EORTC 62,005 and S0033 trials. Both studies
confirmed the benefit of imatinib 400 mg once daily, which was first reported in the
B2222 study, (CR rates 3–6%, PR rates 45–48%, and SD rates 26–32%) (Verweij
et al. 2004; Casali et al. 2015; Demetri 2002). No OS difference (47–55 months)
was demonstrated between the 400 and 800 mg doses, establishing 400 mg once
daily as the standard dose. Pooled analysis of the two EORTC trials showed that
patients with exon 9 mutations treated with the higher imatinib dose had a longer
PFS. These patients should therefore receive 2 mg � 400 mg, if tolerated. In the
BFR14 trial patients were randomly assigned to stop therapy after 1, 3, or 5 years.
Patients who stopped therapy had a shorter PFS compared with those who remained
on treatment. These data support uninterrupted treatment with imatinib (von
Mehren and Joentsuu 2018).

After approval of imatinib in metastatic GIST, the role of adjuvant treatment
after successful resection was investigated.

In two of three randomized trials, adjuvant imatinib administered for 1 or 2 years
improved recurrence-free survival compared with observation or placebo. However,
an overall survival benefit was not demonstrated in either study. In the third trial,
GIST patients with a high risk for relapse were randomized to receive adjuvant
imatinib for 1 or 3 years after surgery, respectively. After a median follow-up of
7.5 years, patients who received 3 years of imatinib had longer recurrence-free
survival while OS was comparable between both arms. In all three studies, patients
with KIT exon 11 deletion mutations had the most benefit from adjuvant imatinib
(Corless et al. 2014; Joensuu et al. 2012). Two further phase III trials are ongoing.
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Patients with a substantial risk for relapse should be treated for at least 3 years with
imatinib. However, the optimal duration remains unknown. Mutation analysis of kit
and PDGFRA is mandatory prior to initiation of adjuvant therapy because GISTs
with PDGFRA D842 V mutation or lacking a mutation in KIT or PDGFRA are
unlikely to benefit from adjuvant imatinib (see for review von Mehren and Joensuu
2018) (Table 4).

8 Side Effects/Toxicity

Hematologic side effects of imatinib are shown in Tables 5 and 6. Grade 3 or 4
neutropenia, thrombocytopenia, or anemia was seen in all phase II trials and the
phase III study. While grade 3/4 neutropenia occurred in first-line treatment of
CP-CML in about 17%, in accelerated and blastic phase, it could be detected in
approximately 60% of patients. In addition, in advanced phase, CML thrombocy-
topenia and anemia are more frequently than in CP-CML (first or second line).

Typical non-hematologic side effects in phase II trials of imatinib in CML are
shown in Table 5 (Cohen et al. 2002b, 2005; Guilhot 2004). In the IRIS trial, most
of the side effects of imatinib were mild to moderate, with the most common being
edema, muscle cramps, diarrhea, nausea, skin rashes, and myelosuppression as
shown in Table 5 (Druker et al. 2006; O’Brien et al. 2003b).

Recently, it has been suggested that imatinib may cause cardiotoxicity (Kerkela
et al. 2006). However, a preexisting condition predisposing to congestive heart
failure (CHF) could not be excluded in these patients. Furthermore, a follow-up

Table 4 Randomized trials that led to approval of imatinib (FDA) for advanced GIST (modified
from von Mehren and Joentsuu 2018)

Trial/reference Line of
therapy

Allocation group Median
PFS

Median OS

B2222
van Oosterom et al. (2001),
Blanke et al. (2008)

Imatinib,
first line

Imatinib
400 versus 600 mg

20 versus
26 months
(p = 0.371)

57 versus
57 months;
HR, 0.87
(p = 0.551).

S0033
Demetri et al. (2002),
Verweij et al. (2004)

Imatinib,
first line

Imatinib
400 mg daily versus
400 mg twice daily

18 versus
20 months
(p = 0.13)

55 versus
51 months;
HR, 0.98;
(95% CI,
0.79 to 1.21)
(p = 0.83).

EORTC
Casali et al. (2015)

Imatinib,
first line

Imatinib
400 mg daily versus
400 mg twice daily

1.7 versus
2.0 years;
HR, 0.91;
(95% CI,
0.79–1.04)
(p = 0.18)

3.9 years in
both arms;
HR, 0.93;
(95% CI,
0.80–1.07)
(p = 0.31)
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Table 5 Adverse events >10% in the phase II CML trials (Guilhot 2004; Cohen et al. 2002a, b)

Reported or
specified term

CML-CPa after
IFN-failure/
intolerance

CML-APb CML-myeloid BCb

N = 532 N = 235 N = 260

Dosage: 400 mg Dosage 600 mg:
n = 158

Dosage 600 mg:
n = 223

Dosage 400 mg:
n = 77

Dosage 400 mg:
n = 37

All grades
(%)

Grades
3/4%

All grades
(%)

Grades
3/4%

All grades
(%)

Grades
3/4%

Hematologic adverse events

Anemia 4 36 50

Neutropenia 33 58 62

Thrombocythemia 16 42 58

Non-hematologic AEs

Nausea 60 2 71 5 70 4

Fluid retention 66 3 73 6 71 12

Superficial edema 64 2 71 4 67 5

Other fluid retention 7 2 7 2 22 8

Muscle cramps 55 1 42 0.4 27 0.8

Diarrhea 43 2 55 4 42 2

Vomiting 32 1 56 3 54 4

Hemorrhage 22 2 44 9 52 19

GI hemorrhage 2 0.4 5 3 8 3

CNS hemorrhage 1 1 2 0.9 7 5

Musculoskeletal pain 35 2 46 9 43 9

Skin rash 42 3 44 4 35 5

Headache 34 0.2 30 2 27 5

Fatigue 40 1 41 4 29 3

Arthralgia/joint pain 36 1 31 6 25 4

Dyspepsia 24 0 21 0 11 0

Myalgia 25 0.2 22 2 8 0

Weight gain 30 5 14 3 5 0.8

Pyrexia 17 1 39 8 41 7

Abdominal pain 29 0.6 33 3 31 6

Cough 17 0 26 0.9 14 0.8

Dyspnea 9 0.6 20 7 14 4

Anorexia 6 0 17 2 14 2

Constipation 6 0.2 15 0.9 15 2

Nasopharyngitis 18 0.2 16 0 8 0

Night sweats 10 0.2 14 1 12 0.8

Pruritus 12 0.8 13 0.9 8 1

Epistaxis 5 0.2 13 0 13 3
(continued)
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Table 5 (continued)

Reported or
specified term

CML-CPa after
IFN-failure/
intolerance

CML-APb CML-myeloid BCb

N = 532 N = 235 N = 260

Dosage: 400 mg Dosage 600 mg:
n = 158

Dosage 600 mg:
n = 223

Dosage 400 mg:
n = 77

Dosage 400 mg:
n = 37

All grades
(%)

Grades
3/4%

All grades
(%)

Grades
3/4%

All grades
(%)

Grades
3/4%

Hypokalemia 5 0.2 8 2 13 4

Petechiae 1 0 5 0.9 10 2

Pneumonia 3 0.8 8 6 12 6

Weakness 7 0.2 9 3 12 3

Upper respiratory tract
infection

15 0 9 0.4 3 0

Dizziness 13.0 0.2 12 0 11 0.4

Insomnia 13 0.2 13 0 10 0

Sore throat 11 0 11 0 8 0

Ecchymosis 2 0 6 0.9 11 0.4

Rigors 8 0 11 0.4 10 0

Asthenia 6 0 11 2 5 2

Influenza 10 0.2 6 0 0.8 0.4

CP chronic phase, AP accelerated phase; BC blast crisis, AE adverse event
aAdverse events considered possibly related to treatment
bAll adverse events regardless of relationship to treatment

Table 6 Most frequently reported AEs: first-line imatinib at 7-year follow-up: (Druker et al.
2006; O’Brien et al. 2008)

Most common adverse events (by 5 years) All grade AEs patients (%) Grade 3/4 AEs patients (%)

Superficial edema 60 2

Nausea 50 1

Muscle cramps 49 2

Musculoskeletal pain 47 5

Diarrhea 45 3

Rash/skin problems 40 3

Fatigue 39 2

Headache 37 <1

Abdominal pain 37 4

Joint pain 31 3

Elevated liver enzymes 5 5

Hematologic toxicity

Neutropenia 60.8 17

Thrombocytopenia 56.6 9

Anemia 44.6 4

Only serious adverse events (SAEs) were collected after 2005. Grade 3/4 adverse events decreased in incidence
after years 1–2
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examination of the Novartis database of imatinib clinical trials includ-
ing >5600 years of exposure to imatinib found an incidence of CHF in imatinib
recipients of 0.2% cases per year with a possible or probable relationship to the
drug. In the IRIS trial, the incidence of cardiac failure and left ventricular dys-
function was estimated at 0.04% per year in the imatinib arm compared to 0.75% in
interferon-a- and ara-C-treated patients (Hatfield et al. 2007). The final analysis
after a median follow-up of 10.9 years showed cardiac SAEs, regardless of study
drug relationship in 7.1% of patients treated with frontline imatinib. Serious events
of a second neoplasm could be seen in 11.3%. No new safety signals were observed
since the 5-year analysis (Hochhaus et al. 2017).

In an early trial in GIST, adverse events were similar to CML patients and
included edema, fluid retention, nausea, vomiting, diarrhea, myalgia, skin rash,
bone marrow suppression, bleeding, and elevations in aspartate aminotransferase,
alanine aminotransferase, or bilirubin. Gastrointestinal bleeding or intratumoral
hemorrhage occurred in seven patients (5%) and was not correlated with throm-
bocytopenia or tumor bulk. Other non-hematologic side effects included fatigue and
gastrointestinal complaints which were usually mild to moderate. The most com-
mon laboratory abnormality was anemia. Fluid retention and skin rash were
reported more often in patients treated with 800 mg/day. Based upon these data,
escalation of imatinib dosing up to 800 mg/day for patients with progressive dis-
ease was approved (Blanke et al. 2008; Heinrich et al. 2008). However, 26% of
patients receiving imatinib for 3 years in the adjuvant setting discontinued treat-
ment for causes other than relapse (Joensuu et al. 2012).

9 Clinical Pharmacology and Drug Interactions

Imatinib AUC is dose proportional at the recommended daily dose range of 400 and
600 mg. Within 7 days, approximately 81% of the dose is eliminated, 68% in feces,
and 13% in urine.

Cytochrome P450 (CYP3A4) is the major enzyme responsible for imatinib
metabolism, and both imatinib and CGP74588 appear to be potent in vitro CYP2D6
inhibitors. Imatinib plasma concentrations may be altered when the drug is admin-
istered with inhibitors or inducers of CYP3A4. When CYP3A4 inhibitors, e.g.,
itroconazole, ketoconazole, erythromycin, or clarithromycin, are co-administered
with imatinib, its metabolization may be decreased. CYP3A4 inducers, such as
dexamethasone, phenytoin, rifampicin, carbamazepine, phenobarbital, may increase
imatinib metabolism. Furthermore, increased plasma concentrations of drugs which
are substrates of CYP3A4, e.g., simvastatin, cyclosporine, and others, may be the
result of imatinib use (Cohen et al. 2002b, 2005; Lyseng-Williamson and Jarvis
2001; Mauro et al. 2002).

In a small number of children with Ph+ ALL imatinib plasma levels as well as of
its metabolite CGP74588 were measured. Imatinib plasma levels were similar to
those in adult patients. However, AUC of CGP74588 was only 5–24% of the parent
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drug’s AUC, and it was eliminated much faster than in adults indicating a lesser
role of the metabolite in antileukemic activity (Marangon et al. 2009).

In the phase III (IRIS) trial, the correlation of imatinib pharmacokinetics and the
response to treatment as well as to side effects could be shown (Larsen et al. 2008).

10 Biomarkers

10.1 CML

10.1.1 Disease Progression and Imatinib Resistance
Resistance to imatinib includes de novo resistance and relapse after an initial response.
The frequent and durable responses in CP-CML are caused by the selective inhibition
ofBCR-ABLby imatinib. In accelerated andblastic phaseCMLaswell as in Ph+ALL,
the combination of high numbers of proliferating tumor cells and genomic instability
may lead to secondary genetic alterations, independent of BCR-ABL (von Bubnoff
et al. 2003). In the majority of patients who respond to imatinib and then relapse,
reactivation of the BCR-ABL tyrosine kinase could be shown. This indicates that
BCR-ABL-dependent mechanisms either prevent imatinib from reaching its target or
render the target insensitive to BCR-ABL. In the former category are mechanisms
such as increased drug efflux through the multidrug resistance gene or protein binding
of imatinib while the latter include mutations in the catalytic domain, the P-loop, and
other mutations (Druker 2008; Gorre et al. 2001). Over 70 point mutations have been
demonstrated to play a role in primary and secondary resistance to imatinib, respec-
tively (Hochhaus et al. 2011; Fig. 4).

Fig. 4 Map of BCR-ABL kinase domain mutations associated with clinical resistance to imatinib
(adapted from Branford and Hughes 2006). P P-loop, B imatinib binding site, C catalytic domain,
A activation loop. Amino acid substitutions in green indicate mutations detected in 2–10% and in
red in >10% of patients with mutations.
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Gene amplification or overexpression of BCR-ABL as reason for resistance is
seen occasionally (Shah et al. 2008; Shah and Sawyers 2003).

Understanding the underlying mechanisms of resistance has led to the devel-
opment and investigation of new second- and third-generation tyrosine kinase
inhibitors (Mueller 2009; Schiffer 2007) (see chapters bosutinib, dasatinib, nilo-
tinib, and ponatinib).

10.2 GIST

Other molecular targets of imatinib are the platelet-derived growth factor receptor
(PDGF-R) and the stem cell factor receptor (c-KIT) (Buchdunger et al. 1995, 2000;
Heinrich et al. 2002a).

In GISTs, activating mutations of c-KIT and PDGF-R have been identified
(Heinrich et al. 2003a, b).

In approximately 60% of cases of GIST, there are mutations in c-kit105 in the
juxtamembrane domain. In most of the remaining cases, mutations in exon 13 and
exon 9 have been found. The mutations lead to constitutive activation of the
receptor without its ligand (Lux et al. 2000). The mutational status is being used for
the choice and duration of adjuvant therapy. In case of a PDGFRA D842V
mutation, no adjuvant therapy is indicated. In the presence of wild-type kit, the
situation has to be discussed on an individual base. In exon-11 and all mutations
except exon-9 mutations, adjuvant therapy should be performed with 400 mg
imatinib while in the presence of exon-9-mutations, 800 mg/d should be used
(Joensuu et al. 2012; von Mehren and Joentsuu 2018).

11 Summary and Perspectives

The development of imatinib mesylate resembles the progress made in molecular
biology over the past 30 years and has changed the landscape of cancer treatment
leading toward causative treatment not only of CML and GIST but also for other
malignancies.

After identification of the critical role of BCR-ABL in the pathogenesis of CML,
less than 15 years went by until the development of imatinib which became the
standard of care for patients in CP-CML. It has specific activity against a limited
number of targets and has been shown to be highly effective not only in CML but
also in other hematologic malignancies and solid tumors such as GIST. Side effects
of treatment are mild to moderate. In addition to the originator product, after
running out of the patent rights there are several generic versions of imatinib
available in the EU and in the USA. The understanding of mechanisms of resistance
and disease progression has furthermore lead to the development of second- and
third-generation tyrosine kinase inhibitors which are even more effective in first-line
therapy of CP-CML and have each a distinct profile of side effects.
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Abstract
Dasatinib is an oral available short-acting inhibitor of multiple tyrosine kinases.
It was designed to inhibit ABL and SRC, but also has activity in multiple other
kinases, including c-KIT, PDGFR-a, PDGFR-b, and ephrin receptor kinases.
Dasatinib is a very potent inhibitor of BCR-ABL and an effective treatment for
the BCR-ABL-driven diseases chronic myeloid leukemia (CML) and
Philadelphia-chromosome-positive acute lymphoblastic leukemia (Ph+ ALL),
characterized by the constitutively active tyrosine kinase, BCR-ABL. Dasatinib
is approved for the treatment of CML (all phases) including children and for the
treatment of Ph+ ALL, resistant or intolerant to prior imatinib treatment.
Randomized trials in CML comparing dasatinib with imatinib show that first-line
dasatinib causes significantly deeper and faster molecular remissions. In
accelerated and blastic phase CML, as well as in Ph+ ALL, dasatinib frequently
induces complete hematologic and cytogenetic remissions even in imatinib
pretreated patients. Remissions however are often short. Dasatinib is adminis-
tered independent of food intake as a once-daily dose of 100 mg in chronic
phase CML and 140 mg in Ph+ ALL or blastic phase. Side effects of dasatinib
are frequent but mostly moderate and manageable and include cytopenias and
pleural effusions. The review presents the preclinical and clinical activity of
dasatinib with a focus on clinical studies in CML.

Keyword
Chronic myeloid leukemia � Tyrosine kinase inhibitor � Dasatinib
Abbreviations

ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia
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AP Accelerated phase
BID Twice daily
BP Blast phase
CCyC Complete cytogenetic response
CEL Chronic eosinophilic leukemia
CHR Complete hematologic response
CLL Chronic lymphocytic leukemia
CML Chronic myeloid leukemia
CMML Chronic myelomonocytic leukemia
CP Chronic phase
CR Complete response
CRI Complete response with incomplete hematologic recovery
CRPC Castration-resistant prostate cancer
HES Hypereosinophilic syndrome
MDS Myelodysplastic syndrome
MMR Major molecular response
OS Overall survival
PFS Progression-free survival
Ph+ Philadelphia chromosome positive
PMF Primary myelofibrosis
PR Partial remission
QD Daily
SD Stable disease
SM Systemic mastocytosis
TKI Tyrosine kinase inhibitor

1 Introduction

Dasatinib is a potent multikinase inhibitor targeting BCR-ABL, the SRC family of
kinases (SRC, LCK, HCK, YES, FYN, FGR, BLK, LYN, FRK), receptor tyrosine
kinases (c-KIT, PDGFR, DDR1 and 2, c-FMS, ephrin receptors), and TEC family
kinases (TEC and BTK). It was discovered in the Bristol-Myers Squibb research
laboratories as part of an effort to develop potent inhibitors of SRC family kinases
(SFKs). Dasatinib was named after Jagabandhu Das who suggested some crucial
improvements in the development of the molecule (Lombardo et al. 2004; Das et al.
2006).

Most important is dasatinib’s potent, short-acting inhibition of BCR-ABL.
BCR-ABL is a chimeric fusion protein resulting from the chromosomal translo-
cation t(9;22)(q34;q11), the so-called Philadelphia Chromosome (Tokarsky et al.
2006). Functional BCR-ABL is a constitutively active ABL tyrosine kinase and an
active driver in chronic myeloid leukemia (CML) and in Philadelphia-chromosome-
positive (Ph+) acute Lymphoblastic leukemia (ALL).
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Dasatinib as BCR-ABL inhibitor is effective in the treatment of adults with
newly diagnosed Philadelphia-chromosome-positive (Ph+) CML in all phases of
the disease, e.g., chronic (CP), accelerated (AP), blast phase (BP; myeloid or
lymphoid) Ph+ CML, and Ph+ ALL (Sprycel® BMS 2017; Hochhaus and Kan-
tarjian 2013). Only recently it was approved by the FDA for treatment of children in
CML-CP.

Dasatinib is also an inhibitor of SRC family kinases. Located closely to the inner
side of the plasma membrane, SRC family kinases are involved in complex signal
transduction. Via SRC inhibition, dasatinib blocks cell duplication, migration, and
invasion, and it triggers apoptosis of tumor cells. It also diminishes metastatic
spread of tumor cells and acts on the tumoral microenvironment. In addition, it
sensitizes and resensitizes tumor cells to chemotherapy, antiangiogenetic, antihor-
monal, or epidermal growth factor receptor (EGFR) inhibitor therapy (Montero
et al. 2011). Despite those most important effects in oncogenesis and antitumoral
therapy, SRC inhibitors have failed to demonstrate benefit in clinical trials so far.
This is not only true for dasatinib, but also for other SRC inhibitors like saracatinib,
bosutinib, and KX01 (Zhang and Yu 2012; Creedon and Brunton 2012).

Since SRC inhibition in clinical trials is much more difficult than anticipated,
there is a need for good biomarkers to select patients who eventually will benefit
from SRC inhibitor therapies.

Dasatinib inhibits several receptor tyrosine kinases, including the c-KIT receptor
tyrosine kinase, involved in proliferation, differentiation, and survival of cells.
Activating mutations of c-KIT are associated with different human neoplasms,
including the majority of patients with systemic mast cell disorders, acute myel-
ogenous leukemia (AML), and gastrointestinal stromal tumors (GISTs).
Gain-of-function mutations of c-KIT are inhibited by dasatinib (Schittenhelm et al.
2006). Clinical studies to explore the relevance of c-KIT inhibition by dasatinib are
underway with focus on acute myeloid leukemia.

2 Structure and Mechanism of Action

Dasatinib (former BMS 354825), or N-(2-chloro-6-methyl-phenyl)-2-(6-(4-
(2-hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-ylamino)
thiazole-5-carboxamide monohydrate (C22H26ClN7O2S), is an orally available
small-molecule multitargeted kinase inhibitor (Fig. 1).

The compound targets the SRC family of kinases (SRC, LCK, HCK, YES, FYN,
FGR, BLK, LYN, FRK). In addition, and clinically more significant, dasatinib
inhibits BCR-ABL with greater potency compared to other BCR-ABL inhibitors.

It also inhibits receptor tyrosine kinases (c-KIT, PDGFR, DDR1 and 2, c-FMS,
ephrin receptors) and TEC family kinases (TEC and BTK) (Table 1).
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Preclinical studies suggest that dasatinib induces apoptosis in only a small subset
of cell lines. Inhibition of migration, invasion, and cell adhesion by dasatinib is
reported more frequently (Johnson et al. 2005; Nam et al. 2005; Serrels et al. 2006).

It has been demonstrated that dasatinib induces defects in spindle generation, cell
cycle arrest, and centrosome alterations in leukemic cells, tumor cell lines, and also in
normal cells. These effects are not attributable to the inhibition of a single kinase;
rather, it is expression of nonspecific effects onmultiple kinases (Fabarius et al. 2008).

Fig. 1 Chemical structure of dasatinib

Table 1 Inhibitory activity of dasatinib on selected tyrosine kinases and potential clinical
applications

Kinase IC50

(nmol)
Potential clinical applications Reference

Nonreceptor tyrosine kinases

ABL 0.6 CML, Ph+ ALL Lombardo et al. (2004)

SRC
LYN

0.5
2.8

Several tumors, hematopoietic
neoplasias

Lombardo et al. (2004) and
O’Hare et al. (2005)

LCK 0.4 Lombardo et al. (2004)

YES 0.5 Lombardo et al. (2004)

BTK 5 CLL, B-cell lymphomas Hantschel et al. (2007)

TEC 14 Hantschel et al. (2007)

Receptor tyrosine kinases

KIT 5–10 GIST, CML, breast cancer, AML,
systemic mastocytosis

Lombardo et al. (2004)

Ephrin A2
receptor kinase

17 Breast cancer, lung cancer Huang et al. (2007)

Ephrin B2
receptor kinase

17 Chang et al. (2008)

PDGFR-b 4–28 GIST, breast cancer, head and neck
cancer

Lombardo et al. (2004)

Chronic eosinophilic leukemia,
hypereosinophilic syndrome

Chen et al. (2006)
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In a nude mouse model of prostate cancer, tumor growth and the development of
lymph node metastasis were inhibited by dasatinib (Park et al. 2008). In addition,
dasatinib acts also on the tumoral microenvironment, especially in bone, where
dasatinib inhibits osteoclastic activity and favors osteogenesis, exerting a
bone-protecting effect (Metcalf et al. 2002).

Although immunosuppressive effects were initially observed in preclinical
studies of dasatinib, recent evidence suggests that dasatinib may activate and
mobilize antileukemic immune responses which may improve efficacy. These
immunomodulatory effects may also be implicated in the clinically relevant side
effects observed with dasatinib treatment (Mustjoki et al. 2013; Kreutzman et al.
2010; Qiu et al. 2014).

3 Preclinical Data

3.1 Inhibition of ABL

Dasatinib was designed as an ATP-competitive inhibitor of SRC and ABL. Abelson
kinase (ABL) is the constitutively active tyrosine kinase of the BCR-ABL fusion
protein. It is a cytoplasmic nonreceptor tyrosine kinase. Human ABL has a number
of structural domains critical for its activity. The major isoform of c-ABL has three
SRC homology (SH) domains. The SH1 domain contains the tyrosine kinase
activity, while SH2 and SH3 domains allow interaction with other proteins. Under
normal conditions, the activity of the ABL tyrosine kinase is tightly regulated.

Like many tyrosine kinases, ABL regulates its catalytic activity via conforma-
tional changes, switching between active and inactive forms by opening and closing
an activation loop. The sequence available for binding in the inactive conformation
varies dramatically between different kinases and provides a potential for binding
specificity.

As demonstrated by X-ray crystallography, dasatinib, unlike imatinib, nilotinib,
and ponatinib, binds the ATP-binding pocket of the SH1 domain of BCR-ABL in
both the active and inactive conformations (Tokarski et al. 2006; Vajpai et al. 2008;
O’Hare et al. 2005).

Dasatinib has been shown to be 325-fold more potent than imatinib for inhibiting
unmutated BCR-ABL. The concentration required for 50% inhibition [IC50] is
0.6 nmol/L for dasatinib and 280 nmol/L for imatinib (O’Hare et al. 2005). It is
suggested that this stronger binding activity of dasatinib over imatinib is at least
partially due to its ability to bind to active and inactive conformations of the ABL
protein.

Crystal structures of the inhibitors bound to ABL show that dasatinib has fewer
interactions with the P-loop, the activation loop, and a-helix compared with ima-
tinib (Tokarski et al. 2006). Mutations resistant to imatinib but sensitive to dasatinib
can be found in these regions (Tokarski et al. 2006). This is the basis for the activity
of the drug in imatinib-resistant disease, caused by mutated BCR-ABL. Dasatinib
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demonstrates activity against most imatinib-resistant BCR-ABL mutations (Kara-
man et al. 2008; Shah et al. 2004).

Based on in vitro assays, outcomes in patients treated with second-line dasatinib
after developing a BCR-ABL mutation on imatinib, and emergence of mutations
during dasatinib treatment, dasatinib has little or no activity against T315I/A
F317L/I/C/V, or V299L, and lower activity against Q252H, E255 V/K, and pos-
sibly G250E (O’Hare et al. 2005; Redaelli et al. 2009; Hochhaus et al. 2012; Müller
et al. 2009; Soverini et al. 2009; Shah et al. 2007; Cortes et al. 2007a).

3.2 Inhibition of SRC

SRC is a member of a nine-gene family (SRC family kinases, SFK) that includes
YES, FYN, LYN, LCK, HCK, FGR, BLK, and YRK.

SRC family kinases are membrane-associated and involved in signal transduc-
tion. They integrate and regulate signaling from multiple transmembrane
receptor-associated tyrosine kinases, such as the EGFR receptor family, PDGFR, or
steroid hormone receptors.

SRC family kinases consist of a unique NH2-terminal region, two SRC
homology domains (SH2 and SH3), a highly conserved kinase domain, and a
COOH-terminal tail containing a negative regulatory tyrosine residue. SRC and
SFK cooperate in several cellular processes including migration, adhesion, inva-
sion, angiogenesis, proliferation, differentiation, and immune function. They play a
major role in the development, growth, progression, and metastasis of a wide
variety of human cancers (Kopetz et al. 2007; Montero et al. 2011).

Elevated levels of SRC kinase activity and/or protein expression levels have
been found in a variety of human epithelial cancers, including colon, breast, pan-
creatic, and lung carcinomas, in brain tumors, but also in osteosarcomas, Ewing
sarcomas, and acute myeloid leukemia (Dos Santos et al. 2013). The levels of
expression or activation generally correlate with disease progression.

Dasatinib inhibits SRC with an IC50 of 0.5 nmol/L (Lombardo et al. 2004).
Inhibition of SRC activation by dasatinib can suppress tumor growth in human
breast cancer cell lines, in human prostate cancer cells, in head and neck, in lung
cancer, and in osteosarcoma cell lines (Johnson et al. 2005; Finn et al. 2007; Shor
et al. 2007). Pathologic SRC family kinase activity might contribute to
BCR-ABL-independent imatinib resistance in CML (Donato et al. 2003;
Pene-Dumitrescu and Smithall 2010).

Nuclear translocation of EGFR is mediated by SRC family kinases and may
contribute to acquired resistance to cetuximab in solid tumors. Dasatinib treatment
of cetuximab-resistant lung cancer cell line samples was found to be associated with
loss of nuclear EGFR and resensitization to cetuximab (Li et al. 2009). In a similar
manner, SRC is involved in coordinating signaling from the steroid receptors,
including estrogen and androgen receptors. SRC inhibition may overcome endo-
crine resistance in hormonally driven cancers (Mayer and Krop 2010). In the same
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way, dasatinib improves p53-mediated targeting of human acute myeloid stem cells
by chemotherapy (Dos Santos et al. 2013).

Regarding the tumor microenvironment, SRC is involved in bone metabolism.
Increased SRC activity has a net bone resorption result, as a consequence of
inhibition of osteoclast generation, together with osteoclast stimulation (Metcalf
et al. 2002; Garcia-Gomez et al. 2012).

3.3 Inhibition of KIT

KIT (CD117) is a 145-kD transmembrane glycoprotein, which is a member of the
type III receptor tyrosine kinase family. Following ligand binding, the receptor
dimerizes, is phosphorylated, and activates downstream signaling pathways
involved in proliferation, differentiation, and survival. Normally, KIT is activated
when bound to its ligand, the stem cell factor (SCF). Ligand-independent activation
of KIT can be caused by gain-of-function mutations that have been reported in
several malignancies, including GIST (Hirota et al. 1998), systemic mastocytosis
(SM), acute myeloid leukemia (AML), especially core-binding factor AML
(CBF-AML), lymphomas, and germ cell tumors.

Dasatinib inhibits KIT with an IC50 of 5–10 nmol/l for inhibition of autophos-
phorylation and cellular proliferation (Schittenhelm et al. 2006) (Table 1).
Imatinib-resistant KIT mutants are frequent and often occur in the activation loop of
KIT, resulting in a constitutively active conformation of c-KIT, to which imatinib
cannot bind. These mutations have relevance in mast cell disorders, seminoma, and
AML.

Dasatinib is a potent inhibitor of many clinically relevant mutated forms of KIT,
including imatinib-resistant KIT activation loop mutations in vitro (Shah et al.
2006). In core-binding factor (CBF)-AML, KIT mutations cluster most frequently
within exon 17, which encodes the KIT activation loop in the kinase domain. In
addition, CBF-AML is characterized by a higher KIT expression compared with
other AML subgroups (Bullinger et al. 2004). Clinical trials with dasatinib in
combination with chemotherapy in CBF-AML are ongoing.

3.4 Inhibition of Platelet-Derived Growth Factor Receptor
(PDGFR) a and b Tyrosine Kinases

PDGFR-a and PDGFR-b are receptor tyrosine kinases. They are activated by
binding of platelet-derived growth factor (PDGF). PDGF signaling has a significant
role in the formation of connective tissue and is also important during wound
healing in the adult. PDGFR-a and PDGFR-b are expressed mainly on fibroblasts
and smooth muscle cells (Heldin and Westermark 1999). Dasatinib inhibits
PDGFR-b with an IC50 of 4 nmol/L (Chen et al. 2006) (Table 1).
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PDGFR-a tyrosine kinase-activating mutations have been described in the
pathogenesis of some GISTs (Heinrich et al. 2003). Fusion proteins consisting of
PDGFR-a and PDGFR-b receptor tyrosine kinases have constitutive transforming
activity. They are found in a subgroup of myeloproliferative disorders associated
with eosinophilia (Cross and Reiter 2008). In intima sarcoma, amplification of
PDGFR-a is a common finding. Dasatinib was shown to inhibit PDGFR-a in intima
sarcoma in vitro (Dewaele et al. 2010).

3.5 Inhibition of Ephrin Receptor Tyrosine Kinases

The ephrin family of receptor tyrosine kinases constitutes the largest subfamily of
receptor tyrosine kinases. They are divided into two subclasses (ephrin A and ephrin
B) based on sequence similarity and their preferential binding to ligands, which are
tethered to the cell surface either by a glycosylphosphatidylinositol-anchor (ephrin
A) or by a single transmembrane domain (ephrin B) (Kullander and Klein 2002).
Eph receptor tyrosine kinases have important functions in development and diseases.
In tumorigenesis, they have been implicated in cellular transformation, metastasis,
and angiogenesis. EphA2 is frequently overexpressed and functionally altered in
many invasive cancers including metastatic melanoma, as well as cancers of the
mammary gland, cervix, ovary, prostate, colon, lung, kidney, esophagus, and
pancreas.

Dasatinib was shown to be a potent inhibitor of ephrin A2 receptor kinase with
an IC50 of 17 nmol/L in various cell lines (Huang et al. 2007; Chang et al. 2008)
(Table 1).

3.6 Inhibition of TEC Family Kinases and BTK

TEC kinases are a large group of nonreceptor TKs and are closely related to SRC
and ABL. TEC kinases play a pivotal role in the development and signaling of
hematopoietic cells (Smith et al. 2001). Bruton tyrosine kinase (BTK) is a member
of the TEC family kinases with a well-characterized role in B-cell receptor sig-
naling and B-cell activation. Dasatinib has been shown to inhibit BTK with an IC50

of 5 nM and TEC with an IC50 of 14 nM (Hantschel et al. 2007) (Table 1).
The irreversible strong BTK inhibitor ibrutinib with an IC50 of 0.5 nM (Pan

et al. 2007) has been shown to be very effective not only in CLL (Byrd et al. 2013),
but also in other lymphomas (Badar et al. 2014). Ibrutinib is approved for the
treatment of CLL, mantle cell lymphoma, and marginal zone lymphoma. Clinical
trials with dasatinib in CLL only showed modest activity.
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4 Clinical Data

4.1 Pharmacokinetic Profile

Dasatinib is administered orally. The drug is rapidly absorbed, and peak plasma
concentrations occur 0.5–3 h after administration. The intake of food is not relevant
for pharmacokinetics of dasatinib. In a dose range of 25–120 mg twice daily, the
area under the plasma concentration–time curve (AUC) increased proportionally.
The drug is extensively metabolized in the liver, predominantly by cytochrome
P450 (CYP) 3A4; only 30% remains unchanged. The metabolites of the compound
are unlikely to play a pharmacologic role. There were linear elimination charac-
teristics over the above-mentioned dose range with a terminal elimination half-life
of 5–6 h.

Elimination occurs mostly in the feces (85%) only little in urine (4%). Dasatinib
is excreted as metabolites, and only 19% of a dose was recovered as unchanged
drug in the feces (Sprycel® BMS 2017).

4.2 Clinical Trials with Dasatinib

More than 300 clinical trials in almost all tumor entities have been performed so far
with dasatinib, and about 60 are still ongoing. Dasatinib treatment is most effective
in the BCR-ABL-driven diseases CML and Ph+ ALL. Dasatinib is approved for the
treatment of all phases of CML and Ph+ ALL, and therefore, treatment of these
diseases will be discussed in more detail, followed by a short overview of trials in
other malignancies.

4.3 Clinical Trials with Dasatinib in CML Patients

4.3.1 Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) is a malignant clonal disorder of hematopoietic
stem cells caused by a chromosomal aberration, the Philadelphia (Ph) chromosome.
The Ph-chromosome is formed by the chromosomal translocation t(9;22)(q34;q11).
This translocation juxtaposes the ABL gene (chromosome 9) and the BCR gene
(chromosome 22) creating a BCR-ABL fusion gene. The resulting chimeric protein
is a constitutively active ABL tyrosine kinase (Hehlmann et al. 2007). Knowledge
of the molecular pathogenesis of CML has allowed development of molecular
targeted therapy, which has considerably changed the management and outcome of
patients (Wong et al. 2004; Hehlmann et al. 2007). Treatment options for CML
include BCR-ABL tyrosine kinase inhibitors (TKIs), interferon alpha, chemother-
apy, stem cell transplantation, or clinical trials of novel therapies (Baccarani et al.
2013; NCCN v2 2018).
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Actually, three TKIs are approved for first-line treatment of CML: imatinib, the
first BCR-ABL targeted therapy, and the second-generation TKIs dasatinib and
nilotinib. Second-generation TKIs have a stronger activity and are able to induce
faster and deeper molecular remissions. However, they did not show a survival
benefit (Cortes et al. 2016; Hochhaus et al. 2016).

Since early, deep molecular responses (� 10% BCR-ABL at 3 months) are
associated with significantly improved survival, and this goal can be achieved more
often with second-generation TKIs; this might argue for those substances, espe-
cially in younger patients.

This threshold (� 10% BCR-ABL at 3 months) is also prognostic for reaching
very deep molecular remissions, with a 4.5log reduction of the BCR-ABL tran-
script, the so-called MR4.5. A MR4.5 is prerequisite for eventually stopping the TKI
treatment. About 50% of the patients stopping the TKI treatment remain in
remission provided they had a very deep molecular remission for a long time
(Mahon et al. 2010).

Treatment-free remission is a new goal in the treatment of CML patients.
Ongoing clinical trials evaluating the criteria necessary for securely cease TKI
treatment have shown that besides other criteria like treatment duration for at least
8 years, a deep molecular remission (at least MR4) has to be obtained (Hughes and
Ross 2016).

Actually, three TKIs are approved for first-line treatment of CML: imatinib, and
the second-generation TKIs dasatinib and nilotinib. The choice of first-line treat-
ment is based on the aim of therapy, i.e., achievement of treatment-free remission,
risk of transformation, and toxicity profile.

4.3.2 Clinical Trials with Dasatinib in CML: Overview
The clinical efficacy of dasatinib in CML patients was first studied in patients,
resistant or intolerant to imatinib. A pivotal phase I trial (Talpaz et al. 2006) was
followed by five phase II trials, termed START (SRC–ABL Tyrosine kinase
inhibition Activity Research Trials). These trials were consecutively performed in
all phases of CML in patients resistant or intolerant to imatinib (Kantarjian et al.
2007; Hochhaus et al. 2007; Ottmann et al. 2007; Guilhot et al. 2007a; Cortes et al.
2007a).

Dose-optimization phase III trials have been performed in chronic phase CML
(Shah et al. 2008a) and in advanced phases of the disease (Kantarjian et al. 2009b;
Saglio et al. 2010a, b).

First-line treatment of CML patients with dasatinib was assessed in two phase II
trials (Pemmaraju et al. 2011; Radich et al. 2012) and two phase III trials (Cortes
et al. 2016; O’Brien et al. 2014).

4.3.3 Phase I Clinical Trial of Dasatinib in CML, ALL Phases
and Ph+ ALL

The efficacy of oral dasatinib was first assessed in a phase I, open-label,
dose-escalation study. Patients (n = 84) with various phases of CML or Ph+ ALL
intolerant or resistant to imatinib received oral dasatinib (15–240 mg/d) once or
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twice daily in 4-week treatment cycles (Talpaz et al. 2006). Dasatinib had clinical
activity in all CML phases and Ph+ ALL. Complete hematologic response
(CHR) was achieved in 92% of patients (37/40) with CML-CP, and major hema-
tologic response (MHR) was seen in 70% of patients (31/44) with CML-AP,
CML-BP, or Ph+ ALL. The rates of major cytogenetic response (MCyR) were 45%
in patients with CML-CP (18/40) and 43% in patients with CML-AP (19/44),
CML-BP, or Ph+ ALL. Of note, imatinib-associated side effects including muscle
cramps and nausea were infrequently observed with dasatinib and patients intol-
erant to imatinib did not have recurrence of the same nonhematologic adverse
events (AEs) (e.g., rash and live-function abnormalities) with dasatinib treatment.
The major AE associated with dasatinib was reversible myelosuppression.

4.3.4 Phase II Clinical Trials in Chronic Phase CML
A series of phase II trials, the pivotal START trial program, followed the phase I
dose-escalation study. The primary objective for these trials was to treat patients
with resistance or intolerance to imatinib treatment and who therefore had a
life-threatening medical need. As the pharmacokinetics of the dasatinib 70 mg
twice-daily regimen were better understood, it was selected for these trials. These
open-label, multicenter trials established the efficacy and safety of second-line

Table 2 Chronic phase CML: efficacy of dasatinib in second line after imatinib failure

Trial No. patients/type
of treatment

CHR
(%)

MCyR
(%)

CCyR
(%)

MMR
(%)

OS
(%)

PFS
(%)

Reference

START-Ca 387 (dasatinib 70
mg BID)

90 62 53 – 94 80 Hochhaus
et al. (2008)

START-Ra 101 (dasatinib 70
mg BID)

93 53 44 29 nr 86 Kantarjian
et al. (2009b)

49 (high-dose
imatinib 800 mg)

82 33 18 12 nr 65

Dose
optimizing
study

167 (dasatinib
100 mg QD)

92 63 50 43 71 49 Rea et al.
(2012)

CA180-034b 168 (dasatinib 70
mg BID)

88 61 53 70 70 47 Shah et al.
(2016)

167 (dasatinib
140 mg QD)

87 63 50 40 77 40

168 (dasatinib 50
MG BID)

92 61 49 40 74 51

QD once daily; BID twice daily, CHR complete hematologic remission, MCyR major cytogenetic
response: � 35% Ph+ cells in metaphase in bone marrow, CCyR complete cytogenetic response:
0% Ph+ cells in metaphase in bone marrow, MMR major molecular response: defined as a
BCR-ABL transcript level of 0.1% or lower, corresponding to a reduction in the BCR-ABL
transcript level by at least 3 log from the standardized baseline level, OS overall survival, PFS
progression-free survival
aAt 2-year follow-up
bAt 7-year follow-up
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dasatinib (70 mg twice-daily) in the treatment of imatinib-resistant or
imatinib-intolerant patients with CML (all phases) or Ph+ ALL (Tables 2 and 4).
Data from this program led to the initial approval of dasatinib in these indications.

Two START studies assessed second-line dasatinib 70 mg twice daily in patients
with CML-CP. START-C trial was a single-arm study, and START-R was a ran-
domized, parallel-arm study of dasatinib versus high-dose imatinib (800 mg/day) in
patients resistant to standard-dose imatinib (Hochhaus et al. 2008, Kantarjian et al.
2009b). In START-C (n = 387), dasatinib-induced MCyR (primary endpoint) in
62% of patients after a minimum follow-up of 24 months (Mauro et al. 2008). The
corresponding CCyR rate was 53%. In START-R, rates of MCyR were 53% in the
dasatinib 70 mg twice-daily arm (n = 101) and 33% in the high-dose imatinib arm
(n = 49) (P = 0.017) after a minimum follow-up of 24 months (Kantarjian et al.
2009a). CCyR rates were 44 and 18%, respectively (P = 0.0025) (Kantarjian et al.
2009a). These responses were also durable, as a pooled analysis (n = 387) of the
START-C and START-R studies showed that 90% of patients achieving a CCyR
maintained this level of response after 24 months (Baccarani et al. 2008).

4.3.5 Dose-Optimization Study
The recommended starting dose for dasatinib in patients with CML in chronic phase
is 100 mg once daily (Sprycel® BMS 2017; EMA 2012). This dose is the result of a
phase III dose-optimization study (NCT00123474; CA180-034) showing that
100 mg once daily was associated with similar efficacy as the twice-daily regimen,
but with a reduction in toxicity (Shah et al. 2008a). The rationale for this study was
based on observations from the phase I study that once-daily and twice-daily dose
schedules were associated with similar response rates (Talpaz et al. 2006). Although
dasatinib has a half-life of 3–5 h (Sprycel® BMS 2017), transient exposure of CML
cell lines to dasatinib has been demonstrated to induce apoptosis (Shah et al.
2008b), supporting once-daily dosing. Furthermore, due to dose reductions in the
START-C and START-R studies, the median total daily dose delivered to patients
approximated 100 mg/day (Hochhaus et al. 2007; Kantarjian et al. 2007). It was
therefore proposed to compare the 100 mg once schedule with other schedules. In
this dose-optimization study, patients (n = 670) were randomized to receive dasa-
tinib at 100 mg once daily (n = 167), 140 mg once daily (n = 167), 50 mg twice
daily (n = 168), or 70 mg twice daily (n = 168) (Shah et al. 2008a) (Table 2). After
a minimum follow-up of 2 years, rates of CCyR and MMR were similar across the
different dosing schedules (CCyR 50–54%; MMR 37–38%) (Shah et al. 2010). In
the 100 mg once-daily arm, the 24-month rates of CCyR and MMR were 50 and
37%, respectively. Rates of progression-free survival (PFS), overall survival (OS),
and transformation to AP/BP by 24 months were 80, 91, and 3%, respectively. The
100 mg once-daily arm was associated with improved safety. Rates of all-grade
pleural effusion (P = 0.049), grade � 3 thrombocytopenia (P = 0.003), all-grade
neutropenia (P = 0.034), and all-grade leukocytopenia (P = 0.017) were signifi-
cantly lower for patients treated with dasatinib 100 mg once daily compared with
other schedules (Shah et al. 2010). After a minimum follow-up of 7 years, PFS, OS,
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and rates of transformation to AP/BP were 49, 71, and 5%, respectively, in the
100 mg once-daily arm (Shah et al. 2016).

4.3.6 First-Line Treatment of CML with Dasatinib
First-line treatment of CML with dasatinib was investigated in the MDACC phase
II trial (Pemmaraju et al. 2011) comparing two dosing schemes of dasatinib.

Three randomized trials have been reported so far, comparing dasatinib first line
100 mg once daily with imatinib 400 mg once daily: These are the randomized
phase II SWOG S0325 study (NCT00070499) (Radich et al. 2012), the randomized
phase III DASSISION trial (NCT 00481247; Kantarjian et al. 2010; Cortes et al.
2016), and the randomized phase III Spirit-2 trial (ISRCTN 54923521, O’Brien
et al. 2014) (Table 3).

The first trial investigating dasatinib as first-line treatment was a phase II,
open-label study (Cortes et al. 2010). Patients with newly diagnosed CML-CP were
randomized to receive dasatinib 100 mg once daily (n = 66) or 50 mg twice daily
(n = 33) (Pemmaraju et al. 2011). Because of results from a phase III multinational
randomized study of first-line dasatinib (discussed in the previous section) and
trends in favor of the 100 mg once-daily schedule of dasatinib seen in this study,
the 50 mg twice-daily arm of this trial was closed after 66 patients were enrolled
and all subsequent patients were randomized to the 100 mg once-daily arm. The

Table 3 Randomized first-line therapy trials in chronic phase CML: dasatinib versus imatinib

DASSISIONa SWOGb Spirit 2c

Imatinib Dasatinib Imatinib Dasatinib Imatinib Dasatinib

Patients 260 260 123 123 407 407

Treatment
discontinued
[%]

15.5 18.6 28 20 20.7 18.3

BCR-ABL
levels of
� 10% at 3
months [%]

64 84

CCyR 12 Mo
[%]

72* 83* 69* 84* 40** 51**

MMR 12 Mo
[%]

28* 46* 44 59 43** 58**

1 year OS [%] 97 99 97 97

5 year OS [%] 90 90

CCyR: complete cytogenetic remission, MMR: major molecular response, BCR-ABL <0.1% or >3
log reduction from baseline
*Difference statistically significant, **Difference statistically significant but missing analyses in
367 of 812 (45.2%) patients
aNCT 00481247, Kantarjian et al. (2010), Cortes et al. (2016)
bNCT00070499, Radich et al. (2012)
cISRCTN 54923521, O’Brien et al. (2014)
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study continued with the once-daily schedule (Pemmaraju et al. 2011). After a
median follow-up of 29 months, in patients with � 3 months follow-up (n = 87),
rates of CCyR and MMR were 95 and 86%, respectively. BCR-ABL levels of
0.0032% (MR4.5) were achieved in 67% of patients. Responses were achieved
rapidly with 94 and 95% of patients achieving a CCyR after 6 and 12 months,
respectively. Similarly, MMR rates at 6 and 12 months were 68 and 73%,
respectively. These data compared favorably with historic response data for ima-
tinib (Pemmaraju et al. 2011).

The first randomized trial in the first-line setting was the pivotal, open-label,
multinational, randomized phase III trial of Dasatinib versus Imatinib Study in
Treatment-Naïve CML Patients (DASISION) (Kantarjian et al. 2010; Cortes et al.
2016). In this study, 519 patients newly diagnosed with CML-CP were randomized
to receive dasatinib 100 mg once daily (n = 259) or imatinib 400 mg once daily
(n = 260) (Kantarjian et al. 2010). Efficacy data are shown in Table 3. The primary
endpoint of this study was confirmed CCyR (cCCyR; CCyR on two consecutive
assessments) by 12 months. For the dasatinib versus imatinib arms, the rate of
cCCyR by 12 months was 77 versus 66% (P = 0.007), respectively (Kantarjian
et al. 2010).

Cumulative MMR and MR4.5 rates were higher for dasatinib over the whole
5-year period (Cortes et al. 2016). In the fifth year, MMR and MR4.5 rates for
dasatinib and imatinib were 76% versus 64% and 42% versus 33% (p = 0.0022,
and p = 0.0251, respectively).

Estimated 5-year OS was 91% for dasatinib and 90% for imatinib (HR, 1.01;
95%CI, 0.58–1.73). More imatinib-treated patients died as a result of CML-related
causes (n = 17) compared with dasatinib-treated patients (n = 9). Transformation to
accelerated or blast phase occurred in 4.6% in the dasatinib arm and in 7.3% in the
imatinib arm (Cortes et al. 2016).

Deeper levels of response were achieved earlier with dasatinib compared with
imatinib as equivalent BCR-ABL transcript levels were achieved 6 months earlier
with dasatinib. Rapid molecular responses were associated with lower transfor-
mation rates and better long-term outcomes. A higher percentage of
dasatinib-treated patients achieved BCR-ABL levels of � 10% at 3 months com-
pared with imatinib-treated patients (84 and 64%, respectively) (Jabbour et al. 2014;
Saglio et al. 2012).

An early molecular response (BCR-ABL transcript levels of � 10%) at
3 months was associated with lower transformation rates (dasatinib 1.5 vs. 8.1%;
imatinib 2.6 vs. 9.4%), better long-term outcomes (5 year OS: dasatinib 93.8 vs.
80.6%, imatinib 95.4 vs. 80.5%), and improved response (5-year MR4.5 rates:
dasatinib 54 vs. 5%, imatinib 48 vs. 12%) in both treatment arms (Cortes et al.
2016).

In total, 61% of dasatinib-treated patients and 63% of imatinib-treated patients
remained on study treatment in DASISION for the whole study period of five years
(Cortes et al. 2016). 11 and 14% discontinued treatment in the dasatinib and the
imatinib group, respectively, due to progression or treatment failure (defined as any
of the following: doubling of white cell count to >20 � 109/L in the absence of
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CHR; loss of CHR; increase in Ph-positive metaphases to >35%; transformation to
AP/BP; death from any cause), 16 and 7% due to intolerance (Cortes et al. 2016). In
patients who discontinued treatment, BCR-ABL mutations were found in 15
patients treated with dasatinib and in 19 patients treated with imatinib.

Except for pleural effusions, drug-related nonhematologic AEs were reported
less frequently with dasatinib than imatinib or were comparable.

Similar levels of response have been observed in additional studies of first-line
dasatinib. In the SWOG S0325 phase II study, newly diagnosed patients were
randomized to receive dasatinib 100 mg once daily (n = 123) or imatinib 400 mg
once daily (n = 123) (Radich et al. 2012). At 12 months, median reductions in
BCR-ABL transcript levels were greater with dasatinib compared with imatinib (3.3
vs. 2.8 log, p = 0.063), as were the rates of >3-log BCR-ABL reductions (59 vs.
44%, p = 0.059). Rate of CCyR was significantly different between the dasatinib
and imatinib arms (84 and 69%, respectively, p = 0.040), although cytogenetic
responses were only assessed in 53% of patients (Radich et al. 2012).

The largest first-line trial comparing dasatinib 100 mg once daily and imatinib
400 mg once daily in 814 randomized patients is the spirt 2 trial. The results are
published as abstract only (O’Brien et al. 2014), and final results will be presented
in 2018, says the trial homepage. After one year on treatment, the rate of BCR-ABL
levels <0.1% (major molecular remission, MMR) is significantly higher
(p < 0.001) in the dasatinib group (236/406, 58.1%) compared to 173/406 (42.6%)
with imatinib. The rate of complete cytogenetic responses at 12 months is also
significantly better in dasatinib-treated patients (dasatinib 207/406 patients (51.0%)
versus imatinib 163/406 patients (40.1%)). Due to missing analyses in 367 of 812
patients, these data have to be interpreted with caution (Table 3).

More patients discontinued treatment with imatinib by reason of suboptimal
response [imatinib 37/406 (9.1%); dasatinib 3/406 (0.7%)]. Of note, more patients
developing pleural effusions in the dasatinib arm (51 patients) had BCR-ABL
levels <0.1% (65.1%) compared to those without pleural effusions (56.4%).

In the phase II OPTIM study, association of dasatinib (100 mg once daily)
pharmacokinetics with safety and response is being investigated. Dose adjustments
were made as needed to achieve optimal minimal dasatinib concentrations (Cmin) in
order to reduce the rates of AEs. Interim data for the first 125 patients are available
(Rousselot et al. 2012). For all patients enrolled with at least 12 months follow-up,
the rates of CCyR at 3, 6, and 12 months were 60, 82, and 95%, and rates of MMR
were 21, 46, and 62%, respectively. At 12 months, the rate of MR4.5 was 25%, of
which 80% had undetectable BCR-ABL transcript levels (Rousselot et al. 2010,
2012).

4.3.7 Treatment of Chronic Phase CML in Children
CML in children is a rare disease. Two clinical trials evaluated the efficacy of
dasatinib in children and adolescents.

A phase I/II trial established a dose of 60 mg/m2 for treatment in chronic phase
and 80 mg/m2 in accelerated phase or Ph+ ALL. In subsequent trials, a total of 91
patients were treated with 60 mg/m2. Of them 46 patients, median age 13.5 years,
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were imatinib-resistant/intolerant, and 51 patients, median age 12.8 years, were
newly diagnosed. Median duration of follow-up was 5.2 years for patients, resistant
or intolerant to imatinib, and 4.5 years for newly diagnosed patients. At 24 months,
the rates for CCyR and MMR in the newly diagnosed patients were 96.1 and
74.5%, respectively. For patients imatinib-resistant/intolerant, the respective num-
bers were 82.6 and 52.2%.

The median time to MMR was 8.3 months (95% CI: 5.0 months, 11.8 months)
in the pooled imatinib-resistant/intolerant CP-CML patients, and 8.9 months (95%
CI: 6.2 months, 11.7 months) in the newly diagnosed treatment-naïve CP-CML
patients. In the phase II pediatric study, one of the newly diagnosed patients and
two imatinib-resistant or -intolerant patients progressed to blast phase CML (Gore
et al. 2017; Zwaan et al. 2013).

These data led to FDA approval of dasatinib in pediatric patients with Ph+ CML
in chronic phase.

4.3.8 Treatment of Advanced Stages of CML
The natural course of CML begins typically with a chronic phase. The duration of
chronic phase usually is several years. Eventually, the disease progresses to
accelerated phase (AP) and later blastic phase (BP). Accelerated phase is charac-
terized by increasing blast cells in the peripheral blood, basophilia, thrombocy-
topenia, and additional clonal cytogenetic abnormalities. Blast crisis or blast phase
is defined by a blast count above 20% in peripheral blood or bone marrow or
extramedullary blast proliferations, also called chloromas. Blast phase can be dis-
cerned in myeloid blast phase (MBP, approximately two-thirds) and lymphatic blast
phase (LBP, approximately one-third) depending on the nature of blasts involved.
Prognosis of accelerated phase and blast phase is dismal. Overall survival from the
onset of BC is approximately 3–6 months.

Three studies out of the START program, assessing dasatinib in imatinib-
resistant disease, were dedicated to advanced stages of CML.

START-A, START-B, and START-L were single-arm studies of second-line
dasatinib 70 mg twice daily in patients with CML-AP, CML-BP, and CML-BP/Ph+
ALL, respectively (Apperley et al. 2009; Guilhot et al. 2007b; Cortes et al. 2008;
Porkka et al. 2007; Ottmann et al. 2007; Saglio et al. 2008) (Table 4).

In the START-A trial, including 174 patients with CML in accelerated phase
(CML-AP), after a median follow-up of 14.1 months, 64% of patients achieved the
primary endpoint of MHR (Apperley et al. 2009).

START-B included patients with myeloid blast phase (CML-BP) (n = 109), and
START-L included patients with lymphoid CML-BP (n = 48) and a subset of
patients with Ph+ ALL (Cortes et al. 2007b, 2008; Porkka et al. 2007; Ottmann
et al. 2007). After a minimum follow-up of 24 months, a CHR was achieved in
26% of patients with myeloid CML-BP, in 29% of patients with lymphoid
CML-BP, and in 35% of patients with Ph+ ALL. The median overall survival in
myeloid blast phase, lymphoid blast phase, and Ph+ ALL was 11.8, 5.3, and
3 months, respectively (Table 4).
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A large phase III dose-optimization study in patients with CML-AP (Kantarjian
2009b) and CML-BP (Saglio et al. 2010a, b) led to a recommended dasatinib dose
of 140 mg once daily in these indications (Sprycel® BMS 2017). Patients were
randomized to receive dasatinib 70 mg twice daily (n = 159, AP; n = 74, myeloid
BP; n = 28, lymphoid BP) or 140 mg once daily (n = 158, AP; n = 75 myeloid BP;
n = 33, lymphoid BP). In patients with CML-AP, similar rates of MHR (68 vs.
66%) and MCyR (43 vs. 39%) were observed in both treatment arms after a median
follow-up of 15 months. Significantly fewer patients in the once-daily arm had
pleural effusion compared with the twice-daily arm (P < 0.001) (Kantarjian et al.
2009b). After 2 years of follow-up, for patients with myeloid BP, the MHR rates in
both arms were 28%; for those with lymphoid BP, the corresponding rates were
42% in the once-daily arm and 32% in the twice-daily arm. AE rates were sug-
gestive of improved safety for dasatinib 140 mg once daily (Saglio et al. 2010a, b).

4.4 Dasatinib in Ph+ Acute Lymphoblastic
Leukemia (Ph+ ALL)

Acute lymphoblastic leukemia is a rare malignant disease. It is characterized by the
proliferation and accumulation of immature lymphatic blast cells in bone marrow,
blood, and other organs. Without treatment, patients typically die within months.
Treatment of ALL is intended to be curative. Long-term survival in adults is about
50%.

Philadelphia (Ph) chromosome is the most frequent recurrent cytogenetic
abnormality in elderly ALL patients. Its incidence increases with age, accounting
for 12–30% in patients 18–35 years of age, 40–45% in patients 36–50 years of age,
and reaching approximately 50% in ALL patients aged 60 years and older. For
patients with Ph+ ALL, imatinib in combination with chemotherapy is still the
standard first-line treatment.

The effect of dasatinib in the treatment of Ph+ ALL was examined in three
first-line phase II clinical trials, and one trial in relapsed or refractory disease,
depicted in Table 5.

A phase II study in adults evaluated the combination of dasatinib with alter-
nating hyper-CVAD (hyperfractioned cyclophosphamide, doxorubicin, vincristine,
and dexamethasone alternating with high-dose cytarabine and methotrexate)
(Kantarjian et al. 2000). Dasatinib was administered for the first 14 days of 8
cycles.

Seventy-two patients were treated with a median age of 55 years, and 96% of
them achieved complete remission. A CCyR was observed in 83% after 1 cycle of
treatment, and a major molecular response occurred at a median of 4 weeks in 93%
of patients. After a median follow-up of 67 months, 33 patients (46%) were alive,
30 patients (43%) in complete remission. Allogeneic stem cell transplantation was
performed in 12 patients. Median disease-free survival was 31 months, median
overall survival 47 months (Ravandi et al. 2015).
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In a second study, dasatinib as single agent was combined with steroids for
84 days and free post-remission therapy (Foa et al. 2011). Of 53 evaluable patients,
all achieved complete hematologic remission, of which 92.5% at day 22, and at this
time point, 10 patients achieved 3-log reduction in the BCR-ABL transcript.
Twenty-month OS and DFS were 69 and 51%, with better results in terms of DFS
for patients who showed a molecular response at day 22. No deaths or relapses
occurred during induction therapy: 23 out of 53 patients relapsed after completing
induction and of these 12 with the T315I mutation, resistant to most TKIs. Overall,
treatment was well tolerated: Four patients discontinued due to toxicity (only one
case of pleural effusion grades 1–2) (Foa et al. 2011).

The third trial assessed the effect of dasatinib in combination with chemotherapy
first line in elderly patients. Patients with Ph+ acute lymphoblastic leukemia
(ALL) older than age 55 years were treated in the EWALL study number 01 with
dasatinib and low-intensity chemotherapy. Dasatinib dose was 140 mg per day with
a dose reduction to 100 mg/day for those over 70 years. Chemotherapy consisted of
an induction phase of 7 weeks in combination with dexamethasone, vincristine, and
intrathecal chemotherapy, followed by consolidation treatments with
intermediate-dose cytarabine, asparaginase, and methotrexate for 6 months.
A maintenance treatment for the following 18 months consisted of oral 6

Table 5 Clinical trials with dasatinib in Ph+ acute lymphoblastic leukemia in adults

Trial No. of
pts.

Age CHR
[%]

MMR
[%]

3y
OS
[%]

5y
OS
[%]

Median OS
[months]

First-line treatment

Hyper-CVAD
+ Dasatinib

72 55
(21–
80)

96 93 46 47 (0.2–97) Ravandi
et al. (2015)

Dasatinib +
Steroids

55 53.6
(23.8–
76.5)

92.5 22.7 30.8 Foa et al.
(2011)

Dasatinib +
EWALL-PH01

71 69
(59–
83)

96 60 41 36 25.8 Rousselot
et al. (2016)

Relapsed/refractory

Hyper-CVAD
+ Dasatinib

19 ALL
15
CML-LB

52
(21–
77)
47
(26–
71)

68
73

35
36

26
70

Benjamini
et al. (2014)

CHR complete hematologic response, MMR major molecular response, BCR-ABL < 0.1%,
EWALL-PH01 age adapted chemotherapy backbone, including vincristine, dexamethasone,
asparaginase, methotrexate, cytarabine. Hyper-CVAD complex chemotherapy regimen,
consisting of odd 3 week courses (1, 3, 5, and 7) of hyperfractionated cyclophosphamide,
doxorubicin, vincristine, and dexamethasone with alternating even courses (2, 4, 6, and 8) of
high-dose cytarabine and methotrexate (Kantarjian et al. 2000)
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mercaptopurine and methotrexate in combination with dasatinib, with reinductions
with vincristine/dexamethasone. Subsequently patients received dasatinib until
disease progression or death. The study enrolled 71 patients with a median age of
69 years (Rousselot et al. 2016).

Sixty-seven patients achieved a complete remission, which was persistent in 31
patients. Thirty-six patients relapsed. Twenty-four of these were tested for mutation
by Sanger sequencing, and 75% were T315I-positive. Ten of the relapsing patients
achieved a second complete remission. At 5 years, overall survival was 36% and up
to 45% taking into account deaths unrelated to disease or treatment as competitors.

A further trial reported treatment of patients with relapsed or refractory
Ph+ ALL or with CML-LB with a combination of hyper-CVAD and dasatinib
(Benjamini et al. 2014). Results are depicted in Table 6. Nineteen patients with
Ph+ ALL and 15 with CML-LB were treated. After one treatment cycle, a high rate
of complete hematologic remissions of 68% (Ph+ ALL) and 73% (CML-LB) was
reported, with major molecular remissions in 35 and 36%. The overall response rate
was 91%, with 24 patients (71%) achieving complete response (CR), and 7 (21%)
CR with incomplete platelet recovery (CRp). Two patients died during induction,
and one had progressive disease. Twenty-six patients (84%) achieved complete
cytogenetic remission after one cycle of therapy. Overall survival for patients with
Ph+ ALL at 3 years was 26%, in patients with CML-LB 70%.

Table 6 Dasatinib in hematologic malignancies other than CML and Ph+ ALL

Indication No. of
Pts

Treatment outcome Reference

SM
AML
MDS/CMML
HES
CEL
PMF

33
9
6
5
3
11

Dasatinib 140
mg QD

Overall response rate in SM 33%
1 CR in AML and hypereosinophilic
syndrome,
no response
1 CR
1 CR SM-CEL
1 CR SM-PMF, other: no response

Verstovsek
et al. (2008)

Primary
myelofibrosis

6 Dasatinib 50
mg BID

2 bone marrow remissions, 5 clinical
responses, 1 SD

CLL 13 Dasatinib 50
mg BID

1 SD for 12 weeks Garg et al.
(2008)

CLL 15 Dasatinib 140
mg QD

PR in 3 of 15 Pts
Additional 5 Pts with clinical
response

Amrein et al.
(2011)

High-risk
MDS

18 Dasatinib 100
mg QD

3 PR
4 SD
10 Progress

Duong et al.
(2008)

SM systemic mastocytosis, AML acute myeloid leukemia, MDS/CMML myelodysplastic
syndrome/chronic myelomonocytic leukemia, HES hypereosinophilic syndrome, CEL chronic
eosinophilic leukemia, PMF primary myelofibrosis; CLL chronic lymphocytic leukemia, CR
complete response, PR partial remission, SD stable disease
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4.4.1 Central Nervous System Disease of CML with Lymphoid BP
or Ph+ ALL

Substantial activity of dasatinib in patients with Ph+ ALL or blast phase CML and
central nervous system (CNS) involvement has been shown. Eleven adult and
pediatric patients were treated with dasatinib as first-line treatment for CNS leu-
kemia, whereas three patients experienced a CNS relapse while on dasatinib therapy
for other reasons. All of the eleven patients responded with seven complete
responders, four after dasatinib monotherapy. Three patients achieved a partial
response. Responses were generally durable, and response durations of more than
26 months have been reported (Porkka et al. 2008).

4.5 Dasatinib in Philadelphia-Chromosome-Negative Acute
and Chronic Myeloid Diseases, Including Systemic
Mastocytosis

Few studies have been reported with dasatinib in Philadelphia-chromosome-
negative myeloid diseases. The largest study included a total number of 67 patients,
with various hematologic disorders including 33 patients with SM, nine patients
with AML, six patients with myelodysplastic syndromes, five patients with
hypereosinophilic syndrome (HES), three patients with chronic eosinophilic leu-
kemia (CEL), and 11 patients with primary myelofibrosis (PMF) (Verstovsek et al.
2008) (Table 6).

Most patients with SM presented with the D816 V KIT mutation, which confers
imatinib resistance. Since dasatinib has been shown to be active against the KIT
D816 V mutation in vitro, activity of the drug in SM was expected. The D816 V
was present in 28 of the 33 patients with SM. Patients were treated with dasatinib
with different doses and schedules. In SM patients, an overall response rate of 33%
was reported, mostly symptomatic improvements including two complete respon-
ses, none of them with the D816 V.

The authors concluded that it is questionable, whether the use of dasatinib
provides any advantage over other treatment options in SM, and that dasatinib
therapy does not seem to have significant activity in patients with MDS, PMF, and
HES/CEL (Verstovsek et al. 2008).

However, complete remissions were reported in the same study in four patients:
one patient with a SM-AML, one with SM-CEL, a patient with HES, and one
patient with AML. The patient with HES had a complex karyotype with an aberrant
signaling via PDGFR-b. The patient with AML was KIT mutation positive.

An additional case with HES, characterized by the FIP1L1-PDGFR-a gene
fusion, intolerant to imatinib was successfully treated with dasatinib 20 mg/day
(Imagawa et al. 2011).

A recent study found a beneficial effect of dasatinib in patients with primary
myelofibrosis. A Chinese group treated six patients for 15 weeks with 50 mg
dasatinib twice daily. They report a significant and rapid improvement of perfor-
mance status and quality of life, together with a reduction in spleen size in 5 out of
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6 treated patients. Bone marrow, examined in two of the patients under dasatinib,
showed a remission (Song et al. 2017). This is in contrast to findings of a group at
MD Anderson (Verstovsek et al. 2008). They treated 11 patients with primary
myelofibrosis with dasatinib and found no objective clinical response.

Patients with high-risk MDS have been treated with dasatinib monotherapy in
another phase II clinical study. Few responses to dasatinib monotherapy were
reported (Table 6). The authors conclude that the treatment was safe but with only
limited clinical efficacy (Duong et al. 2008).

4.5.1 Dasatinib in the Treatment of Chronic Lymphocytic
Leukemia (CLL)

Dasatinib is an inhibitor of BTK. Dasatinib monotherapy has modest clinical
activity in CLL, as shown in two phase II studies and one case report, documenting
dasatinib-induced CR in a CLL patient (Garg et al. 2008; Pittini et al. 2009; Amrein
et al. 2011).

In an approach to overcome chemotherapy resistance to fludarabine in CLL
patients with dasatinib, 18 patients have been treated with a combination of dasa-
tinib 100 mg/day and fludarabine, 40 mg/m2 day 1–3 of a 28-day cycle. Most of
the patients experienced a slight reduction of lymph node size; only 3 patients
reached formal PR (Kater et al. 2014).

However, since ibrutinib as irreversible and stronger BTK inhibitor is much
more effective in clinical trials, dasatinib has no role in this setting (Badar et al.
2014).

4.5.2 Dasatinib in the Treatment of Acute Myeloid
Leukemia (AML)

Core-binding factor (CBF) AML is characterized by overexpression or mutation of
c-KIT. Dasatinib inhibits both mutated and unmutated forms of KIT. Clinical trials
with dasatinib in CBF-AML are ongoing.

Individual cases have been reported so far with promising results (Ustun et al.
2009; Verstovsek et al. 2008).

A phase II trial found the combination of dasatinib after standard chemotherapy
is feasible (Marcucci et al. 2013). The study included 61 patients out of 779
prescreened patients with confirmed RUNX1/RUNX1T1 or CBFB/MYH11 tran-
scripts, the fusion genes in CBF-AML. They received a standard chemotherapy
consisting of cytarabine 200 mg/m2/day continuous intravenous infusion day 1–7,
daunorubicin 60 mg/m2/day IV bolus day 1–3, and consecutively dasatinib
100 mg/day PO day 8–21. The CR rate was 90%, two-year overall survival 87%.
The authors concluded that chemotherapy followed by dasatinib is tolerable in
CBF-AML patients of all ages. Clinical outcomes for CBF-AML patients receiving
chemotherapy followed by dasatinib are at least comparable to those historically
observed in CBF-AML patients who received chemotherapy alone. Older
CBF-AML patients seem to benefit from this intensive approach. The outcomes of
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patients with KIT-mutated AML are usually worse. Dasatinib in combination with
chemotherapy seems to compensate for this; patients achieve similar outcomes as
KIT-WT patients (Marcucci et al. 2014).

A phase I study in high-risk AML was reported using dasatinib in combination
with standard chemotherapy. The rationale for this approach is the preclinical
finding that dasatinib by inhibition of SRC enhances expression of p53, hereby
sensitizing leukemic stem cell to chemotherapy (Dos Santos et al. 2013). Eighteen
patients with high-risk AML were enrolled. They received dasatinib concomitantly
with a standard “7 + 3” protocol with cytarabine and idarubicin for the seven days
of chemotherapy. The CR/Cri rate is promising with 77%. Correlative studies on
blood samples documented a significant decrease of SRC activity and a higher
expression of p53 (Aribi et al. 2015).

4.6 Dasatinib in the Treatment of Solid Tumors

Due to its ability to inhibit SRC family kinases and further receptor TKIs, a huge
number of clinical phase I and phase II trials with dasatinib in different solid tumors
have been performed so far (Montero et al. 2011; Lindauer and Hochhaus 2014).

In summary, dasatinib as monotherapy has only modest activity in solid tumors.
Combinations of dasatinib and other agents have been investigated intensively.
Only few remissions have been reported in singular patients.

Since SRC is involved in bone metabolism and has the potency to resensitize
tumor cells to antihormonal treatment, the SRC inhibitor dasatinib was expected to
be especially effective in metastatic castration-resistant prostate cancer (CRPC).
However a multinational, double-blinded, placebo-controlled READY trial ran-
domized 1522 patients with metastatic CRPC 1:1 to receive either docetaxel
75 mg/m2 every three weeks plus prednisone with dasatinib 100 mg every day
(n = 762) or docetaxel plus prednisone with placebo (n = 760). The primary end-
point was overall survival (Table 7) (Araujo et al. 2013).

Table 7 Phase III study of dasatinib in combination with docetaxel and prednisolon in the
treatment of metastatic CRPC (READY trial)

Docetaxel-Prednisolon-Dasatinib Docetaxel-Prednisolon-Placebo HR

No. of patients 762 766

Median overall
survival

21.5 months 21.2 months 0.99

Overall response rate 31.9% 30.5%

PFS 11.8 months 11.1 months 0.92

Median time to
PSA-progression

8.0 months 7.6 months 0.91

Pain reduction 66.6% 71.5%

Median follow-up 19 months; CRPC castration-resistant prostate cancer; (Araujo et al. 2013)
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Despite the large number of patients, the study failed to show any significant
improvement in dasatinib-treated patients with respect to overall survival,
progression-free survival, or reduction of pain. Treatment-related AEs were more
frequent in the dasatinib arm: 18% versus 9% for placebo. Serious AEs were
reported in 30% of patients in both arms of the study. The rate of death occurring
within 30 days of the last study drug was 10% in the dasatinib arm versus 6% in the
placebo arm (Araujo et al. 2013).

In a more recent trial, women with metastatic breast cancer were treated in a
gene signature-guided approach with a dasatinib monotherapy. Patients were
planned to receive oral dasatinib, stratified to either a dasatinib sensitivity signature,
a SRC pathway activity signature, or a dasatinib target index. Thirty of 97 patients
were positive for at least one of the signatures and received treatment. There was
only one patient with stable disease, receiving dasatinib for more than 300 days. All
tree arms were closed early for futility (Pusztai et al. 2014).

Based on the big number of negative trials in solid tumors with dasatinib alone
and in different combinations with chemotherapy and other treatments, it can be
concluded that the drug has no role in the treatment of solid tumors.

5 Toxicity

Dasatinib has a unique safety profile, and since early clinical trials, some AEs have
been consistently reported in patients receiving dasatinib including myelosup-
pression, fluid retention, pleural effusion, gastrointestinal disorders, fatigue, head-
ache, musculoskeletal disorders, rash, and infection (Table 8). Some bleeding
events and cases of pulmonary arterial hypertension (PAH), a subcategory of
pulmonary hypertension (PH), have been reported in a small number of patients
receiving dasatinib (Galie et al. 2009; McLaughlin et al. 2009; Fang et al. 2012). In
clinical trials of first-line and second-line dasatinib, most AEs occurred within 12–
24 months of treatment and were managed with dose modifications (Kantarjian
et al. 2012; Sprycel® BMS 2017).

In the early phase I and II studies, dasatinib was applied twice daily, resulting in
higher toxicity. The second-line, phase III dose-optimization study indicated that
dasatinib 100 mg once daily was associated with reduced frequency of AEs in
patients with CML-CP, while efficacy was maintained (Shah et al. 2008a; Porkka
et al. 2010).

In the first-line treatment-related AEs led to the discontinuation of dasatinib in
16% of patients over a treatment time of five years in the DASISION trial (Cortes
et al. 2016).

Grade 3–4 hematologic AEs were common in patients with CML-CP receiving
dasatinib (100 mg once daily) (neutropenia 24%, thrombocytopenia 19%, anemia
11%) (Kantarjian et al. 2012).

Severe biochemical abnormalities were uncommon with the exception of grade
3–4 hypophosphatemia (7%) (Kantarjian et al. 2012).
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Table 8 Adverse drug reactions reported � 5% in clinical trials (n = 2.182)

All Grades Grades 3/4

Gastrointestinal disorders

Diarrhea 32 4
Nausea 22 1

Vomiting 13 1

Abdominal pain 10 1

Gastrointestinal bleeding 8 4

Mucosal inflammation (including mucositis/stomatitis) 7 <1

Dyspepsia 5 0

Abdominal distension 5 0

Respiratory, thoracic and mediastinal disorders

Pleural effusion 25 6

Dyspnoea 21 4

Cough 10 <1

Nervous system disorders

Headache 25 1

Neuropathy (including peripheral neuropathy) 6 <1

Skin and subcutaneous tissue disorders

Skin rash 22 1

Pruritus 7 <1

General disorders and administration site conditions

Superficial edema 21 <1
Fatigue 21 2

Pyrexia 13 1

Pain 7 <1

Asthenia 9 1
Chest pain 5 1

Vascular disorders

Hemorrhage 15 2
Musculoskeletal and connective tissue disorders

Musculoskeletal pain 14 1

Arthralgia 8 1

Myalgia 8 <1

Infections and infestations

Infection (including bacterial, viral, fungal, nonspecific) 10 3
Metabolism and nutrition disorders

Anorexia 9 <1
Blood and lymphatic system disorders

Febrile neutropenia 5 5

Percent of patients (Sprycel® 2017)
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The most common nonhematologic AEs in dasatinib-treated patients in DASI-
SION (all grades) were pleural effusion (28%), myalgia (22%), diarrhea (19%),
headache (13%), superficial edema (11%), rash (11%), nausea (10%), and pul-
monary hypertension (5%) (Kantarjian et al. 2012).

Grade 3–4 nonhematologic AEs associated with dasatinib were uncommon at 0–
2% (fluid retention 2%, pleural effusion 2%, diarrhea < 1%, fatigue < 1%) (Kan-
tarjian et al. 2012).

A subanalysis of DASISION demonstrated no substantial effects of baseline
cardiovascular conditions, other comorbidities, or use of baseline medications on
the general safety profile of dasatinib (Cortes et al. 2016).

5.1 Pleural Effusion

In DASISION, at 5-year follow-up, 66 patients (26%) had pleural effusion grade 1
or 2, seven patients (3%) grade 3 or 4 (Cortes et al. 2016). Pleural effusions
developed in approximately 8% of at-risk patients per year. The percentage of
patients who developed pleural effusions was higher in patients age over 65 years
(15 of 25 patients; 60%) compared with patients younger than age 65 years (58 of
233 patients; 25%).

Events were largely manageable with treatment interruption (62%), dose
reduction (41%), or the use of diuretics (47%), corticosteroids (32%), or therapeutic
thoracocentesis (12%). At 5-year follow-up, 15 patients (6%) had discontinued
dasatinib due to pleural effusion. Notably, the occurrence and management of
pleural effusion appeared not to affect the efficacy of dasatinib (Cortes et al. 2016).

An analysis of risk factors for pleural effusion in patients treated with
second-line dasatinib identified prior history of cardiac disease (p = 0.02), hyper-
tension (p = 0.01), and twice-daily dosing schedule (p = 0.05) was associated with
an increased risk of pleural effusion (Quintás-Cardama et al. 2007). In a separate
analysis, older age was the only baseline characteristic associated with an increased
risk of pleural effusion (Porkka et al. 2010). The development of lymphocytosis
during dasatinib treatment was associated with a 1.7-fold increased risk of pleural
effusion (95% CI, 1.1–2.5) (Porkka et al. 2010).

In approximately 30% of patients receiving dasatinib, large granular lymphocyte
(LGL) expansions carrying clonal T-cell receptor gene arrangements occur resulting
in LGL lymphocytosis (Kreutzman et al. 2010, Qiu et al. 2014). LGL cells represent
activated T or NK cells. This is unique to dasatinib compared to other TKIs. It has
been shown that dasatinib induces the expansion of already-present LGL clones.
A discrimination of dasatinib-induced LGL expansion versus real T- or NK-LGL is
possible only by stopping dasatinib.

Data from a retrospective analysis of patients enrolled in DASISION suggested
that dasatinib-treated patients with lymphocytosis had higher rates of any-grade
pleural effusion and lower rates of myalgias and arthralgias compared with patients
without lymphocytosis (Schiffer et al. 2010a). In a separate analysis of pooled study
data, 31% of patients with CML-CP had lymphocytosis, which was associated with
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a higher rate of CCyR and longer PFS in patients with advanced disease (Schiffer
et al. 2010b). However, no formal statistical testing has been reported for either of
these analyses. The beneficial effect of pleural effusion on MMR and CCyR has
been reported in several papers with only few patients, some of them with statistical
significance (Eskazan et al. 2014; Qiu et al. 2014).

5.2 Pulmonal Arterial Hypertension (PAH)

More recently, rare cases of PAH in patients receiving dasatinib for CML and
Ph+ ALL have been reported in the literature (n = 16) (Mattei et al. 2009; Rasheed
et al. 2009; Hennigs et al. 2011; Orlandi et al. 2011; Dumitrescu et al. 2011;
Philibert et al. 2011; Montani et al. 2012; Sano et al. 2012). By 5-year follow-up of
the phase III DASISION, 14 patients receiving dasatinib developed PAH (5%); nine
patients had pleural effusions as well. However, no cases of PAH diagnosed by
RHC were recorded (Cortes et al. 2016). Of the 14 PAH diagnoses, 12 were
drug-related. PAH observed in patients receiving dasatinib is not typical as this
disease is normally progressive, including cases with a drug-induced etiology which
do not reverse on treatment withdrawal (Galie et al. 2009; McLaughlin et al. 2009)
To date, however, the typical clinical course for dasatinib-associated cases of PAH
is improvement or complete resolution in the majority of cases upon withdrawal of
treatment.

5.3 Pregnancy Outcomes Under Treatment with Dasatinib

In the BMS pharmacovigilance database, 147 pregnancies under treatment with
dasatinib were identified: Seventy-eight in dasatinib-treated women and 69 in
female partners of dasatinib-treated men.

Of the 78 pregnant women, pregnancy outcomes were known in 46. Of these,
33% had a normal pregnancy and delivered a healthy child, 11% had an abnormal
pregnancy, and one child with hydrops fetalis was born. Almost all female patients
stopped or interrupted dasatinib upon confirmation of pregnancy.

Thirty-nine percent of patients electively terminated pregnancy, and spontaneous
abortion occurred in 17%. Documented abnormalities in spontaneous abortion were
hydrops fetalis and CNS abnormality (Cortes et al. 2015)

Outcomes of pregnancies conceived by men treated with dasatinib have been
provided for 33 of 69 (48%) pregnancies. Of these, 30 (91%) resulted in normal
deliveries of normal infants, two (6%) resulted in spontaneous abortions, and one
(3%) resulted in the birth of an infant at term with syndactyly (Cortes et al. 2015).
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5.4 Management of Adverse Events

Most AEs occurring in patients receiving dasatinib treatment are manageable
through dose interruption or dose reduction (Sprycel® BMS 2017). If hematologic
AEs occur in patients receiving dasatinib, treatment should be interrupted until the
absolute neutrophil count is � 1.0 � 109/L and platelets � 50 � 109/L. Dasatinib
can then be resumed at the original dose if recovery occurs within 7 days or at a
reduced dose of 80/50 mg/day if recovery takes longer than seven days or if the
event was a second/third recurrence. Growth factor support may also be considered
(Sprycel® BMS 2017). If a severe nonhematologic AE (grade 3/4) develops,
dasatinib should be withheld until resolution or improvement. Treatment can then
be resumed at a reduced dose dependent on initial severity of the event (Sprycel®

BMS 2017).
Pleural effusion events are largely manageable through dose reduction or

interruption, and/or corticosteroids and diuretics. Once resolved, a reduced dasa-
tinib dose can be resumed. Rare cases of severe pleural effusion may require
thoracentesis and oxygen therapy (Kantarjian et al. 2012). Other fluid retention
events can be managed with diuretics and supportive care.

To reduce the risk of PAH, patients should be evaluated for signs and symptoms
of underlying cardiopulmonary disease before initiating dasatinib treatment. Upon
confirmation of a PAH diagnosis based on RHC, dasatinib should be permanently
discontinued (Sprycel® BMS 2017). PAH may be at least partially reversible upon
treatment discontinuation.

For bleeding events, management steps include dose interruption and transfusion
(Quintás-Cardama et al. 2009; Sprycel® BMS 2017). Rash may be managed with
topical or systemic steroids in addition to dose reduction, interruption, or discon-
tinuation. In cases of gastrointestinal upset, the NCCN guidelines suggest that
dasatinib be taken with a meal and a large glass of water. Specific supportive
medication is also indicated in case of headache and diarrhea (Sprycel® BMS 2017;
NCCN v2 2018). A subanalysis of DASISION showed that dose modifications
taken to manage AEs had no apparent effect on response (Jabbour et al. 2011).

Toxicity can be reduced, if necessary, by changing the dose schedule. An
analysis indicated that intermittent dosing of dasatinib at 100 mg per day for five
days per week, including a weekend drug holiday where dasatinib was not taken,
led to reductions in the rate and severity of AEs including fluid retention and pleural
effusion, while efficacy and disease control were maintained (La Rosée et al. 2013).

6 Drug Interactions

Dasatinib is a substrate and an inhibitor of CYP3A4. Therefore, there is a potential
for interaction with other concomitantly administered drugs that are metabolized
primarily by or modulate the activity of CYP3A4.
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Systemic exposure to dasatinib is increased if it is coadministered with drugs that
are inhibitors of CYP 3A4 (e.g., clarithromycin, erythromycin, itraconazole,
ketoconazole).

If coadministered with drugs that induce CYP 3A4 (e.g., dexamethasone,
phenytoin, carbamazepine, rifampicin, phenobarbital, or Hypericum perforatum,
also known as St. John’s Wort), dasatinib AUC is reduced. It was reduced by 82%
when coadministered with rifampicin.

Dasatinib AUC was reduced when coadministered with H2-blockers/proton-
pump inhibitors, or antacids. Concomitant administration of famotidine reduced
dasatinib AUC by 61%, coadministration of aluminum hydroxide by 55%.

Dasatinib is an inhibitor of CYP3A4. Substrates of CYP3A4 with a narrow
therapeutic index should be administered with caution in patients receiving dasa-
tinib. Drugs that rank among that list are alfentanil, astemizole, terfenadine,
cyclosporine, fentanyl, pimozide, quinidine, sirolimus, tacrolimus, or ergot alkaloid
(ergotamine, dihydroergotamine) (Sprycel® BMS 2017).

7 Biomarkers

7.1 Biomarkers for BCR-ABL

In CML and Ph+ ALL, the presence of the BCR-ABL fusion gene not only
determines the diagnosis. BCR-ABL transcript levels under TKI treatment are a
good biomarker for prognosis. In chronic phase CML scheduled response check-
points have been published, describing minimal requirements, expressed as
BCR-ABL transcript levels or the extent of cytogenetic response at a given time.
Treatment results are categorized as “optimal response,” “warning,” or “failure.”
Warnings imply that the patient should be monitored very carefully and may
become eligible for other treatments. Failure implies that the patient should be
moved to other treatments whenever available (Baccarani et al. 2013).

Mutation analysis of the BCR-ABL in these cases frequently identifies muta-
tions, and due to a known activity profile of the available BCR-ABL inhibitors,
recommendations can be made on further treatment with an alternative TKI or even
stem cell transplantation.

A good marker for prognosis is early, deep molecular response (� 10%
BCR-ABL at 3 months) since it has been shown that this is associated with
achieving a deeper molecular remission and better overall survival (Jabbour et al.
2014).
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7.2 Biomarkers for KIT

At present, there are no biomarkers for clinical response with dasatinib in
KIT-driven diseases. KIT expression can be detected immunohistologically by the
presence of the CD117 antigen. Mutation analysis of KIT is possible by PCR and
Sanger or next-generation sequencing.

7.3 Biomarkers for SRC

At the moment, there are no reliable biomarkers to predict clinical outcomes in
tumors treated with dasatinib and other SRC inhibitors although several attempts
have been made. A SRC oncogenic pathway signature predicting sensitivity to
dasatinib in vitro had been described (Bild et al. 2006; Huang et al. 2007). In
addition, a dasatinib sensitivity signature was found by analyzing gene expression
profiles in 23 breast cancer cell lines. A six-gene profile was identified that pre-
dicted dasatinib sensitivity in breast and lung cancer cell lines. Furthermore, a gene
expression signature related to dasatinib resistance was described (Huang et al.
2007). A SRC pathway activity index has been defined to select patients that may
respond to dasatinib (Moulder et al. 2010).

However, in a clinical trial evaluating a gene signature-guided therapy using
three different approaches to predict dasatinib response, no significant effect of
dasatinib was recorded, in none of the cohorts, and the trial was closed due to
futility (Pusztai et al. 2014).

8 Summary and Perspectives

Dasatinib has superior efficacy over imatinib and an acceptable safety profile in
first- and second-line treatment of patients with CML. The potent, multitargeted
activity of dasatinib may contribute to the depth and speed of response achieved
with this agent. Dasatinib’s potential immune activity may play a role in the
observed potency and requires further investigation. These factors may also play a
role in the unique safety profile and the AEs observed in patients receiving
dasatinib.

Dasatinib was shown to induce faster and deeper molecular remissions in
comparison with imatinib. Early, deep molecular responses (� 10% BCR-ABL at
3 months) were associated with significantly improved survival (Cortes et al. 2016).

Since deep molecular remission with an MR4.5 is prerequisite for eventually
stopping TKI treatment for treatment-free remission, more patients treated with
dasatinib first line will eventually become treatment-free—and eventually be cured.

With changing treatment goals supporting earlier, deeper responses, it is rea-
sonable to suggest that dasatinib and other second-generation BCR-ABL inhibitors
are likely to be used more frequently as a first-line treatment option in patients with
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newly diagnosed disease, dependent on existing patient comorbidities and
BCR-ABL mutation status (if known). The speed of response achieved with
second-generation BCR-ABL inhibitors may also allow the early identification of a
subset of patients resistant to BCR-ABL inhibitor treatment who may benefit from
alternate TKI, stem cell transplant, or clinical trials.

In addition, second-generation BCR-ABL inhibitors have demonstrated some
activity against CML stem cells, providing support for future investigation of
dasatinib in achieving a functional cure (Bocchia et al. 2010; Hiwase et al. 2010).

The loss of patent exclusivity for imatinib, however, is likely to influence
first-line treatment selection. With the potential for increased use of imatinib, it will
be important to closely monitor patient response to ensure early milestones are
achieved. Data are emerging to support a change in treatment for patients failing to
reach certain levels of response (� 10% BCR-ABL by 3 months) (Marin et al.
2012; Hanfstein et al. 2012; Neelakantan et al. 2013). A phase II study comparing
dasatinib 100 mg once daily to imatinib standard of care in patients failing to
achieve an optimal response of � 10% BCR-ABL after 3 months of imatinib
400 mg/day is currently in progress. This study will prospectively test the
hypothesis that changing to dasatinib treatment in this patient population will
induce an improved response rate (primary endpoint, MMR at 12 months) com-
pared with continuing imatinib at any dose.

With the growing number of BCR-ABL inhibitors available for patients with
CML-CP and the lack of head-to-head clinical trials with second-generation
BCR-ABL inhibitors, choosing a treatment requires consideration on a
patient-to-patient basis and therefore information regarding the efficacy and use of
these agents in the real-world setting is of increasing interest. An observational
5-year prospective cohort study (SIMPLICITY: NCT01244750) has been initiated
to further understand the use of dasatinib, imatinib, and nilotinib in patients with
newly diagnosed CML-CP including real-world response, outcomes, treatment
adherence, and patient quality of life. Data on early molecular monitoring patterns
in the first year of treatment show that NCCN and ELN recommendations on
response monitoring have not been consistently translated into routine clinical
practice. Appropriate molecular monitoring in the first year of treatment was per-
formed in only 80% of patients (Goldberg et al. 2017).

A role of dasatinib as SRC inhibitor in cancer is still not defined. All clinical
trials so far have found no benefit for the treatment with SRC inhibitors—not only
for dasatinib. This is true not only for monotherapy studies, but also for many
different combinations. One big obstacle is that there are still no reliable biomarkers
for clinical use. At the moment, it is not clear in which combination SRC inhibition
might improve the outcome of cancer patients.

Few clinical trials with dasatinib in solid tumors are still ongoing. Anyway it is
questionable—whether dasatinib’s potential to inhibit SRC will have a role in the
treatment of cancer in the future.
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Abstract
With imatinib still being linked to the breakthrough in CML therapy and probably
being the most prescribed drug, second-generation TKIs are increasingly gaining
importance. Showinghigher response rateswhile not leading tomore adverse events,
nilotinib has become an attractive option in the first-line treatment of chronic-phase
chronicmyeloid leukemia. By reaching deep and long-lastingmolecular remissions,
discontinuation of TKIs is becoming one of the central topics offutureCML therapy.
Stopping nilotinib seems safe and provides a stable remission in about half of the
eligible patients, though long-term data are still missing.

Keywords
CML � TKI � Nilotinib

1 Introduction

Since the beginning of the century, treatment of chronic-phase Philadelphia-
chromosome-positive chronic myeloid leukemia (CML) is largely based on tyrosine
kinase inhibitors (TKIs) targeting the oncogenic origin of the disease. After the
discovery of the Philadelphia chromosome more than fifty years ago, understanding
of the underlying oncogenic mechanism started to grow. This reciprocal chromo-
somal translocation was found to form a fusion protein identified as the dysregu-
lated BCR-ABL tyrosine kinase. After proving that this kinase leads to unregulated
growth of the leukemia cells, approaches to pharmacologically counteract it arose
(Nowell and Hungerford 1960; Rowley 1973; Druker et al. 1996).

The introduction of imatinib, a potent inhibitor of the BCR-ABL kinase, led to a
change of pace in treating CML, showing high rates of cytogenetic and even
molecular remission (Druker et al. 2006). Thus, it quickly became the new standard
in CML therapy. Despite this success, some patients showed primary or secondary
resistance or insufficient response to imatinib. The main mechanism was found to be
additional point mutations of the kinase domain, preventing the optimal effect of
imatinib on a molecular level (Gorre et al. 2001; O’Hare et al. 2007). In other cases,
failure of imatinib therapy could not be further characterized (Apperley 2007).
Additionally, relevant side effects could not be tolerated in some cases and could even
lead to discontinuation of the targeted therapy, especially in light of a daily admin-
istration (Druker et al. 2006). Therefore, the need for second-generation BCR-ABL
inhibitors followed the initial excitement after the introduction of imatinib.

Nowadays, second-generation TKIs for the treatment of CML have been used
for over ten years, one of them being nilotinib. The drug not only shows superior
effectiveness in both first- and second-line CML but also leads to deep and
long-lasting remissions (Kantarjian et al. 2007; Hochhaus et al. 2016a, b). There-
fore, the focus increasingly shifts to tolerability in light of high rates of disease
control. Furthermore, questions are raised, if and which patients are able to maintain
their remission status even after discontinuation of TKI.
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With growing experience in the use of nilotinib even in a first-line setting,
emphasis will be put on recent clinical data instead of known preclinical findings.

2 Structure and Mechanism of Action

After clinical proof of the antileukemic effect of imatinib, research for further
substances with increased activity started. The crystallographic analysis of imatinib
interacting with the kinase domain of the BCR-ABL fusion protein was the basis for
further development. Nilotinib, formerly known as AMN107, was designed by
replacing an N-methylpiperazine group in the imatinib molecule (Manley et al.
2004; Weisberg et al. 2005). The molecular structure is displayed in Fig. 1. This
novel molecule was found to have a 10- to 50-fold higher BCR-ABL kinase
inhibition activity compared to imatinib. Besides this effect against unmutated
BCR-ABL, nilotinib was also proven to show sufficient activity against most kinase
domain mutations known at that time to cause imatinib resistance (Weisberg et al.
2005). The inhibiting effect is accomplished by preventing the BCR-ABL kinase
from switching to an active conformation.

Of note in this context, nilotinib was also shown to have an inhibitory effect on
KIT, PDGFR, DDR1, and NQO2 (Rix et al. 2007).

Fig. 1 Molecular structure and chemical characteristics of nilotinib. Adopted from O’Hare et al.
(2005)
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3 Preclinical Data

As noted above, nilotinib was found to be more potent in inhibiting BCR-ABL as
imatinib. These findings could be confirmed by studies both on murine and human
cell lines in vitro. Additionally, nilotinib led to fewer rates of BCR-ABL
autophosphorylation in exposed cells compared to imatinib (Golemovic et al. 2005;
Weisberg et al. 2005). When tested in a mouse model with an induced CML,
nilotinib was able to significantly prolong survival and reduce the overall burden of
tumor cells in imatinib-resistant clones (Weisberg et al. 2005). Thus, most muta-
tions of the kinase domain could be overcome, important exceptions being, for
example, T315I, T315V, and L248R. IC50 values of some mutations are shown in
Table 1. Maximum plasma concentration of nilotinib was 2329 ± 1233 nM.

4 Clinical Data

4.1 Nilotinib Phase I Trial

After demonstration of a superior effect in both unmutated and mutated
BCR-ABL-positive CML cells in vitro, a Phase I trial in CML patients resistant to
imatinib was conducted. In this dose escalation study, patients of all stages of
disease (chronic, accelerated, and blastic phase), who developed resistance to prior
imatinib therapy, were randomly assigned to receive 100–1200 mg of nilotinib
once per day or 400–600 mg twice daily. A steady-state level of the drug in blood

Table 1 Comparison of IC50 values of imatinib and nilotinib in wild-type and mutated
BCR-ABL

Mutation of BCR-ABL IC50 (nM) imatinib IC50 (nM) nilotinib

Wild type 260–678 <10–25

M244V 1600–3100 38–39

G250E 1350 to >20,000 48–219

Y253F
Y253H

6400–8953
6400–17,700

182–725
450–1300

E255K 3174–12,100 118–566

E255V 6111–8953 430–725

F311L 480–1300 23

T315I 6400 to >20,000 697 to >10,000

V379I 1000–1630 51

F359V 1400–1825 91–175

Baccarani et al. (2013), Bradeen et al. (2006), von Bubnoff et al. (2006), Gorre et al. (2001),
Hochhaus et al. (2013), O’Hare et al. (2005), Ray et al. (2007), Redaelli et al. (2012), Soverini
et al. (2006), Weisberg et al. (2006)
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serum was reached after eight days of intake. At this level, the exposure to the drug
was higher when administered at 400 mg twice daily than at 800 mg once per day,
thus making two doses per day favorable. Furthermore, peak concentrations and the
area under the curve were found to rise in increasing dosages up to 400 mg and then
steadied. The half-life of nilotinib was about 15 h.

Toxicity was found to be reasonable up to doses of 600 mg twice per day.
In this highly heterogenous study population, a notable response to therapy

could be noted. Of 33 patients in blastic phase at the beginning of treatment, 13
developed a complete hematological response (CHR) with 9 patients showing
cytogenetic response. In the accelerated phase cohort, 33 out of 46 patients
achieved CHR and 22 showed any cytogenetic response. Of patients in chronic
phase, 11 out of 12 with active disease at baseline achieved CHR, whereas 9 out of
the total 17 showed cytogenetic response (Kantarjian et al. 2006).

Tanaka et al. could show that the intestinal absorption of nilotinib is altered
depending on the kind of food intake. For example, it could be shown that the area
under the curve of nilotinib was increased up to 50% after a meal with high content
of fat (Tanaka et al. 2009). These findings were consistent with previous data of
healthy volunteers (Kagan et al. 2005; Tanaka et al. 2009). Thus, intake of nilotinib
is recommended at least two hours after the last meal; afterwards, the patient should
be fasting for another hour.

4.2 Nilotinib Second- and Third-Line Therapy

After successful use of nilotinib in patients resistant to imatinib, the only approved
TKI at that time, controlled studies were initiated for further investigations of the
drugs effects.

In 2007, Kantarjian et al. first published a study of 280 patients with
Philadelphia-positive CML in chronic phase resistant or intolerant to imatinib,
treated with nilotinib 400 mg twice daily in a single arm. A first analysis after six
months of treatment revealed a rate of 31% of patients with a complete cytogenetic
remission (CCyR). Almost half of the study population (48%) achieved at least a
major cytogenetic remission (MCyR), defined as <35% Philadelphia-positive cells.
With the exception of the T315I mutation, a majority of mutational and
non-mutational mechanisms of imatinib resistance were overcome (Kantarjian et al.
2007).

The four-year update of the same Phase II trial showed that 31% of patients were
still under the study drug at 48 months. Furthermore, the median administered daily
dose of nilotinib was found to be 789 mg, which comes close to the optimal dose of
800 mg split up in 400 mg twice daily according to the study protocol. Thus,
nilotinib was found to be safe and tolerable. After four years, 59% of patients had
reached a MCyR with 45% being in CCyR. Interestingly, rates of MCyR were
identical after 24 and 48 months, indicating that an early response is associated with
better outcome (Kantarjian et al. 2011a, b; Giles et al. 2013). This fact was sup-
ported by an analysis, showing that deep molecular remissions after 3 and 6 months
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were associated with better overall survival and progression-free survival. Nilotinib
had to be discontinued in the first 48 months mainly because of disease progression
(30%), but it has to be noted that only 3% of patients progressed to accelerated or
blastic phase of CML. Another 21% of patients had to stop nilotinib because of
adverse events.

Parallel to nilotinib, another second-generation TKI, dasatinib, was developed.
Giles et al. investigated the effectiveness of nilotinib after failure of imatinib and
dasatinib. A majority of patients (67%) previously treated with dasatinib had to
discontinue this drug due to intolerance instead of resistance. Interestingly, 79% of
patients switching from dasatinib had not reached MCyR before. After switching to
nilotinib, 43% reached MCyR, while 79% reached CHR (Giles et al. 2010).

Further studies have been conducted, investigating the efficacy of nilotinib in the
second or further line of therapy for patients in accelerated or blastic phase. After
24 months of therapy, patients in accelerated phase showed any hematologic
response in 55% of cases with 31% achieving CHR and 32% achieving MCyR (le
Coutre et al. 2008; le Coutre et al. 2012). After the same period of time, patients in
myeloid blastic phase and lymphoid blastic phase achieved a major hematologic
response in 60 and 59% and MCyR in 38 and 52%, respectively (Giles et al. 2008).

Thus, nilotinib was proven to be effective in all stages of CML after failure of
prior TKI therapy. Usual dosages applied were 400 mg of nilotinib twice per day,
while today’s standard is 300 mg twice daily.

Recently, the ENESTfreedom extension trial could show that switching to a
higher dosed nilotinib regimen (400 mg twice daily) leads to sufficient response
rates in patients with non-optimal disease control under treatment with imatinib
400 mg once daily or nilotinib 300 mg twice daily. After change of treatment, 32%
of patients pre-treated with imatinib and 39% pre-treated with regular doses of
nilotinib reached major molecular response (MMR). However, estimated
progression-free survival and overall survival were worse in the group switching
from imatinib. Toxicity rates were not significantly higher compared to the
standard dose nilotinib group (Hughes et al. 2014a, b). Thus, dose escalation of
nilotinib is an option for patients not eligible for another second-generation or
third-generation TKI.

On the other hand, Cortes et al. could show that in a case of an insufficient
response to first-line imatinib, switching the TKI to nilotinib at a dose of 400 mg
twice a day might lead to better rates of remission than a dose escalation of ima-
tinib. Among the 191 patients enrolled, who had not reached a complete cytoge-
netic remission (CCyR) yet, 50% of the nilotinib group reached this endpoint after
six months. Of patients escalated to 600 mg imatinib once per day in the other arm,
only 42% reached CCyR at the same point of time (Cortes et al. 2016). Statistically,
these findings were not significant, but they raise interest in further studies in this
field covering a longer study interval.

In summary, nilotinib stays a potent option for second or further line therapy of
CML, enabling decent rates of remission after failure of prior TKI therapy.
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4.3 Nilotinib First-Line Therapy

The first and most relevant study of frontline nilotinib usage was ENESTnd. In this
randomized open-label multicentre Phase III trial, nilotinib was tested against the
standard therapy with imatinib in patients with newly diagnosed chronic myeloid
leukemia in chronic phase. Patients in the control arm received 400 mg of imatinib
once per day, whereas patients in the study arms received 300 mg or 400 mg of
nilotinib twice daily, respectively.

The first data were published by Saglio et al. in 2010 after a 12-month treatment
period. The primary endpoint was defined as the rate of major molecular remission
(MMR), equaling � 0.1% BCR-ABL according to the International Scale. Rates of
MMRwere 44% for the group treatedwith 300 mgnilotinib twice a day, 42% at 400 mg
nilotinib twice daily, and 22% in the imatinib group. These findings were highly sig-
nificant in favor of nilotinib. Reinforcing these facts, rates of complete cytogenetic
remission were significantly higher in the nilotinib groups (80% in the 300 mg arm and
78% in the 400 mg arm) compared to patients treatedwith imatinib (65%). Furthermore,
time to progression of the disease was notably longer under treatment with nilotinib
(p = 0.01 in the nilotinib 300 mg group, p = 0.004 in the 400 mg group), while toxicity
rates were comparable between imatinib and nilotinib groups (Saglio et al. 2010).

These findings led to the approval of nilotinib as first-line therapy in the USA
and the European Union at the end of 2010 and the beginning of 2011, respectively.

In the 2016 update of the ENESTnd trial, both 300 mg and 400 mg of nilotinib
administered twice daily were found to lead to rates of deep molecular remission
(MR4,5, see below) in more than 50% of patients (54 and 52%, respectively) after a
study period of five years. In contrast, 31% of patients treated with imatinib reached
the same milestone. Since toxicity was significantly higher in the group receiving
400 mg twice a day, the dosage of 300 mg twice daily should be considered
standard in first-line therapy, especially in light of the excellent results (Hochhaus
et al. 2016a, b). Table 2 shows further details retrieved from the 5-year update.

This work confirmed that nilotinib leads to faster responses, even on the
molecular level. Previously, Jain et al. were already able to show that early
responses are an individual prognostic factor, as earlier responses to therapy are
associated with better outcome, e.g., regarding progression or overall survival (Jain
et al. 2013). These findings were confirmed by Hughes et al., who could prove
another advantage of nilotinib versus imatinib: Whereas a high Sokal risk score was
associated with lower rates of early molecular response (here defined as � 10%
BCR-ABL at 3 or 6 months), the same was not true in the nilotinib group.

In the ENEST1st study, a remarkable number of 1089 patients were treated in a
single arm with nilotinib 300 mg twice per day in the first-line setting. For the first
time, molecular remission was not only set as a primary endpoint in a trial of this size,
but the cutoff was set to � 0.01% BCR-ABL according to the International Scale.
This milestone was reached by 38.4% of all patients after a treatment interval
of 18 months. This endpoint was especially important as it leads a way to a
possible discontinuation of the drug after successful primary therapy (Hochhaus et al.
2016a, b).
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Concluding, nilotinib has not only reached the status of a first-line option for
patients with newly diagnosed CML in chronic phase. It has even proven a higher
efficacy in terms of response rates as well as time to response compared to the
established therapy with imatinib.

4.4 Nilotinib Discontinuation

As mentioned above, nilotinib is able to achieve faster and deeper remissions than
imatinib in the majority of patients. With growing experience and a large number of
patients in deep molecular remissions, aspirations of stopping the medication came
up. Initially, this idea was realized for patients treated with imatinib, showing
continuous remission rates between 39 and 51.9% after discontinuation of the drug
(Mahon et al. 2010; Mori et al. 2015).

The ENESTfreedom study was the first to determine the outcome of controlled
discontinuation in patients in deep molecular remission treated with nilotinib
(Hochhaus et al. 2017). The patient population had to be treated with nilotinib for at
least two years and was required to be in deep molecular remission (MR4,5, see
below) for at least one year. After discontinuing nilotinib, 51.6% of these patients
were found to stay in major molecular remission during the first 48 weeks.
Relapsing patients were retreated with nilotinib with 98.8% reaching at least MMR
again. The most common adverse event during the study was musculoskeletal pain,
which had been described after imatinib discontinuation before (Mahon et al. 2010;
Mori et al. 2015; Hochhaus et al. 2017).

The rates of treatment-free remission, defined as maintaining at least MMR, are
similar to the findings with imatinib mentioned above. However, since more
patients are able to achieve remission levels necessary for discontinuation when

Table 2 Five-year outcome of patients treated with nilotinib or imatinib in first line

Parameter Imatinib
1 � 400 mg/day (%)

Nilotinib
2 � 300 mg/day (%)

Nilotinib
2 � 400 mg/day (%)

MMR 60.4 77.0 77.2

MR4 41.7 65.6 63.0

MR4,5 31.4 53.5 52.3

Progression of CML 7.4 3.5 2.1

New mutations of
BCR-ABL

7.8 4.3 3.9

New T315I Mutation 1.4 0.7 1.1

Grade 3/4 AE 58.9 60.6 71.5

Cardiovascular
events

2.1 7.5 13.4

Deaths 7.7 6.4 3.6

Adopted from Hochhaus et al. (2016a, b)
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treated with nilotinib, in total numbers more patients are getting the chance of
discontinuation and treatment-free remission.

Table 3 shows success rates of different trials testing the discontinuation of
imatinib and nilotinib after achieving deep molecular remission. Noteworthy are the
very high numbers of patients, who were able to re-gain MMR or better after restart
of TKI therapy following relapse. Therefore, discontinuation seems safe even
considering that nearly half of patients are relapsing.

The ongoing ENESTpath trial is the first to have the objective of determining
optimal conditions for a possible stop of therapy after reaching a deep molecular
remission. A first analysis showed that 30.5% of patients with prior imatinib
therapy and non-optimal molecular response were able to achieve MR4,5 after
12 months (Rea et al. 2015). Thus, switching to nilotinib might be favorable for an
intended TKI discontinuation. On the other hand, this study is making nilotinib the
only TKI available at publishing date with a noted possibility of discontinuation at
start of therapy.

4.5 Resistance to Nilotinib

Resistance to tyrosine kinase inhibitors in the treatment of CML is largely based on
additional mutations of the kinase domain, leading to ineffective binding of the
drug. These mechanisms were first identified in the context of imatinib resis-
tance (Shah et al. 2002). In most cases, these mutations are not present at the time
of diagnosis but develop over the course of treatment (Soverini et al. 2006; Ernst
et al. 2011). In total, nilotinib was found to develop fewer kinase domain
(KD) mutations than imatinib (Hochhaus et al. 2013). Furthermore, mutations were
mainly identified in the p-loop of KD, contrasting the findings of imatinib (Bradeen

Table 3 Sustained molecular remission after discontinuation of TKI therapy

Trial Drug TF
interval

MMR ratea

(%)
MMR rate after
reinitiationb (%)

Reference

EURO-SKI Ima 18 months 53 – Mahon et al.
(2016)

STIM Ima 12 months 41 62 Mahon et al.
(2010)

ISAV Ima 36 months 51.9 100 Mori et al. (2015)

ENESTfreedom Nil 48 weeks 51.6 99 Hochhaus et al.
(2017)

ENESTop Nil 48 weeks 57.9 98 Hughes et al.
(2016)

STOP 2G-TKI Nil 48 months 61.4 – Rea et al. (2016)

Ima Imatinib; Nil Nilotinib; TF interval: (median) treatment-free follow-up (i.e., time after TKI
discontinuation)
aPercentage of patients with sustained MMR (or better) after TKI discontinuation
bPercentage of patients regaining MMR after TKI re-exposition following molecular relapse

Nilotinib 77



et al. 2006; Ray et al. 2007). This can partly explain the efficacy of switching TKIs
after developing resistance (Giles et al. 2013).

In a sub-analysis of the ENESTnd trial, the incidence and character of devel-
oping mutations under TKI therapy was investigated (Hochhaus et al. 2013).
Shortly summarized, additional mutations emerged more seldom under treatment
with nilotinib than imatinib; furthermore, progression to advanced stages of CML
was not as frequent. The rate of new mutations when treated with nilotinib was
4.9% during the first three years. The most common mutations developing under
nilotinib therapy were Y253H, E255K/V, and F359C/V. The European Leukemia
Net recently released guidelines including an overview of the most frequent kinase
domain mutations and their resistance to individual TKIs. Interestingly, mutations
often acquired under imatinib treatment are usually sensitive to nilotinib, whereas
the aforementioned frequent mutations developing under nilotinib are mostly
resistant to imatinib as well (Baccarani et al. 2013).

An exception stays the crucial T315I mutation, which shows resistance to both
first- and second-generation TKIs, emphasizing the status of ponatinib and research
for further generation drugs. By changing amino acids at the binding site of nilo-
tinib (as well as imatinib and dasatinib), this exact binding is hindered, leading to
resistance to the drug (Gorre et al. 2001).

Shortly, nilotinib therapy leads to fewer mutations of BCR-ABL conferring drug
resistance compared to imatinib. Furthermore, most mutations acquired under
treatment with imatinib can be overcome by further treatment with nilotinib. One of
the most significant resistances still is the T315I mutation.

5 Toxicity

Despite being closely related to the first-generation drug imatinib, nilotinib shows
quite a distinct profile in terms of toxicity (Kantarjian et al. 2006).

Already in early studies it was shown, that treatment discontinuation because of
higher grade (grade 3/4) adverse events (AEs) was noticeably low with nilotinib.
Further investigation even noted lower rates of the mentioned events as in a
comparable study population treated with imatinib, thus making nilotinib an overall
well-tolerated drug (Giles et al. 2012, 2013; Larson et al. 2012; le Coutre et al.
2012).

As typical in nearly all antileukemic drugs, hematological toxicity was most
common. Grade 3 or 4 anemia could be noted in 3.9% of cases with neutropenia
and thrombocytopenia showing rates of 11.8 and 10.4% of the same grades,
respectively (Larson et al. 2012). Dose reductions or interruptions of the drug were
common, whereas discontinuation was rare.

Among the non-hematological AEs, rash and fluid retentions were most com-
mon with both of these rarely occurring in higher grades. Even more important,
fluid retention rates were significantly lower than with imatinib with the same
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percentage of clinical relevant effusions (1.8%). Other clinical side effects included
pancreatitis, hepatotoxicity, and significant bleeding.

Interestingly, Kim et al. could show high rates of thyroid dysfunction in patients
treated with nilotinib. Both hypo- and hyperthyroidism were common. The
mechanism still is unclear, and discontinuation of nilotinib was very rare in the
study population. The same effect was found under treatment with imatinib and
dasatinib. Thyroid dysfunction was noted in 25% of patients treated with imatinib,
55% of patients treated with nilotinib, and 70% of patients under dasatinib treat-
ment, respectively (Kim et al. 2010).

Preclinical analyses hinted at a prolongation of the QTc interval by nilotinib;
thus, electrocardiographic controls had to be conducted during all studies. Recent
findings state no higher rate of relevant QTc prolongation under nilotinib than under
imatinib with absolute numbers being considerably low (Larson et al. 2013).
Nevertheless as the induction of cardiac arrhythmias could lead to severe compli-
cations up to cardiac death, the recent NCCN guidelines demand further precaution.
Blood levels of potassium and magnesium should be taken care of and elevated to
normal if necessary. Furthermore, the combination of additional drugs prolonging
the QTc interval should be avoided (see below). During treatment, ECG should be
performed regularly, in case of a prolonged QTc interval nilotinib should be either
reduced in dosage or discontinued (Radich et al. 2017).

An increasing attention was paid to cardiovascular diseases and events in recent
years. These were not obvious in the first years of nilotinib usage but emerged as
distinct risks of the drug. Aischberger et al. and le Coutre et al. first described the
increased risk of developing peripheral artery occlusive disease (PAOD) under
treatment with nilotinib (Aichberger et al. 2011; le Coutre et al. 2011). These
findings were later confirmed by analyses of the ENESTnd study, revealing a newly
diagnosed PAOD in 1.4% and 1.8% of patients treated with nilotinib 300 mg twice
daily and 400 mg twice daily. In contrast, no patient in the imatinib arm developed
PAOD during the study course (Larson et al. 2013). Even prospective analyses
were able to show significantly higher rates of PAOD and early stages of peripheral
circulation disorders revealed by ankle–brachial index (ABI) (Kim et al. 2013).
Most cases were found to occur in the first 48 months of nilotinib therapy. As a
pathogenetic correlate, elevated levels of glucose and LDL were found in patients
with nilotinib, pointing at a general role in atherosclerosis. Supporting these find-
ings, other atherosclerotic-driven events such as ischemic heart attack or stroke
were also more common in patients treated with nilotinib (Quintás-Cardama et al.
2012). The 2016 update of the ENESTnd trial revealed a rate of 4.7% of grade 3/4
cardiovascular events in patients treated with nilotinib 300 mg twice daily and 8.7%
of patients treated with nilotinib 400 mg twice daily. In contrast, these events
occured only in 1.8% of patients in the imatinib arm (Hochhaus et al. 2016a, b).

Giles et al. could recently show that age has a relevant effect on the cardio-
vascular toxicity of nilotinib (Giles et al. 2017). Details are shown in Table 4.

Steegmann et al. suggest regular assessment of cardiovascular risk profiles in
their ELN toxicity recommendations. When treating with nilotinib, laboratory tests
and the ABI should be performed every six to twelve months. In patients with a
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high cardiovascular risk, nilotinib initiation is not recommended. In case of newly
diagnosed PAOD, the drug should be discontinued (Steegmann et al. 2016).

In summary, nilotinib stays a favorable option in both first- and second-line
treatment of CML with less overall toxicity compared to imatinib. Nevertheless, the
distinct toxicity profile needs to be considered. Prolongation of the QTc interval and
cardiovascular events might be rare but are of great risk concerning morbidity and
mortality.

6 Drug Interactions

Two factors should be taken into account when thinking about the interaction of
nilotinib with other drugs: On the one hand, the majority of patients of patients still
requires a lifelong CML therapy, and on the other hand, most patients are diagnosed
in the middle to elderly age. Thus, prescription of other medication and
polypharmacy are common in CML patients.

As described above, nilotinib is known to prolong the QTc interval. Therefore,
physicians need to take care of concomitant intake of other drugs with the same side
effect. Known substances are amiodarone, digoxin or several opioids such as
methadone (Radich et al. 2017).

Nilotinib was found to be metabolized via the cytochrome P450 system (CYP),
precisely CYP3A4. Thus, induction or inhibition of this metabolization pathway
has a significant effect on the patients’ exposure to nilotinib. For example, it could
be shown that ketoconazole and even grapefruit juice, known inhibitors of
CYP3A4, are able to increase the exposure to nilotinib (Tanaka et al. 2011; Yin
et al. 2010). Following the same principle, induction of CYP3A4, e.g., by rifam-
picin, leads to faster metabolization of nilotinib. As infections are a common
complication in CML patients, these interactions need to be taken into account
before starting an antimicrobial therapy.

Furthermore, Haouala et al. could show that nilotinib is a possible inhibitor of
other cytochrome enzymes, namely CYP2C8, CYP2C9, CYP2D6, CYP3A4. Other
inhibited systems include UGT1A1 and P-glycoprotein. Possible drug interactions

Table 4 Rates of cardiovascular events in different age groups treated with nilotinib

Cardiovascular events 18–39 years
(%)

40–59 years
(%)

60–74 years
(%)

� 75 years
(%)

Total 0.8 5.3 10 13.5

Ischemic heart disease 0.4 2.8 5.7 9.6

PAOD 0.4 1.8 3.0 1.9

Ischemic
cerebrovascular event

0 0.8 1.3 1.9

PAOD peripheral artery occlusive disease
Adopted from Giles et al. (2017)
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should therefore be considered when combining a broad variety of common sub-
stances, for example, vitamin K-antagonists (Haouala et al. 2011).

7 Biomarkers

Among the earliest markers for therapy response in CML was hematologic response
in regard to peripheral blood count. After the introduction of the far more potent
TKIs, precise markers were of need. These were identified as cytogenetic remission
and molecular remission. The former describes the percentage of Philadelphia
chromosome-positive cells in bone marrow tissue or the total absence, respectively
(complete cytogenetic remission, CCyR). The latter refers to the percentage of
BCR-ABL detected in a specimen on a standardized metering system, the Inter-
national Scale (IS). An important milestone is the molecular remission4,5 (MR4,5)
defined as � 0.0032% IS. Defining this cutoff is especially important for a possible
discontinuation of any CML-specific drug and increasingly displacing the older
marker major molecular remission (MMR, more precise: MR3 � 0.1%
BCR-ABL) (Baccarani et al. 2009; Jain et al. 2013; Hochhaus et al. 2017).

The European Leukemia Net nowadays defines optimal response to any TKI in a
first-line setting as achieving partial remissions in terms of cytogenetic and
molecular marker with � 35% Philadelphia-positive cells and/or � 10%
BCR-ABL three months after therapy initiation. At six months, either a CCyR or a
BCR-ABL count <1% should be noted with the 12-month mark requiring a MR3

defined as BCR-ABL � 0.1%. The latter stays the minimum goal for optimal
response to treatment at any time. If the first-line drug has to be discontinued for
adverse events, the same numbers apply to the second-line treatment (Baccarani
et al. 2013).

As technical progress goes on, even deeper molecular remissions can be dis-
tinguished, thus quantifying the BCR-ABL-count is becoming the most important
biomarker for assessing treatment response in CML patients. Being able to perform
this test on peripheral blood makes it even easier in contrast to the classic chro-
mosome banding analysis performed on bone marrow tissue.

8 Summary and Perspective

Summarizing, nilotinib is a potent second-generation TKI for the treatment of
chronic myeloid leukemia with growing importance over the last decade. Currently,
it is not only approved as a first-line treatment for newly diagnosed CML in CP, it is
even superior to the established therapy with imatinib in regard to rates of deep
cytogenetic and molecular remission. Additionally, rates of disease progression are
notably lower under treatment with nilotinib. However, the drug shows quite a
different profile in terms of side effects, especially cardiovascular diseases and

Nilotinib 81



events are still among the most severe ones. Therefore, cardiovascular risk factors
need to be monitored regularly during nilotinib treatment. A history of cardiovas-
cular events or a high cardiovascular risk profile still are contraindications for an
initiation of the drug, even more in light of equivalent TKIs available.

With growing experience with potent second-generation TKIs, more and more
patients reach long-term deep remissions, thus raising claims of therapy discon-
tinuation. Recent studies have proven the latter to be a safe possibility, with about
half of the eligible patients staying in the mentioned remission without therapy.
Further studies will have to determine the long-term outcome of these cases.
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Abstract
Bosutinib is one of the five tyrosine kinase inhibitors which are currently
approved for the treatment of chronic myeloid leukemia. By its dual inhibition of
Src and ABL kinase and also targeting further kinases, it creates a unique target
portfolio which also explains its unique side effect profile. The approval of
bosutinib in 2013 made the drug available for patients previously treated with
one or more tyrosine kinase inhibitor(s) and for whom imatinib, nilotinib, and
dasatinib are not considered appropriate treatment options. As initially the
first-line clinical trial comparing bosutinib with imatinib in CML patients in
chronic phase did not reach its primary endpoint and therefore the product was
not licensed for first-line therapy, a second first-line trial, the so-called BFORE
study, was performed and just recently the promising results have been
published predicting a quick expansion of the existing label. In comparison with
the other approved TKIs, bosutinib harbors a distinct side effect profile with only
very few cardiovascular and thromboembolic events and minimal long-term
safety issues with most adverse events happening during the first months of
treatment. On the other hand, gastrointestinal side effects are very common (e.g.,
diarrhea rates in more than 80% of the patients) with bosutinib surprising some
of the investigators during the early clinical trials evaluating bosutinib. Until
then, several approaches have been used to face this problem resulting in
extensive supportive efforts (such as early loperamid treatment) as well as new
trials testing alternative dosing strategies with early dose adjustment schedules.
This article reports preclinical and clinical data available for bosutinib both in
hematologic diseases such as CML or ALL and solid tumours as well as other
diseases and envisions future perspectives including additional patient groups in
which bosutinib might be of clinical benefit.

Keywords � CML � Tyrosine kinase inhibitor � Bosutinib

1 Structure and Mechanism of Action

1.1 Chemical Structure

Bosutinib (SKI-606), 4-[(2,4-dichloro-5-methoxyphenyl)amino]-6-methoxy-7-[3-
(4-methyl-1-piperazinyl) propoxy]-3-quinolinecarbonitrile monohydrate is a
competitive inhibitor of both Src and ABL tyrosine kinases (Golas et al. 2003).
Originally, it was synthesized as a specific Src kinase family inhibitor. However,
target screening demonstrated also potent ABL tyrosine kinase inhibition. The
small molecule inhibitor is of low weight (548.46 kDa) and orally bioavailable.

88 S. Isfort et al.



1.2 Mechanism of Action (Target Profile)

Bosutinib inhibits Src with an IC50 of 1.2 nM, inhibits anchorage-independent
growth of Src-transformed fibroblasts with an IC50 of 100 nM, and inhibits
Src-dependent protein tyrosine phosphorylation at comparable or lower concen-
trations (Boschelli et al. 2001). Bosutinib however does not inhibit growth factor
receptor tyrosine kinases such as platelet-derived growth factor receptor,
insulin-like growth factor I receptor, epidermal growth factor receptor, fibroblast
growth factor receptor, and serine–threonine kinases such as Akt and Cdk4
(Boschelli et al. 2001). The success of the compound in BCR-ABL positive disease
relays on its bosutinib potent dual inhibitory effect on Src and ABL tyrosine kinases
(Puttini et al. 2006). In addition to those main target kinases, more than 45 other
tyrosine and serine/threonine kinases have been identified as potential targets of
bosutinib.

1.3 ABL and BCR-ABL Inhibition

c-ABL belongs to an evolutionary conserved protein family and encodes a ubiq-
uitously expressed non-receptor protein tyrosine kinase localized in both the
cytoplasm and the nucleus (Laneuville 1995; Pendergast 1996). Oncogenic trans-
formation leading to ABL-induction is mediated by genomic alterations including
genomic rearrangements (e.g. by the Philadelphia (Ph+)-Chromosome in chronic
myeloid leukemia (CML) or acute lymphocytic leukemia (ALL) leading to the
fusion of the BCR with the ABL genes (Nowell and Hungerford 1961; Heisterkamp
et al. 1985) or by enhanced ABL expression [e.g. in solid cancer (Greuber et al.
2013)]. In case of the reciprocal translocation between the proto-oncogene c-ABL
from chromosome 9 to the breakpoint cluster region (BCR) of chromosome 22, high
expression levels of a constitutively activated tyrosine kinase are induced which
directly or indirectly phosphorylates a broad spectrum of binding substrates. Many
of these activated downstream signaling components are a crucial driver of cellular
proliferation, migration, and apoptosis (Ren 2005). Interestingly, the efficacy
between imatinib and bosutinib as inhibitor of v-ABL phosphorylation is within the
same range (approximately, 200 nM are required to inhibit the non-translocated
v-ABL), whereas substantially lower concentrations of bosutinib (25 and 50 nM)
are required to reduce BCR-ABL phosphorylation (Golas et al. 2003). Concerning
IC50 values, it is important to realize that those concentrations substantially depend
on the cell system used to address this issue. Exemplarily, bosutinib inhibits
BCR-ABL kinase activity at 1 nM in a non-cellular in vitro enzymatic assay,
whereas an IC50 of 90 nM is required to inhibit ABL kinase activity and conse-
quently the growth of ABL-MLV-transformed fibroblasts. The extent of tyrosine
phosphorylation inhibition by bosutinib in ABL-MLV-transformed fibroblasts
correlates with the degree of anti-proliferative activity. In addition, incubation of
ABL-MLV-transformed Rat 2 fibroblasts with comparable concentrations of
bosutinib and imatinib results in quantitatively similar reductions of tyrosine

Bosutinib: A Potent Second-Generation Tyrosine Kinase Inhibitor 89



phosphorylation of cellular proteins (Golas et al. 2003). In cell line models for Ph+
leukemias, bosutinib inhibited the proliferation of all three cell lines, with IC50s
ranging from 5 nm in the KU812 cells to 20 nm in K562 and MEG-01 cell lines.
The IC50s for imatinib to inhibit proliferation of these cell lines were higher,
ranging from 88 nm (KU812), 180 nm (MEG-01) to 210 nm (K562) (Golas et al.
2005). The emergence of TKI resistance is a major clinical problem during TKI
therapy with imatinib (and later nilotinib, dasatinib, or bosutinib) (Patel et al. 2017).
Approximately, half of the resistance cases are conferred by specific mutations in
the BCR-ABL fusion gene. This may lead to varying degrees of resistance to
first-generation (imatinib), second-generation (nilotinib, dasatinib, and bosutinib),
and third-generation (ponatinib) TKIs. It is essential for optimized and individu-
alized treatment to screen for BCR-ABL mutations to select (in case one or more
mutations are detected) the most appropriate TKI, as all TKIs have a highly specific
in vitro resistance profile (shown for bosutinib and the other TKIs, as studied in
Ba/F3 cell lines, in Fig. 9.1 (Redaelli et al. 2012)). More advanced structural and
spectroscopic analyses revealed the mode of action and explain even efficacy in
most imatinib-resistant mutants as well as inefficacy in T315I-mutated CML or
ALL (Levinson and Boxer 2012). As mentioned before, the IC50 values are also
impacted by the leukemia cells’ capability to in- and export TKIs. This is largely
mediated by drug transporter such as ATP-binding cassette transporters (ABC
transporters). While the mechanisms are not fully understood, Hegedus et al. (2009)
were able to identify a significant difference between second-generation TKIs
dasatinib and nilotinib in comparison with bosutinib, as neither ABCB1 nor
ABCG2 induced resistance to bosutinib. The potential clinical impact of this
finding has to be further evaluated, e.g., by quantification of intracellular drug levels
in TKI-treated patients.

1.4 Src Kinase Inhibition

The tyrosine kinase Src is a member of a family of related kinases known as the Src
family kinases (SFKs) that share a common structural organization and function as
key regulators of signal transduction pathways triggered by a wide variety of
surface receptors, including receptor tyrosine kinases, integrins, G protein-coupled
receptors and antigen receptors (Thomas and Brugge 1997). Various studies and
clinical observations point to a key role of Src kinases in malignant cell transfor-
mation, tumor progression, and metastatic spread as a consequence of changes in
protein expression and/or kinase activity (Summy and Gallick 2003; Johnson and
Gallick 2007; Li 2008). Indeed, overexpression of Src kinases has been detected in
several human malignancies, including carcinomas of the breast, lung, colon,
esophagus, skin, pancreas, cervix as well as gastric tissues (Mazurenko et al. 1992;
Ottenhoff-Kalff et al. 1992; Verbeek et al. 1996; Lutz et al. 1998; Jallal et al. 2007;
Zhang et al. 2007). Bosutinib is capable of inhibiting Src kinase at nM concen-
trations; accordingly, an IC50 of 1.2 nM has been reported in an enzymatic assay.
Inhibition of Src-dependent protein tyrosine phosphorylation can be detected at
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IC50 fold increase (WT = 1)

Ima nib Bosu nib Dasa nib Nilo nib Pona nib 

Parental 10.8 38.3 568.3 38.4 570.0

WT 1 1 1 1 1 

P-Loop M244V 0.9 0.9 2.0 1.2 3.2

L248R 14.6 22.9 12.5 30.2 6.2

L248V 3.5 3.5 5.1 2.8 3.4

G250E 6.9 4.3 4.4 4.6 6.0

Q252H 1.4 0.8 3.1 2.6 6.1

Y253F 3.6 1.0 1.6 3.2 3.7

Y253H 8.7 0.6 2.6 36.8 2.6

E255K 6.0 9.5 5.6 6.7 8.4

E255V 17.0 5.5 3.4 10.3 12.9

C-Helix D276G 2.2 0.6 1.4 2.0 2.1

E279K 3.6 1.0 1.6 2.0 3.0

E292L 0.7 1.1 1.3 1.8 2.0

ATP-binding region 

(drug contact sites)

V299L 1.5 26.1 8.7 1.3 0.6

T315A 1.7 6.0 58.9 2.7 0.4

T315I 17.5 45.4 75.0 39.4 3.0

T315V 12.2 29.3 738.8 57.0 2.1

F317L 2.6 2.4 4.5 2.2 0.7

F317R 2.3 33.5 114.8 2.3 4.9

F317V 0.4 11.5 21.3 0.5 2.3

SH2-contact M343T 1.2 1.1 0.9 0.8 0.9

M351T 1.8 0.7 0.9 0.4 1.2

Substrate binding 

region (drug 

contact sites)

F359I 6.0 2.9 3.0 16.3 2.9

F359V 2.9 0.9 1.5 5.2 4.4

A-Loop L384M 1.3 0.5 2.2 2.3 2.2

H396P 2.4 0.4 1.1 2.4 1.4

H396R 3.9 0.8 1.6 3.1 5.9

C-terminal lobe F486S 8.1 2.3 3.0 1.9 2.1

L248R + 

F359I

11.7 39.3 13.7 96.2 17.7

Sensi ve ≤ 2 

Moderately resistant 2.01 - 4 

Resistant 4.01 – 10

Highly resistant > 10

Source: (12)

Fig. 9.1 Resistance profile of bosutinib, imatinib, nilotinib, dasatinib, and ponatinib. Source
Redaelli et al. (2012)
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comparable or lower concentrations (Boschelli et al. 2001). In addition, bosutinib
successfully inhibited the growth of Src-transformed fibroblasts and Src overex-
pressing HT29 colon tumors subcutaneously transplanted into athymic nu/nu mice
(Compound 31a) (Boschelli et al. 2001).

2 Preclinical Data

2.1 Malignancies

2.1.1 BCR-ABL-Dependent Cancer Models
The anti-proliferative activity of bosutinib has been demonstrated in different
BCR-ABL expressing leukemia cell lines. In line with its higher clinical efficacy
compared to imatinib (Cortes et al. 2017), the in vitro efficacy of bosutinib is
superior to IM with IC50 values ranging from 1 to 20 nM when compared to
imatinib with 51–221 nM, respectively (Golas et al. 2003; Puttini et al. 2006). In
addition, bosutinib successfully inhibits the growth of imatinib-resistant human cell
lines, such as Lama84R, KCL22R, and K562R (Golas et al. 2003). In line with
these findings, inhibition of proliferation of murine pro-B Ba/F3 cells, stably
transformed by p210 BCR-ABL WT or four imatinib-resistant BCR-ABL point
mutants (D276G, Y253F, E255K, and T315I), is more pronounced by bosutinib
than by imatinib. However, the T315I BCR-ABL mutant requires excessively high
concentrations of bosutinib to be sufficiently inhibited [i.e., one to two orders of
magnitude higher when compared with wt BCR-ABL cells (Puttini et al. 2006)].
This is in line with the clinical observation that T315I mutated leukemias cannot be
sufficiently be treated by bosutinib. According to these in vitro observations, in vivo
experiments demonstrated that 75 mg/kg twice daily or 150 mg/kg once daily
bosutinib therapy induces complete regression of human K562 xenografts for up to
40 days (Golas et al. 2003). Remarkably, while imatinib is unable to eradicate
KU812 human tumor xenografts with a relapse rate of 30%, bosutinib treatment
initiated at day 8 and 15 after leukemic cell injection induces complete disease
eradication curing the animals for up to 210 days (Puttini et al. 2006). In mice s.c.
injected with Ba/F3 BCR-ABL + xenografts containing WT or mutant BCR-ABL
(E255K, Y253F, and D276G) and treated with bosutinib 1 day after tumor cell
injection, the dual Src/ABL kinase inhibitor decreased tumor growth and prolonged
event-free survival. However, animals with delayed start of bosutinib treatment,
relapse of the disease cannot be prevented in the majority of mice. Furthermore,
according to the above described in vitro data of almost complete resistance of the
T315I mutation, bosutinib does not influence the growth of highly IM-resistant
T315I xenografts (Puttini et al. 2006).

2.1.2 Breast Cancer
There is a high medical need to improve breast cancer therapy, particularly in the
metastatic setting. Src activation has been implicated in both acquired and de novo

92 S. Isfort et al.



trastuzumab-resistant cells (Zhang et al. 2011). Src regulation involved dephos-
phorylation by PTEN and increased Src activation conferred trastuzumab resistance
in breast cancer cells and correlated with trastuzumab sensitivity in patients.
Consequently, targeting Src in combination with trastuzumab re-sensitized multiple
trastuzumab-resistant cells lines to trastuzumab and eliminated trastuzumab-
resistant tumors in vivo, suggesting the potential clinical application of combin-
ing Src inhibitors with trastuzumab (Ocana et al. 2017). Bosutinib has been shown
to cause reduced cell proliferation, migration, and invasion of breast cancer cell
lines accompanied by an increase of cell-to-cell adhesions and a membrane local-
ization of beta-catenin, a phosphoprotein that functions as both a structural com-
ponent of the cell adhesion/actin cytoskeleton network and a signaling molecule
when localized in the nucleus. Analysis of downstream effectors of Src reveals an
inhibition of mitogen-activated protein kinase (MAPK) and Akt phosphorylation as
well as a reduced phosphorylation of focal adhesion kinase (FAK), proline-rich
tyrosine kinase 2 (Pyk2), and Crk-associated substrate (p130Cas). Thus, bosutinib
inhibits signaling pathways involved in cell proliferation and malignant transfor-
mation as well as tumor cell motility and invasion (Jallal et al. 2007; Vultur et al.
2008). Accordingly, MDA-MB-231 cell in BALB/c nu/nu mice is significantly
delayed by bosutinib therapy when compared to control animals. In addition,
analysis of lung, liver, and spleen specimen has shown a significant reduction of
metastatic spread in animals treated with the small molecule inhibitor at a
well-tolerated dose.

2.1.3 Colorectal Cancer
Bosutinib decreases tumor growth in subcutaneous colorectal cancer xenograft
models generated with different tumor cell lines (HT29, Colo205, HCT116, and
DLD1) and causes substantial reduction of Src autophosphorylation at Tyr418
(Golas et al. 2005). In addition, it prevents Src-dependent activation of beta-catenin.
However, protein levels of beta-catenin remain substantially unchanged by bosu-
tinib, and a cytosolic/membranous retention of beta-catenin is promoted instead.
The bosutinib-mediated relocalization of beta-catenin increases its binding affinity
to E-cadherin and adhesion of colorectal cancer cells resulting in reduced cell
motility (Coluccia et al. 2006). A decreased cell motion as well as the ability of
bosutinib to reduce VEGF-mediated vascular permeability and tumor cell
extravasation combined with the effect of Src inhibition in stromal cells may be
responsible for the superior activity of bosutinib in vivo when compared with the
attained effects in cell culture experiments.

2.1.4 Non-small Cell Lung Cell Cancer (NSCLC)
Immunohistochemical analyses of NSCLC biopsy samples reveal an up-regulation
of Src kinase in 33% of the tumors. In NSCLC cell lines with elevated Src kinase
activity, treatment with bosutinib induces apoptosis and causes a cleavage of
caspase-3 and PARP (Zhang et al. 2007). However, monotherapy of bosutinib in
solid cancer will probably not exert sufficient efficacy (Daud et al. 2012) and
combination approaches have to be tested in the future to define the potential
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therapeutic value of additional Src inhibition as add-on to conventional cancer
therapeutics.

2.2 Non-malignant Diseases

2.2.1 Polycystic Kidney Disease (PKD)
In polycystic kidney disease, the precise functions of the cystoprotein products
remain unknown. Recent data suggest that multimeric cystoprotein complexes lead
to aberrant signaling cascades involving c-Src kinases. In two different animal
models, greater Src activity was found to correlate with disease progression in
PKD. Inhibition of Src activity via bosutinib resulted in amelioration of renal cyst
formation and biliary ductal abnormalities in both animal models (Sweeney et al.
2008), suggesting this strategy may provide therapeutic benefit in PKD (Sweeney
et al. 2017).

2.2.2 Amyotrophic Lateral Sclerosis (ALS)
Amyotrophic lateral sclerosis (ALS) is a fatal neurological disease causing pro-
gressive motor neuron loss. No effective treatment option is available so far.
A phenotypic drug screen using ALS motor neuron survival as readout identified
the Src/c-ABL signaling pathway a most prominent hit. Motor neurons in this
model were generated from induced pluripotent stem cells (iPSCs) derived from an
ALS patient with a superoxide dismutase 1 (SOD1) mutation. Src/c-ABL inhibitors
(including bosutinib) increased survival of ALS iPSC-derived motor neurons
in vitro. Bosutinib boosted autophagy, reduced the amount of misfolded mutant
SOD1 protein, and reduced altered expression of mitochondrial genes. Bosutinib
also increased survival in vitro of ALS iPSC-derived motor neurons from patients
with sporadic ALS or other forms of familial ALS caused by mutations in TAR
DNA-binding protein (TDP-43) or repeat expansions in C9orf72. Finally, bosutinib
treatment also extended survival of a mouse model of ALS with a SOD1 mutation,
suggesting that inhibition of the Src/c-ABL by bosutinib is a potentially useful
target for developing new drugs to treat ALS (Imamura et al. 2017).

3 Clinical Data

The initial approval of bosutinib in CML patients in 2013 was based on data
published by Cortes et al. (2011) and Khoury et al. (2012) in their phase I/II trial,
evaluating bosutinib in second-line and third-/fourth-line treatment upon intoler-
ance or resistance to imatinib and/or intolerance or resistance to a
second-generation TKI leading to the conditional approval of bosutinib for treat-
ment in CML in chronic phase (CP), accelerated phase (AP), and blast crisis
(BC) in Europe for patients after first-line therapy with first- or second-generation
TKI for whom imatinib, nilotinib, or dasatinib are not considered appropriate
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treatment options. As mentioned before the approval in first-line CML treatment is
still missing, however in addition to the failed first-line CML-CP BELA trial,
another first-line trial with a limited starting dose of 400 mg/d was performed (the
so-called BFORE trial) and recently published (Cortes et al. 2017). Based on this
trial, widening of the approval of bosutinib in CML to first line is expected soon.

The phase I/II clinical trial, testing bosutinib in Philadelphia chromosome-
positive leukemia, included 288 patients with imatinib resistance or intolerance
between January 2006 and July 2008 where bosutinib was given as second-line
treatment. Another 118 patients, which had been pretreated with at least two TKIs
(imatinib plus one additional second-generation TKI), were recruited. Moreover,
134 patients in later disease phases (accelerated phase (AP) or blast crisis (BC) or
Ph+ ALL) were formed the third cohort of this study. Bosutinib (500 mg) was
established as current dosing regimen as 600 mg/d lead to dose-limiting toxicities
(grade 3 rash, nausea, and vomiting).

Bosutinib has also been tested in several solid tumors and also in non-malignant
diseases like polycystic kidney disease (PKD) not yet leading to any approval. The
following chapter focuses on the clinical data available in all the different diseases.

3.1 Bosutinib in Treatment-Resistant/-Intolerant CML

3.1.1 Bosutinib as Second-Line Treatment
As mentioned before, the phase I/II trial on which approval of bosutinib was based
on included three different cohorts of patients. In this trial, quality of life assess-
ments has also been performed.

The second-line part included patients which were resistant or intolerant to
imatinib. The definition of imatinib resistance in this trial (Cortes et al. 2011)
applied if a patient did show no hematologic improvement within 4 weeks, no
complete hematologic response (CHR) after 12 weeks, no cytogenetic response
after 24 weeks, and/or no major cytogenetic response (MCR) after 12 months of
therapy with an imatinib dose of at least 600 mg daily. Loss of a MyCR or any
hematologic response defined an acquired resistance. Individuals have been con-
sidered to be intolerant to imatinib if toxicities grade 4 lasted longer than 7 days, if
imatinib-related non-hematological toxicities grade 3 or higher occurred or per-
sistent toxicities grade 2 not responding to adequate management and/or dose
adjustments appeared. In addition, patients in whom dose reductions were neces-
sary due to toxicities and who subsequently lost their response to treatment were
considered imatinib-intolerant as well. Patients’ characteristics are listed in
Table 9.1. In total, 288 patients have been included in this part of the study with
69.4% exhibiting resistance and 20.6% intolerance to imatinib. Data on this trial
were updated in 2014 by Gambacorti-Passerini et al. (2014) with a longer follow-up
of at least 24 months. Response rates were reported as follows: 85%
achieved/maintained CHR, 48% CCyR (59% with MyCR), and 35% presented with
MMR. Probabilities of overall and progression-free survival were 91% and 81%.
Age and cause of imatinib failure (intolerance or resistance) did not lead to
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differential response rates. Brümmendorf et al. (2016) analyzed factors that impact
long-term efficacy and safety in the context of the same trial. Prior cytogenetic
response on imatinib, baseline MCyR, prior interferon therapy and duration from
diagnosis to imatinib treatment initiation of less than 6 months without interferon
intake before imatinib were identified as significant predictors of both MCyR and
CCyR at 3 and 6 months.

3.1.2 Bosutinib After Failure of Second-Line Therapy
In the same study, 118 patients pretreated with imatinib and at least one other
second-generation TKI had been recruited (Khoury et al. 2012). Bosutinib was
administered in the 500 mg dose established in the phase I of the same trial. Among
those, 118 patients who had previously been treated with IM 37 were
dasatinib-resistant and 50 dasatinib intolerant. In addition, 27 were nilotinib
resistant, and one patient was intolerant to nilotinib. Three patients had been treated
with all three TKIs and failed. Median follow-up was 28.5 months (range 0.3–
56.2), and median dose intensity was 478 mg/day (185–563 mg/day). MCyR rate
was 32% among all patients with 24% (n = 26) achieving a CCyR; among them
was one of the three patients being treated with all three TKIs before. Median time
to MCyR among responders was 12.4 weeks (ranges 3.9–88.4 weeks). Molecular
responses were assessed in 105 patients; among these, 16 (15%) achieved a MMR,
including 12 (11%) with a CMR. Thirty-nine patients had known mutations at the
beginning of treatment with bosutinib, and the results of these patients are sum-
marized in Table 9.2.

In 2016, Cortes et al. (2016) published long-term data on this patient cohort
proving data with a median follow-up of 32.7 months and a median treatment
duration of 8.6 months. Table 9.3 summarizes the long-term probabilities and
maintaining of response. Patient-reported outcome assessments in these third and

Table 9.1 Patient characteristics of chronic phase (CP) CML patients in the second-line setting

Characteristics IM resistant
(n = 200)

IM intolerant
(n = 88)

Total
(n = 288)

Median age: years (range) 51 54,5 53 (18–91)

Male sex 116 37 153

Median duration of disease in
years (range)

4.0 (0.1–15.1) 2.8 (0.1–13.6) 3.6 (0.1–
15.1)

Number of previous treatments

1 (%) 128 (64) 65 (74) 193 (67)

2 (%) 72 (36) 23 (26) 95 (33)

Previous IFN (%) 69 (35) 23 (26) 92 (32)

Previous SCT (%) 6 (3) 2 (2) 8 (3)

BCR-ABL mutations

Assessed patients 153 59 212

At least one mutation, n (%) 73 (48) 6 (10) 79 (37)

Source Gambacorti-Passerini et al. (2014a)
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further line patients as well as in the second-line patient cohort did show stabi-
lization of health-related quality of life (QoL) during bosutinib treatment (Kantar-
jian et al. 2017).

Table 9.3 Summary of the long-term response probabilities and rates in the third-/forth-line
cohort (Cortes et al. 2016)

Rate of % Probability of maintaining at 4 years (%)

cCHR 74 63

MCyR 40 69

Incidence of PD on treatment/
death

24

4-year OS 78

Table 9.2 Response by mutation status in CP CML after at least two lines of treatment

Cumulative response, n/n evaluable (%)

Mutation status n CHR MCyR

No mutation 44 34/44 (77) 15/43 (Khoury et al. 2012)

Any mutation 39 26/39 (67) 11/35 (Sweeney et al. 2008)

>1 mutation 9 3/9 (33) 2/9 (22)

Mutation type

P-loop 14 9/14 (64) 4/13 (Sweeney et al. 2008)

G250E 6 3/6 0/5

Y253H 6 5/6 4/6

E255 K 1 0/1 0/1

E255 V 1 1/1 0/1

Non-P-loop 29 18/29 (62) 9/26 (Khoury et al. 2012)

M244 V 3 3/3 2/3

V299L 2 1/2 0/2

Q300R 1 1/1 1/1

T315I 7 2/7 0/6

F317L 8 4/8 1/7

N336S 1 1/1 0/1

M351T 1 1/1 0/1

F359C 2 2/2 1/2

F359I 2 2/2 2/2

F359 V 2 0/2 1/2

L387F 1 1/1 0/1

H396R 1 0/1 0/1

E453A 1 1/1 0/0

C475 V 1 1/1 1/1

F486S 1 0/1 0/1

Source Khoury et al. (2012)
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3.1.3 Accelerated Phase (AP CML), Blast Phase (BP CML),
and Ph+ ALL

Initially, data on patients with AP (n = 77) and BP CML (n = 64) and Ph+ ALL
(n = 24) with an open-label continuous daily dosing schedule (bosutinib
500 mg/day) as part of the above-mentioned phase I/II trial were presented at the
2013 ASCO Annual Meeting (2013). All patients included were previously treated
with imatinib plus/minus other TKIs and exhibited imatinib resistance or intoler-
ance. In this analysis, patients were split into two different cohorts regarding their
age (<65 years vs. � 65 years). Hematologic and cytogenetic response data are
shown in Table 9.4.

Long-term efficacy and safety of the whole patient group were analyzed and
published in 2015 by Gambacorti-Passerini et al. (2015). Seventy-nine patients with
AP, 64 with BP, and 24 patients with Ph+ ALL were treated with bosutinib and
followed up for 28.4 (AP), 10.4 (BP), and 3.6 months (Ph+ ALL) (median). All
patients had received prior imatinib treatment, and 9% had been treated with three
prior TKIs. Median treatment duration was 10.2 months for AP patients,
2.8 months for BP patients, and 0.97 months for ALL patients. Responses were
durable in approximately 50% of AP responders at 4 years with 57% maintaining
baseline OHR, 40% attained/maintained MCyR by 4 years. For patients with blast
crisis as approximately 25% responded at year 1, bosutinib seems to be a feasible
treatment to bridge to allogeneic transplantation.

Attila et al. (2015) reported about a case with elderly acute lymphoblastic leu-
kemia transformed from CML with suspected central nervous system involvement.
This patient was pretreated with imatinib, dasatinib, and nilotinib as treatment for
chronic phase CML, and after 7 years, the sickness transformed into acute B
lymphoblastic leukemia occurring with simultaneous suspected central nervous
system involvement. The patient was treated with bosutinib 500 mg/day (including

Table 9.4 Response to bosutinib treatment in AP/BC CML and Ph+ ALL

Response ADV cohort

Aged � 65 years
(N = 30)

Aged <65 years
(n = 135)

Hematologic response

Evaluable patients, n 29 123

MHR, n (%) 8 (28) 38 (31)

CHR 4 (14) 31 (25)

2-year probability of maintaining a MHR 71% 54%

2-year probability of maintaining a CHR 75% 54%

Cytogenetic response

Evaluable patients, n 26 117

MCyR, n (%) 8 (31) 45 (39)

CCyR 7 (27) 24 (29)

2-year probability of maintaining a MCyR 43% 34%

Source Brummendorf et al. (2013)
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several treatment interruptions) and received cerebral radiotherapy and intrathecal
chemotherapy with methotrexate and Ara-C. Maintenance therapy could only be
performed including bosutinib as the patient could not stand further intrathecal
treatment after six rounds of chemotherapy. At 14 months of follow-up, the patient
still showed complete hematological and bone marrow response.

Whiteley et al. (2016) reported a significant improvement of several quality of
life measurement tools in the AP/BC cohort during bosutinib treatment although the
lack of comparison group handicaps the interpretation of these results.

3.2 Bosutinib in CML First-Line Treatment

In the BELA trial published 2012 by Cortes et al. (2012), bosutinib was evaluated
in the first-line setting against imatinib in patients with chronic myeloid leukemia in
chronic phase. The primary endpoint of this trial was the CCyR rate at 12 months
which was the standard primary endpoint in first-line trials at that time, since the
standardized molecular analysis was not available in all countries. 502 pts were
randomized in a 1:1 manner to each arm, median duration of treatment in both study
arms was 13.8 months, and median dose intensity was 489 mg/day for bosutinib
and 400 mg/d for imatinib. In the IIT population, the CCyR rate at 12 months was
similar in both treatment groups (70% for bosutinib vs. 68% for imatinib;
P = 0.601). However, time to CCyR was significantly shorter with bosutinib
(12.9 weeks vs. 24.6 weeks; P < 0.001) with higher rates for CCyR for bosutinib at
months 3, 6, and 9. Molecular responses were also significantly higher in the
bosutinib group, and in detail MMR rate at 12 months was 41% versus 27%
(P < 0.001). Transformation to AP/BC CML on treatment occurred less frequently
among the bosutinib-treated patients (4.2% vs. 10.4%).

Data from the BELA trial were updated in 2014 regarding safety aspects
(Gambacorti-Passerini et al. 2014b) and efficacy in an update after 24 months of
follow-up (Brummendorf et al. 2015). The safety update stated clearly the low risk
of long-term safety issues and the low amount of cardiovascular events comparable
to imatinib treatment. Brümmendorf et al. reported durable responses from the
24-month follow-up of this BELA trial. Between the 12 and the 24 month update no
new case of transformation to advanced stages of the disease occurred.

However, the BELA trial did not lead to approval of bosutinib in first-line CML
treatment due to the missed primary endpoint; that is why after analysis of efficacy
and safety data of individual dose levels of bosutinib, the so-called BFORE was
established testing a reduced daily dose of 400 mg bosutinib again in first-line
treatment compared to imatinib standard dose which closed recruitment in 2015
(NCT02130557). This hypothesis was supported by as well as based on the
experience gained from other second-generation TKIs that first-line treatment
requires lower doses of TKI as compared to second and later line treatments. At the
end of 2016, the positive study results were announced meaning that bosutinib was
superior to imatinib in first-line treatment regarding the MMR rate (and also again,
regarding CCyR rate) at 12 months of treatment.
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In this trial, patients with newly diagnosed chronic phase CML received 400 mg
of bosutinib once daily (n = 268) or imatinib (n = 268) (Cortes et al. 2017). The
median dose intensity was 392 mg per day for bosutinib and 400 mg per day for
imatinib. The MMR rate at 12 months as mentioned before was significantly higher
with bosutinib versus imatinib (47.2% vs. 36.9%; P = 0.02) as was the complete
cytogenetic response (CCyR) rate by 12 months (77.2% vs. 66.4%; P = 0.0075).
Bosutinib-treated patients achieved faster responses, and less patients discontinued
treatment receiving bosutinib because of lack of efficacy in comparison with ima-
tinib, whereas more patients discontinued treatment due to drug-related toxicity
(12.7% for bosutinib and 8.7% for imatinib) (Cortes et al. 2017).

At this year´s annual meeting of the American Society of Hematology, a com-
parison of both the first-line trials regarding exposure and response will be pre-
sented including 512 patients (Knight et al. 2017). The amount of side effects
seemed to correlate with bosutinib exposure and furthermore the incidence of AEs
associated with permanent discontinuation from bosutinib treatment was higher
within the BELA trial (21.0% for a starting dose of 500 mg/day (BELA) vs. 14.2%
for a starting dose of 400 mg/day (BFORE)). Time on treatment influenced efficacy
with both bosutinib exposure and time on bosutinib treatment being significant
predictors of MMR. The interpretation of this data might be that staying on treat-
ment could be more important than receiving higher doses and may at least in part
explain the suboptimal results achieved by bosutinib therapy in the BELA trial.

3.3 Bosutinib in Solid Tumors

Daud et al. (2012) published their phase I trial in patients with advanced solid tumor
malignancies. This trial was conducted in two parts, a dose escalation part where
400 mg/day could be identified as recommended dose for phase II. In the second
part, approximately 30 patients each with refractory colorectal, pancreas, or NSCLC
were treated. A partial response (breast) and unconfirmed complete response
(pancreas) were observed; 8 of 112 evaluable patients had stable disease for 22–
101 weeks. However, the primary efficacy endpoints for part 2 were not met.

Campone et al. (2012) performed a phase II study which evaluated single-agent
bosutinib in pretreated patients with locally advanced or metastatic breast cancer in
73 patients. The primary endpoint was the progression-free survival (PFS) rate at
16 weeks. For the intent-to-treat population, the PFS rate at 16 weeks was 39.6%.
Unexpectedly, all responding patients (n = 4) were hormone receptor positive. The
2-year overall survival rate was 26.4%.

In 2014, Isakoff et al. (2014) published data of a phase I trial testing safety,
efficacy, and maximum tolerated dose (MTD) of bosutinib in combination with
capecitabine in several solid tumors. Thirty-two patients with locally
advanced/metastatic cancer of the breast, pancreas and patients with cholangio-
carcinoma, glioblastoma, or colorectal cancer received both drugs in eight different
dose combinations with nine of them receiving MTD (300 mg
bosutinib/day + capecitabine 1000 mg/m2 bid). In 6% of the patients (2/31),
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dose-limiting toxicities occurred. Efficacy was limited as best overall confirmed PR
or SD lasting longer than 24 was only observed in 6 and 13% of the patients,
respectively. The safety profile was quite similar to the individual profiles of both
drugs, and especially, regarding diarrhea most patients facing this side effect (91%)
did only experience low-grade events (grade 1/2).

3.4 Bosutinib in Polycystic Kidney Disease (PKD)

Src kinase overactivation is one of the driving mechanisms in the pathogenesis of
autosomal dominant polycystic kidney disease (ADPKD). As mentioned already
above, this hypothesis leads to the preclinical and clinical testing of bosutinib in this
disease. Tesar et al. (2017) published data from a multicentre phase II trial where
172 patients with ADPKD were randomized 1:1:1 to receive either bosutinib
200 mg/day, bosutinib 400 mg/day, or placebo. Bosutinib 200 mg/day and pooled
bosutinib treatment showed a significant reduction (66%/82%) in the rate of kidney
enlargement. Annualized eGFR decline was similar in all three arms. Toxicity
findings were similar to the side effect profiles established in the hematologic trials.

4 Toxicity

While the general toxicity profile of bosutinib was very similar in hematological
trials and studies in solid tumors, there were some expected differences in hema-
tological adverse events.

In an update of the BELA trial (Brummendorf et al. 2015), comparing bosutinib
versus imatinib for newly diagnosed patients with CML in CP, grade 1 or 2 side
effects like diarrhea occurred in 58%, nausea in 31%, vomiting in 31%, rash in
22%, headache in 12%, and arthralgia in 7% of the patients. The most common
cardiovascular AEs were hypertension (6% vs. 4%) and palpitations (2% vs. 2%).
Cardiac failure occurred in one (<1%) bosutinib-treated patient and two (1%)
imatinib-treated patients. There was no report of peripheral arterial occlusive dis-
ease. The most common grade 3/4 treatment-emergent AE was diarrhea (bosutinib,
12%; imatinib, 1%). In the bosutinib arm diarrhea of all grades typically occurred
during the first month of treatment and was treated with anti-diarrheal medication.
In some patients, temporary interruption was needed to control the side effects. But
in most of the cases, it was self-limiting and transient. Hematological adverse
events (neutropenia, thrombocytopenia, and anemia) of grade 3 and 4 were lower in
the bosutinib arm (10% compared to imatinib 24%). Non-hematological adverse
events like elevation of liver enzymes or bilirubin occurred more often in the
bosutinib cohort. Side effects could be controlled with concurrent medication and
dose modification. None of these effects led to hospitalization or to permanent
hepatic injury.
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Even in heavily pretreated patients with advanced CML (AP, BP)
(Gambacorti-Passerini et al. 2015), the most common AEs were gastrointestinal
(96%; 83%), primarily diarrhea (85%; 64%), which was typically low grade
(maximum grade 1/2: 81%; 59%) and transient. Serious AEs were pneumonia and
pyrexia.

Cortes et al. (2017) analyzed patients receiving bosutinib in first and in later lines
regarding renal function. Long-term bosutinib treatment was associated with a
reversible decline in renal function; this aspect seems to be similar to long-term
imatinib treatment regarding frequency and characteristics. Patients at risk for renal
side effects should be monitored closely.

In contrast to the hematological malignancies, myelosuppression in solid tumor
studies was minimal. This could be explained by the fact that hematologic toxicity
of TKI treatment in CML is not only a reflection of inhibition of normal hemato-
poiesis but at least in part mediated by suppression of the leukemic population itself
by the TKI.

In part one of the solid cancer trial (Daud et al. 2012), dose-limiting toxicities of
grade 3 diarrhea (two patients) and grade 3 rash occurred with bosutinib
600 mg/day and the maximum tolerable dose was defined as 500 mg/day. How-
ever, the majority of patients treated with 500 mg/day had grade 2 or greater
gastrointestinal toxicity. The most common bosutinib-related adverse events were
nausea (60% patients), diarrhea (47%), vomiting (40%), fatigue (38%), and anor-
exia (36%).

In a phase I study of advanced solid tumor patients treated with bosutinib in
combination with capecitabine (Isakoff et al. 2014), the most frequent
treatment-related adverse events (AEs) were diarrhea, nausea, vomiting,
palmar-plantar erythrodysesthesia (PPE), fatigue; most frequent grade 3/4 AEs:
PPE, fatigue, and increased alanine/aspartate aminotransferase. Although diarrhea
was common, 91% of affected patients experienced maximum grade 1/2 toxicity
that resolved. Among breast cancer patients, the main toxic effects were diarrhea
(66%), nausea (55%), and vomiting (47%). Grade 3–4 liver aminotransferase ele-
vation occurred in 14 (19%) patients.

5 Drug Interactions

Strong inhibitors of CYP3A4 should be avoided during treatment with bosutinib
because of significant increase in bosutinib plasma levels. In this context antifungal
treatment with azoles needs to get special attention and should be given with caution
(Steegmann et al. 2012, 2016; Ono et al. 2017). Furthermore, some HIV-1 protea-
some inhibitors and NNRT inhibitors need to be administered very carefully. In
addition to that, grapefruit juice needs to be avoided (Steegmann et al. 2012, 2016;
Ono et al. 2017). A full list of CYP3A inhibitors can be found at: http://medicine.
iupui.edu/clinpharm/ddis/table.aspx.
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Of course, concomitant use of CYP3A4 inducers should be avoided as well.
Especially, treatment with rifampicin or anti-epileptic drugs as carbamazepine and
phenytoin or the use of St. John´s Worth should not be used as bosutinib plasma
levels might be decreased significantly (Steegmann et al. 2012, 2016; Hsyu et al.
2017). A full list of CYP3A4 inducers can be found at: http://medicine.iupui.edu/
clinpharm/ddis/table.aspx.

Beside CYP3A4 interactions, special attention needs to be paid in case of usage
of any drug with QTc prolongation potential (Steegmann et al. 2012, 2016). If
concomitant medication cannot be avoided regularly ECG controls need to be
performed. A full list of agents that prolong the QT interval can be found at: https://
crediblemeds.org/pdftemp/pdf/CombinedList.pdf.

Resorption of bosutinib is pH dependent; therefore, if medication with proton
pump inhibitors is necessary, they should be taken several hours before or after
bosutinib medication (Steegmann et al. 2012, 2016; Abbas et al. 2013). Other
interactions might be caused by bosutinib and substrates of P-glycoprotein. One
in vitro study suggests that plasma levels of P-gp substrates such as digoxin,
tacrolimus, some chemotherapeutic agents, and dexamethasone may be increased
by bosutinib (Steegmann et al. 2012, 2016; Hsyu et al. 2017).

6 Biomarkers for Response

In CML, BCR-ABL transcript monitoring is essential with any TKI treatment.
According to international guidelines (i.e., ELN guidelines (Baccarani et al. 2013),
NCCN Guidelines 2.2018), BCR-ABL (expressed as % of housekeeping control
gene transcripts) measuring should be performed every 3 months. The goal is to
achieve an optimal response, as reflected by CCyR after 6 months and/or a
BCR-ABL transcript level of less than 1%, and a reduction in BCR-ABL to equal
or less than 0.1% after 12 months of treatment. Early achievement of molecular
remission becomes increasingly important; with a decrease in BCR-ABL transcripts
to below 10% after three months of treatment is associated with improved 5-year
survival as compared to patients who do not achieve this goal (Hanfstein et al.
2012). An even better individual biomarker for response is the slope of the
BCR-ABL transcript decline during therapy (Hanfstein et al. 2014; Branford et al.
2014).

In the BELA trial, which tested the efficacy and safety of bosutinib versus
imatinib in the first-line setting in patients with newly diagnosed CP CML (Cortes
et al. 2012), the rate of molecular response was generally higher at all time points
for bosutinib. Bosutinib was also associated with deeper cytogenetic and molecular
responses compared with imatinib. For both bosutinib and imatinib, reduction in
BCR-ABL/ABL ratio to � 1 or � 10% at months 3, 6, and 9 was associated with
higher rates of CCyR and MMR by 12 and 24 months. Overall, these results
suggest that early reduction in BCR-ABL/ABL ratio during bosutinib or imatinib
therapy is linked to a higher likelihood of experiencing better long-term outcome.
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However, the trial failed to show superiority of bosutinib in achieving its primary
endpoint, CCyR at 12 months as outlined before (Cortes et al. 2012).

In the second randomized phase III trial (BFORE trial), the superiority of
bosutinib over imatinib was validated in patients with CML in chronic phase
(Cortes et al. 2017). This trial showed significant improvement of molecular
responses in the bosutinib- versus imatinib-treated group, and CCyR by 12 months
was also significantly higher in the bosutinib group. It remains to be seen whether
these early molecular responses biomarker will translate into superior long-term
event-free or even overall survival.

Generally, it is very important to perform these biomarker measurements
according to international standards in a well-experienced laboratory following
their recommendations for national standardization for quality assurance (Cross
et al. 2012, 2015, 2016). Due to the established converting factor to the interna-
tional scale, follow-up monitoring not necessarily needs to be performed in the
same laboratory but in certified laboratories in order to guarantee comparable
results.

7 Summary and Perspectives

In conclusion, bosutinib is a novel dual Src/ABL kinase inhibitor with high activity
against imatinib-resistant CML as well as solid tumors overexpressing the Src
kinase. Its profile of activity is specific with a limited number of molecular targets
outside the ABL and Src kinase family. When compared with other
second-generation tyrosine kinase inhibitors and with imatinib, bosutinib shows a
distinct and very favorable long-term toxicity profile and therefore might be of
advantage for a certain cohort of patients based on their pretreatment, toxicities,
and/or preexisting comorbidities. Indeed, presumably PDGFR- and/or
KIT-mediated side effects such as inhibition of normal hematopoiesis typically
observed with other TKIs used in BCR-ABL-positive leukemias (Bartolovic et al.
2004) occur less frequent in patients treated with bosutinib. Furthermore, until now
bosutinib treatment seems to be favorable regarding a low rate of long-term toxi-
city. However, the high rate of gastrointestinal side effects is still a problem that
needs to be addressed. A lot of effort has been put in the side management of those
events including prophylactic medication and guidelines for patient and physicians
how to behave in case of GI toxicity. Furthermore, initial dose reduction has been
and is currently tested in different trials with first results showing that time on
treatment with bosutinib is important but initial dose decrease can avoid early
treatment discontinuation due to side effects. The so-called BODO trial
(NCT03205267) is currently recruiting patients and is testing the concept of
toxicity-guided intra-individual dose escalation upon starting with a lower dose of
bosutinib (300 mg/day) and will hopefully improve GI tolerability by defining the
individual maximum tolerable dose while efficacy is preserved due to a more
continuous treatment.
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Abstract
The establishment of imatinib as the standard therapy for CML marked the
beginning of a new era of treatment. Due to occurring intolerance and resistance
against the drug, the development of new inhibitors was promoted. This led to the
second-generation inhibitors dasatinib, nilotinib, and bosutinib. Despite all
achieved improvements, first- and second-generation inhibitors are ineffective
against the BCR-ABL T315I “gatekeeper” mutation. In order to overcome this
issue and to further improve the inhibitory effect, the third-generation inhibitor
ponatinib was developed. Various clinical trials have been launched to study the
effect of ponatinib in the clinical setting. Based on positive phase 1 and phase 2
trials, ponatinib was approved for the second-line treatment of CML and Ph+ ALL
in December 2012 in the USA and in July 2013 in the European Union. The safety
data of these trials particularly revealed a dose-dependent, increased risk for serious
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arterial occlusive events under treatment with ponatinib. Further trials investigate
optimized dosing schemes to reduce side effects while maintaining clinical activity
in CML and evaluate potential activity of the drug in other malignancies. In
conclusion, ponatinib has proved to be a powerful BCR-ABL inhibitor, which
exhibits clinical activity both in BCR-ABL wild-type and mutant CML, including
the pan-resistant T315I mutation. Ponatinib should be used catiously with respect
to increased cardiovascular risk.Despite previousTKI failure, chronic-phaseCML
patients can achieve sustained remissions using this drug, offering an important
addition to therapeutic options in the treatment for CML.

Keywords
Ponatinib � CML � Tyrosine Kinase Inhibitor (TKI)

1 Resistance to Treatment in CML

The establishment of imatinib as the standard therapy for CML in 2001 (Druker
et al. 2001) fundamentally changed the clinical course of this disease. For many
patients, CML became a chronic disorder and patients experiencing major molec-
ular response (MMR) might not face a loss in life expectancy (Jain et al. 2013).
However, this favorable prognosis is not true for all patients. Around 20–30% of
patients treated with imatinib do not respond adequately to treatment (primary
resistance) or relapse after initial response to imatinib (secondary resistance)
(Druker et al. 2006; de Lavallade et al. 2008).

Resistance against imatinib or newer Abl inhibitors is caused by various
mechanisms that can occur in combination, especially in advanced stages of disease
(von Bubnoff et al. 2005; Lahaye et al. 2005; Nicolini et al. 2007). Patient-related
causes for primary as well as secondary resistance are mainly non-compliance with
the treatment regime (Darkow et al. 2007). However, inadequate serum levels can
arise despite proper compliance from individual differences in the activity of
imatinib-metabolizing enzymes such as CYP3A4. In addition, these enzymes can
be induced by co-medication and nutritional habits (Floyd et al. 2003).

At the cellular level, the ability of the malignant clone to transport drug out of the
cell or to hinder drug influx can result in drug resistance. For example, the proteins
ABCB1 and MDR-1 are considered responsible for the increased efflux of imatinib
from CML cells (Kuwazuru et al. 1990; Mahon et al. 2003; Thomas et al. 2004).

Just as the BCR-ABL fusion protein represents the causative event for CML, it is
also the main reason for the development of resistance (Shah and Sawyers 2003).
Mutations of this fusion gene result in changes in critical amino acids, such that
inhibitors become ineffective (von Bubnoff et al. 2002; Branford et al. 2003). More
than 90 different mutations of BCR-ABL in CML have been described in
recent years (Soverini et al. 2011). However, the majority of observed mutations
occur at specific positions. One study found 14 mutations in 95% of cases
(Zhou et al. 2011), while another analysis described 20 mutations in 88% of cases
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(Branford et al. 2009). Hence, these common mutations are clinically most relevant
and have directed the development of second- and third-generation inhibitors.

2 Second-Generation Inhibitors

After the approval of imatinib in 2002, second-generation BCR-ABL kinase inhi-
bitors were developed. The need for these novel inhibitors became evident both
from patients presenting with primary imatinib intolerance, or developing intoler-
ance during treatment, and from primary or secondary imatinib resistance, many of
them being the consequence of secondary mutations in BCR-ABL, which confer
imatinib resistance.

Based on the positive results of phase 2 trials, the second-generation inhibitors
dasatinib and nilotinib were approved as second-line therapy in imatinib-resistant or
imatinib-intolerant CML and Ph+ ALL (Kantarjian et al. 2007; Talpaz et al. 2006).
In March 2013, bosutinib was also approved for second-line treatment. Recently,
phase 3 trials (DAISION for dasatinib; ENESTnd for nilotinib) reported earlier and
deeper remissions compared to imatinib in newly diagnosed, chronic-phase CML
patients, as well as lower rates of progression to accelerated phase or blast crisis
along with good tolerability of the drugs (Kantarjian et al. 2010, 2011; Saglio et al.
2010). These trials consequently led to the approval of both second-generation
inhibitors, dasatinib and nilotinib, for the first-line treatment of CML. Although all
second-generation inhibitors proved to be effective against a variety of known
secondary BCR-ABL mutations, each of these inhibitors still faces a distinct
spectrum of vulnerable mutations (Zhou et al. 2011; Branford et al. 2009; Bradeen
et al. 2006; von Bubnoff et al. 2006) (Table 1).

Most notably, despite their differences, all first- and second-generation inhibitors
are ineffective against the BCR-ABL T315I mutation. The exchange of threonine at
position 315 for the more bulky isoleucine leads to a steric hindrance, inhibiting
binding of all these inhibitors. Unable to bind the kinase, most Abl inhibitors lose
their ability to block BCR-ABL kinase activity. Twenty percent of patients who are
imatinib-resistant because of a BCR-ABL mutation harbor the T315I “gatekeeper”
mutation (O’Hare et al. 2007).

3 Ponatinib: A Third-Generation Inhibitor

The small molecule ponatinib was developed specifically to overcome resistance
based on the T315I mutation. The integration of a linear carbon–carbon triple bond
into the structure of the molecule to link two functional groups avoids the blocking
effect of the isoleucine in the context of the T315I mutation (Fig. 1). Furthermore,
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sites for interaction between the inhibitor and the kinase were optimized and are
distributed over a wide range of protein residues. This increases the affinity and
thereby reduces the required serum drug level. In addition, increased binding
affinity ensures effectiveness of the inhibitor, even in those cases where one of the
drug-binding site is lost, due to a mutation (Zhou et al. 2011).

Table 1 Resistance of BCR-ABL mutations against first-, second-, and third-generation
inhibitors

Relative activity (IC50MUT/IC50WT) of imatinib, dasatinib, nilotinib, bosutinib, and ponatinib in
the context of the respective mutation relative to the effectiveness against BCR-ABLWT. Color
code: green <2/sensitive; yellow 2, 1–4/moderately resistant; orange 4, 1–10/resistant; red
>10/highly resistant. Note that ponatinib is the only inhibitor displaying activity against the
common “gatekeeper” T315I mutation. Modified from Redaelli et al. (2012)
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Initial preclinical studies of ponatinib—formerly referred to as AP24534—re-
vealed the activity of the drug as a pan-BCR-ABL inhibitor in biochemical assays,
in cell lines as well as in mouse models. In contrast to the previously approved first-
and second-generation inhibitors, the activity profile of the new inhibitor included
the T315I mutation. In addition, so-called compound mutants, defined by the
co-occurrence of several concurrent mutations within the BCR-ABL fusion protein,
were inhibited at a higher concentration by ponatinib (O’Hare et al. 2009).

In 2012, the first phase 1 trial for ponatinib in previously therapy-refractory
patients was published (Cortes et al. 2012). This study included 60 CML and 5 Ph+

ALL patients. The CML cases included 43 patients in chronic phase (CP), 9 in
accelerated phase (AP), and 8 in blast phase (BP) and represented a highly pre-
treated collective (59/60 � 2 TKIs; 41/60 � 3 TKIs). Ponatinib was given once
daily at doses ranging from 2 to 60 mg. Among the CP-CML patients, 98%
achieved a complete hematologic remission (CHR), 72% achieved a major cyto-
genetic response (MCyR), and 44% achieved a major molecular response (MMR).
Given the refractory nature of CML in these patients and the high degree of pre-
treatment, these numbers were quite remarkable.

It should be highlighted that 12 of the 43 CP patients (28%) carried the T315I
mutation and therefore were refractory to first- or second-generation inhibitors.
Under ponatinib therapy, 100% of these T315I patients achieved a major hema-
tologic response (MHR), 92% achieved a MCyR, and 67% achieved a MMR. Of
the 13 refractory CML cases, which lacked any BCR-ABL mutation, rates for CHR,
MCyR, and MMR of 100, 62, and 15%, respectively, were observed. Patients with

Fig. 1 Illustration of ponatinib in complex with the BCR-ABL protein. The red spheres represent
the bulky side chain introduced by the T315I mutation. With kind permission of ARIAD
Pharmaceuticals, Inc.
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advanced CML (AP, BP) were analyzed together with the Ph+ ALL cohort in this
study and responded to ponatinib as well. A MHR was achieved in 36%, MCyR in
32%, and MMR in 9% of patients. Thus, the novel third-generation inhibitor
showed a clinically significant effect even in advanced-phase CML.

In order to further investigate the primary response rates to ponatinib (45 mg
once daily) and its safety, a phase 2 trial (PACE trial) was launched. In total 449
patients in all phases of CML (CP, AP, and BP) and Ph+ ALL, resistant or intolerant
to dasatinib or nilotinib or with a known T315I mutation, were enrolled. In
CP-CML patients (n = 267), the primary endpoint (MCyR at 12 months) was
achieved in 56% of cases. In particular, patients carrying a T315I mutation
responded better than those who were included because of resistance or intolerance
(70% vs. 51%). In the CP-CML cohort, progression-free survival (PFS) and overall
survival (OS) after twelve months were 80 and 94%, respectively. Furthermore, the
study revealed that the response rates for MCyR, CCyR, and MMR of those
patients decreased depending on the number of previously applied TKIs (Cortes
et al. 2013). The primary endpoint (MHR after 12 months) was achieved in 55% of
the AP CML and in 31% of the group containing BP CML and Ph+. Altogether, the
results of the PACE trial confirm the efficacy of ponatinib in second-generation
TKI-resistant or TKI-intolerant CML and Ph+ ALL patients at a dose of 45 mg
daily. Importantly, the results confirm the efficacy of this new inhibitor against the
“gatekeeper” T315I mutation. As the final data collection was scheduled for the end
of 2017, an update of those results is expected in the near future.

Based on the two above-mentioned trials, ponatinib was approved for the
second-line treatment of CML and Ph+ ALL in December 2012 in the USA and in
July 2013 in the European Union. The approval in the EU covers patients in all
phases of CML.

• Who are resistant to dasatinib or nilotinib.
• Who are intolerant to dasatinib or nilotinib and for whom subsequent treatment

with imatinib is not clinically appropriate.
• Who carry the T315I mutation.

The same terms apply to the approval for the use in Ph+ ALL except that
nilotinib is not considered here.

A phase 3 trial (EPIC trial) opened in July 2012 strived to compare ponatinib
(45 mg daily) with imatinib (400 mg daily) in first-line therapy of newly diagnosed
CML in CP. This trial aimed to enroll 528 patients, but was terminated due to safety
concerns in October 2013 after the inclusion of 307 patients. This decision was
based on the safety results of the aforementioned trails, showing an increased
concurrency of serious arterial occlusive events. Due to the premature termination
of the trail, the interpretation of the trial results is limited. Based on the preliminary
data, patients treated with ponatinib in first line seem to achieve an MMR earlier
and in a higher proportion of patients. The analysis of the adverse events showed
increased frequency of arterial occlusive events.

114 J. Wehrle and N. von Bubnoff



In the PACE and EPIC trial, the following non-hematologic adverse reactions
were reported in descending order of frequency (any grade, PACE/EPIC): rash
(34%/31%), dry skin (32%/17%), abdominal pain (22%/27%), headaches (19%/
32%), increased lipase (18%/32%), fatigue (17%/20%), constipation (16%/27%),
myalgia (16%/25%), nausea (16%/21%), arthralgia (13%/18%), increased alanine
aminotransferase (10%/18%), pancreatitis (6%/n.a.), and hypertension (7%/13%).
Hematologic adverse effects have been observed more frequently compared to other
Abl kinase inhibitors (thrombocytopenia > neutropenia > anemia). Focusing on the
serious adverse events of grades 3 and 4, the increase in lipase (10%/12% of
CP-CML patients) and hematologic adverse effects (thrombocytopenia 41%/6%,
neutropenia 16%/3%, anemia 10%/n.a.) should receive special attention (Cortes
et al. 2013; Lipton et al. 2016). Furthermore, the occurrence of arterial thrombotic
events in the PACE trial (5.1% cardiovascular serious adverse events, 2.4% cere-
brovascular serious adverse events, and 2.0% peripheral vascular serious adverse
events) has to be highlighted (Cortes et al. 2013).

In order to improve the safety information about ponatinib with particular focus
on the arterial thrombotic events, the available data of patients treated with pona-
tinib in the respective clinical trials (phase 1 trial, 81 patients; phase 2 PACE trial,
449 patients; phase 3 EPIC trial 153 patients) were recently analyzed retrospec-
tively. A total of 671 patients were included in the multivariate analysis. The
strongest independent predictors for the arterial thrombotic events were history of
ischemic disease, dose intensity of ponatinib, and age. According to this analysis, a
15-mg/d decrease in ponatinib dose intensity results in a 33% reduction in the risk
of an arterial occlusive event (Dorer et al. 2016). In the PACE phase 2 trial, 68% of
the patients required dose reductions to 30 or 15 mg once daily during the course of
therapy. The follow-up of these patients showed that the efficacy was retained at
lower doses in most cases (Cortes et al. 2015). Along with this information, the
current prescribing information recommends to consider dose reduction to 30 or
15 mg in patients achieving major cytogenetic response after patient’s individual
risk assessment taking into account cardiovascular risk factors, individual tolera-
bility, time to cytogenetic response, and molecular response (status: 11/2016 FDA;
09/2017 EMA).

Based on the experience regarding the improved response rates achieved by
ponatinib as well as the dose-related risk for adverse events (pancreatitis, arterial
occlusive events, rash), further studies were initiated.

First, a phase 2 trial (OPTIC trial/NCT02467270) assays the activity and risk of
three different starting doses of ponatinib (45/30/15 mg) in CP-CML patients who
received at least two different TKI before. To address the safety concerns especially
in higher doses of ponatinib, the drug will be reduced to 15 mg daily upon an
achievement of MCyR. This trial aims to enroll 450 patients.

Second, a phase 3 trial (OPTIC-2L trial/NCT02627677) compares two doses of
ponatinib (30 mg/15 mg once daily) and nilotinib 400 mg twice daily in CP-CML
following resistance to imatinib. Again, a dose reduction of ponatinib (30–15 mg;
15–10 mg) is implemented in the study protocol after reaching MMR. A total of
600 patients will be included and randomized according to a 1:2:1 scheme.
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Furthermore, a single-armed phase 2 trial (OPUS trial/NCT02398825) examines
the activity and risk profile of 30 mg ponatinib, which will as well be adjusted to
15 mg daily once an MMR has been achieved.

In addition to the use of ponatinib in CML and Ph+ ALL, other diseases could
potentially benefit from the treatment with this drug as well. Preclinical studies
reported that ponatinib inhibits not only BCR-ABL but also RET, FLT3, KIT, SRC,
as well as members of receptor kinase families VEGFR, FGFR, and PDGFR
(O’Hare et al. 2009). Following these findings, in vitro as well as in vivo studies /
mouse xenograft models investigated the effect of ponatinib in AML as well as
breast cancer cell lines and carcinoma of the endometrium, bladder, stomach, colon,
lung, and medullary thyroid. In these neoplasms, ponatinib was shown to inhibit
proliferation and additionally to induce apoptosis in FLT3-ITD-driven AML. The
activity of ponatinib in these preclinical studies constitutes the rational to examine
ponatinib in a variety of additional cancer entities (Falco et al. 2013; Gozgit et al.
2011, 2012; Zirm et al. 2012). Respective clinical trials on FLT3-ITD positive
AML, non-small cell lung cancer (NSCLC), glioblastoma, thyroid cancer, and
others are currently evaluating the significance of ponatinib in those disease entities.

In conclusion, ponatinib constitutes a powerful BCR-ABL inhibitor and has
been approved for the treatment of CML patients resistant or intolerant to imatinib,
dasatinib, or nilotinib. It displays clinical activity both in wild-type and in
BCR-ABL mutant CML, including activity against the T315I mutation. Ponatinib
induces high rates of remission. On the other hand, it causes an increased risk for
serious adverse events, especially arterial thrombotic events. Current clinical trials
investigate optimized dosing schemes in order to reduce the occurrence of these
adverse events while maintaining its clinical activity. Despite previous TKI failure,
chronic-phase CML patients can achieve sustained remissions using the novel drug.
For patients with advanced CML or Ph+ ALL, ponatinib therapy can successfully
bridge the time to allogeneic stem cell transplantation.
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Abstract
Ruxolitinib, formerly known as INCB018424 or INC424, is a potent and
selective oral inhibitor of Janus kinase (JAK) 1 and JAK2. Ruxolitinib has been
approved for the treatment of myelofibrosis (MF) by the US Food and Drug
Administration (FDA) in 2011 and by the European Medicines Agency
(EMA) in 2012, followed by the approval for the treatment of hydroxyurea
(HU)-resistant or -intolerant polycythemia vera (PV) in 2014. Both MF and PV
are myeloproliferative neoplasms (MPNs) which are characterized by the
aberrant activation of the JAK–STAT pathway. Clinically, MF features bone
marrow fibrosis, splenomegaly, abnormal blood counts, and poor quality-of-life
through associated symptoms. PV is characterized by the overproduction of
primarily red blood cells (RBC), risk of thrombotic complications, and
development of secondary MF. Ruxolitinib treatment results in a meaningful
reduction in spleen size and symptom burden in the majority of MF patients and
may also have a favorable effect on survival. In PV, ruxolitinib effectively
controls the hematocrit and reduces splenomegaly. Since recently, ruxolitinib is
also under investigation for the treatment of graft-versus-host disease (GvHD)
after allogeneic hematopoietic stem cell transplantation (HSCT). Toxicities of
ruxolitinib include myelosuppression, which results in dose-limiting thrombo-
cytopenia and anemia, and viral reactivations. The metabolization of ruxolitinib
through CYP3A4 needs to be considered particularly if co-administered with
potent CYP3A4 inhibitors. Several further JAK inhibitors are currently under
investigation for MPNs or other immuno-inflammatory diseases.

Keywords
Ruxolitinib � Polycythemia vera � Myelofibrosis � Graft-versus-host disease

1 Introduction

Ruxolitinib is licensed for the treatment of myelofibrosis (MF) and polycythemia
vera (PV). Both diseases belong to the group of myeloproliferative neoplasms
(MPNs). MF is associated with a continuous decrease in hematopoietic function of
the bone marrow due to progressive fibrosis. This leads to extramedullary hema-
topoiesis with enlargement of liver and spleen in an attempt to compensate the
marrow fibrosis and progressive pancytopenia at later stages of the disease. The
disease is accompanied by general symptoms such as fatigue, night sweats, fever,
and weight loss. The only curative approach to MF is allogeneic hematopoietic
stem cell transplantation (HSCT). Ruxolitinib currently constitutes the best avail-
able medical treatment to temporarily improve symptoms and quality-of-life in
many MF patients. Whether or not ruxolitinib is able to prolong the survival of MF
patients continues to be a controversial issue. Alternative palliative therapies for MF
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are hydroxyurea (HU) and corticosteroids. PV is characterized by neoplastic pro-
liferation of erythroid cells and secondary MF. Ruxolitinib can mitigate the red cell
proliferation and splenomegaly and is approved as second-line therapy in PV
patients with resistance to or intolerance of HU.

2 Structure, Mechanism of Action, and Pharmacokinetics

The Janus kinase (JAK) family consists of four intracellular, nonreceptor tyrosine
kinases: JAK1, JAK2, JAK3, and tyrosine-protein kinase 2 (TYK2). JAKs are
constitutively bound to cytokine receptors. Upon binding of a ligand to the receptor,
JAKs phosphorylate and activate downstream targets such as signal transducers and
activators of transcription (STAT) (Mertens and Darnell 2007). Thus, JAKs have a
crucial role in regulation and homeostasis in hematopoiesis and immunity. In 2005,
an activating mutation in the JAK2 pseudokinase, i.e., V617F, was identified in a
high proportion of patients with myeloproliferative neoplasms, and expression of
the mutant JAK2 in a murine model resulted in an MPN-like disease (James et al.
2005; Quintás-Cardama et al. 2010). These findings drove the development of
drugs to target wild-type and/or mutant JAK2. Ruxolitinib is the first of these drugs
that has been approved for treatment.

Ruxolitinibwas formerly known as INCB018424or INC424.The chemical name is
(R)-3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-pyrazol-1-yl)-
3-cyclopentylpropanenitrile phosphate, and its molecular weight is 306.37 g/mol
(Fig. 1).

Ruxolitinib is an oral, reversible class I inhibitor and competes with ATP in the
catalytic site of the JAK tyrosine kinases. Accordingly, ruxolitinib is not specific for
the JAK2 V617F mutation. Its efficacy in myelofibrosis has been primarily attributed
to attenuation of the inflammatory state caused by constitutive JAK–STAT activa-
tion and a nonspecific myelosuppression. Peak plasma concentrations of ruxolitinib
are achieved within one hour after administration and decline in a monophasic or
biphasic manner with a mean terminal half-life of 2.3 h (Shilling et al. 2010).

N

N
N

N

N

NFig. 1 Chemical structure of
ruxolitinib
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3 Preclinical Data

Ruxolitinib selectively inhibited JAK1 and JAK2 with IC50 values of 3.3 and
2.8 nM, respectively. The IC50 was approximately sixfold higher for TYK2 and
140-fold higher for JAK3 (Quintás-Cardama et al. 2010). Ruxolitinib also sup-
pressed the proliferation of JAK2 V617-positive Ba/F3 cells with an IC50 of
127 nM as well as the cytokine-independent colony formation of erythroid pro-
genitors from patients with JAK2 V617F-positive polycythemia vera with an IC50

of 67 nM (Quintás-Cardama et al. 2010). In Balb/c mice injected with JAK2
V617F-positive Ba/F3 cells, ruxolitinib reduced splenomegaly, decreased levels of
circulating interleukin 6 and tumor necrosis factor alpha, and prolonged survival
(Quintás-Cardama et al. 2010).

4 Clinical Data

4.1 Ruxolitinib in the Treatment of MF

The Food and Drug Administration (FDA) in the USA approved ruxolitinib for the
treatment of MF in 2011 and the European Medicines Agency (EMA) in 2012. MF
can occur as primary MF (PMF), post-essential thrombocythemia MF (PETMF), or
post-PV MF (PPVMF). It is characterized by progressive bone marrow fibrosis,
splenomegaly, abnormal blood counts as well as constitutional symptoms (fever,
weight loss, and night sweats) and other debilitating symptoms, such as fatigue,
bone pain, early satiety, abdominal pain, and pruritus. Abnormal levels of
proinflammatory cytokines and the activation of the JAK–STAT pathway are
characteristic for myelofibrosis. JAK2 V617F mutations are found in approximately
half of the patients, most of the remaining patients harbor mutations in the cal-
reticulin gene (CALR) or, less frequently, in the gene of the thrombopoietin
receptor (MPL). The median survival of patients after the diagnosis of MF depends
on the presence of risk factors and varies according to the International Prognostic
Scoring System (IPSS) between 2 years for patients with high risk and 11 years for
those with low-risk features (Cervantes et al. 2009). Major causes of death are
leukemic transformation or progressive marrow fibrosis with pancytopenia (Cer-
vantes et al. 2009). Except for allogeneic HSCT, the current therapeutic approaches
are palliative and confer a temporary benefit.

In a phase 1/2 trial, which included 153 adult patients with MF (93% IPSS
intermediate-2 or high risk), thrombocytopenia was found to be the dose-limiting
toxic effect, and 25 mg twice daily was defined as the maximum tolerated dose
(Verstovsek et al. 2010). Sixty-one (44%) of 140 patients with splenomegaly had a
� 50% reduction in palpable splenomegaly in the first 3 months of treatment.
Response rates were highest among patients who received 15 mg twice daily (re-
sponse rate 52%) or 25 mg twice daily (response rate 49%). Considering also those
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with a less pronounced effect on splenomegaly, � 70% of patients with 10, 15, or
25 mg twice daily had � 25% reduction in palpable spleen size in the first
2 months of treatment. Response rates were similar among patients with or without
JAK2 V617F mutation. In accordance, the suppression of STAT3 phosphorylation
was observed regardless of the presence of JAK2 V617F. In addition to the
reduction in the spleen size, the majority of patients with 10, 15, or 25 mg twice
daily had a � 50% improvement of myelofibrosis-related symptoms. With regard to
the blood counts, the mean white blood cell count decreased from 29.8 � 109 to
16.0 � 109/L, and patients with elevated platelet counts at baseline (mean
728 � 109/L) had reduced platelet counts (336 � 109/L) at 3 months of treatment.
In the long-term follow-up of 107 patients included in the phase 1/2 trial, the
median duration of a meaningful spleen size reduction was approximately 2 years
from the onset of the response (Verstovsek et al. 2012a).

Subsequent to the phase 1/2 trial, two phase 3 studies (COMFORT-I and
COMFORT-II) were initiated. In both trials, patients had PMF, PETMF, or PPVMF
with palpable splenomegaly of at least 5 cm below the costal margin and an IPSS
intermediate-2 or high risk. The starting dose depended on the baseline platelet
count and was 15 mg twice daily for platelets of 100 � 109/L–200 � 109/L and
20 mg twice daily for platelets of more than 200 � 109/L. During the study, the
dosing was reduced based on neutropenia or thrombocytopenia or escalated (to a
maximum of 25 mg twice daily) to increase efficacy. While COMFORT-I was a
double-blind, placebo-controlled trial including 155 patients in the ruxolitinib group
and 154 in the placebo group, COMFORT-II was an open-label trial testing rux-
olitinib in 146 patients against best available therapy (BAT, mostly HU or gluco-
corticoids) in 73 patients.

The primary efficacy endpoint was the proportion of patients achieving a � 35%
reduction in spleen volume at 24 weeks (COMFORT-I) or 48 weeks
(COMFORT-II), as assessed by MRI or CT scan. The respective endpoint was
reached by 42% in the ruxolitinib and 1% in the placebo group in COMFORT-I
(Verstovsek et al. 2012b) and by 28% in the ruxolitinib group compared with 0% in
the BAT group in COMFORT-II (Harrison et al. 2012). The median time to the first
observation of � 35% reduction in spleen volume was 12 weeks in the ruxolitinib
group in COMFORT-II. Overall, almost every patient who received ruxolitinib had
some degree of spleen size reduction.

A secondary endpoint in COMFORT-I was the proportion of patients with a
� 50% reduction in the total symptom score at 24 weeks measured by the modified
Myelofibrosis Symptom Assessment Form. This endpoint was reached by 46% of
the ruxolitinib-treated patients and 5% of the patients receiving placebo in
COMFORT-I (Verstovsek et al. 2012b). In contrast, only 4% of the ruxolitinib
group had significant worsening of symptoms (>50% increase in total symptom
score), compared with 33% in the placebo group (Mesa et al. 2013). Comparable
results regarding quality-of-life and symptoms were obtained in COMFORT-II
(Harrison et al. 2012).
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Notably, ruxolitinib was effective in reducing spleen size and symptom burden
regardless of age groups (� 65 and >65 years), MF subtype, IPSS risk, pretreat-
ment spleen size, pretreatment platelet count, and JAK2 V617F status (Verstovsek
et al. 2013). Although there were no significant differences according to the JAK2
V617F status, JAK2 V617F-positive patients had a mean reduction in the spleen
volume of 35% and in the symptom burden of 53%, whereas those negative for
JAK2 V617F had reductions of 24 and 28%, respectively, (Verstovsek et al.
2012b).

Ruxolitinib-treated patients also had a survival benefit compared with those
receiving placebo in COMFORT-I (HR 0.5, 95%-CI 0.25–0.98, P = 0.04). In
COMFORT-II, overall survival (OS) was similar between the ruxolitinib and BAT
group after 48 weeks. No survival difference was observed between intermediate-2
and high-risk patients when treated with ruxolitinib (Verstovsek et al. 2012a). The
finding of a survival benefit in one cohort of the phase 1/2 trial (Verstovsek et al.
2012a), but not another (Tefferi et al. 2011) was reasoned to be due to the lower
discontinuation rates and a higher mean ruxolitinib dose in the cohort with the
survival advantage by ruxolitinib (Verstovsek et al. 2012a). Disease progression or
loss or lack of response was the reason for treatment discontinuation in 40% of the
patients in the report by Tefferi et al. (2011), whereas progressive disease was the
cause for discontinuation in 11% in the cohort studied by Verstovsek et al. (2012a).

Subsequent analyzes of these trials with longer periods of follow-up underlined
the benefits conferred by ruxolitinib therapy. In the final, five-year update of the
COMFORT-I trial, 28% of ruxolitinib-randomized patients and 25% of the patients
who crossed over from placebo to ruxolitinib, were still on treatment, while no
patients remained in the placebo arm. Among the patients, who were randomized to
ruxolitinib, 59% achieved a � 35% reduction in spleen volume, with a median
duration of response of 168 weeks (Verstovsek et al. 2017). The median OS in the
ruxolitinib arm was not reached, while among patients randomized to placebo the
median OS was 4.2 years (HR 0.69; 95%-CI 0.50-0.96; P = 0.025). Similarly, in
the COMFORT-II trial, there was a 33% reduction in risk of death with ruxolitinib
compared with BAT (HR 0.67; 95%-CI 0.44-1.02; P = 0.06). The OS benefit
conferred by ruxolitinib remained significant after correction for crossover (HR
0.44, 95%-CI 0.18-1.04; P = 0.06) (Harrison et al. 2016). The exact reasons for the
survival benefits remain to be determined, but may be related to spleen size
reduction and alleviation of cytokine-driven symptoms and specific patient groups
being included in these studies.

While the COMFORT-studies only included patients with IPSS intermediate-2
or high-risk MF, the phase 3b expanded access JUMP trial also comprised 163
intermediate-1 risk patients. The safety and efficacy profile in these patients was
similar to that of the intermediate-2—and high-risk patients enrolled in the JUMP or
COMFORT trials (Al-Ali et al. 2016). Accordant findings were reported from a
retrospective analysis that included 25 IPSS low-risk and 83 IPSS intermediate-1
risk patients (Davis et al. 2015).
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4.2 Ruxolitinib in the Treatment of PV

In 2014, ruxolitinib was granted approval for the treatment of HU-resistant or -
intolerant PV patients. PV is a MPN characterized by the hyperproliferation of
primarily red cells, which is often accompanied by increased white blood cell and
platelet counts. Major complications of PV are the progression to MF (i.e., PPVMF)
and, in particular, the increased rate of thromboembolic events, including cardio-
vascular diseases.

The approval of ruxolitinib for the treatment of PV was based on two phase 3
trials (RESPONSE and RESPONSE-2) for patients with PV and HU resistance or
intolerance. In RESPONSE-2, hematocrit control was achieved in 62% of 74
ruxolitinib-treated patients compared with 19% of the patients who received BAT.
No cases of grade 3–4 anemia or thrombocytopenia occurred with ruxolitinib
(Passamonti et al. 2017). The RESPONSE trial, which had been conducted before
the RESPONSE-2 trial, was restricted to PV patients with splenomegaly. Here, in
addition to the hematocrit control, 38% of patients in the ruxolitinib arm had a
reduction of the spleen volume by � 35%, compared with 1% in the BAT-arm
(Vannucchi et al. 2015). Thromboembolic events occurred in one patient receiving
ruxolitinib and in six patients receiving best available therapy.

4.3 Ruxolitinib in Combination Therapy

The combination of ruxolitinib with other agents is an attractive option for future
MPN treatment. However, when searching for combination partners one needs to
bear in mind the myelosuppressive effects of ruxolitinib.

The combination of ruxolitinib with immunomodulatory agents such as poma-
lidomide or thalidomide is currently being investigated (Verstovsek and Bose
2017). In preliminary results from the POMINC trial (NCT01644110), which
enrolls anemic patients with intermediate-2 or high-risk MF according to the
dynamic IPSS (DIPSS) and investigates the combination of ruxolitinib with
pomalidomide, 3 of 37 patients had an hemoglobin increase � 2 mg/dL and/or
reached RBC transfusion independence (Stegelmann et al. 2016).

Sotatercept is a first-in-class activin receptor type IIA fusion protein acting as a
ligand trap that may relieve stromal inhibition of erythropoiesis (Iancu-Rubin et al.
2013). In an ongoing trial (NCT01712308) in MF patients with anemia, sotatercept
is investigated as monotherapy at different dose levels and in combination with
ruxolitinib. In preliminary results, sotatercept treatment is associated with a
promising overall response rate (ORR) and RBC transfusion independence in some
patients (Verstovsek and Bose 2017).

Aberrations in the DNA methylation are frequent in MPNs and may impact gene
expression (McPherson et al. 2017). However, DNA methyltransferase (DNMT)
inhibitors, such as azacytidine or decitabine, showed limited single-agent activity in
MF. The addition of ruxolitinib to a DNMT inhibitor may have synergistic effects
on gene expression. Preliminary results on such combinations are promising and
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point out that these regimens may be particularly beneficial for patients with
advanced MF disease stages (Daver et al. 2016; Rampal et al. 2016).

4.4 Ruxolitinib as Salvage Treatment
for Graft-versus-Host Disease (GvHD)

Corticosteroid-refractory GvHD causes high morbidity and mortality despite of the
improvements in allogeneic HSCT over the past decades (Zeiser and Blazar 2017a,
b). Preclinical evidence indicated the potent anti-inflammatory properties of JAK
1/2 inhibitors (Spoerl et al. 2014). Zeiser et al. (2015) performed a retrospective,

Fig. 2 Treatment of steroid-refractory acute graft-versus-host disease (aGvHD). a Grade IV
aGvHD of the gut before treatment with ruxolitinib and b grade I after treatment with ruxolitinib
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multicenter survey of 95 patients, who received ruxolitinib as salvage therapy for
corticosteroid-refractory GvHD (the median number of previous GvHD-therapies
was three). Despite this heavily pretreated population, the ORR was 81.5% in acute
GvHD (including 46.3% complete responses (CR)) (Fig. 2) and 85.4% in chronic
GvHD (78% of the patients achieved a partial response (PR)). Responses were
durable and the rate of GvHD-relapse was low (acute GvHD: 6.8%, chronic GvHD:
5.7%). Several prospective trials in patients with acute or chronic GvHD are cur-
rently following up these initial observations, for example, RIG (NCT02396628),
REACH2 (NCT02913261), or REACH3 (NCT03112603).

5 Toxicity

In phase 3 clinical trials in MF patients, the nonhematologic toxic effects were largely
similar between the ruxolitinib and the placebo or BAT group (Verstovsek et al. 2012b;
Harrison et al. 2012). In the COMFORT-I trial bruising, dizziness, and headache
(mostly grade 1 or 2) were more frequently associated with ruxolitinib compared to
placebo.Whereas inCOMFORT-II, diarrhea (predominantly grade 1 or 2)was the only
adverse eventwith a � 10%higher occurrence in the ruxolitinib than in theBATgroup.

With regard to hematologic effects in MF patients, thrombocytopenia and anemia
occurred more frequently in patients receiving ruxolitinib than in those receiving
placebo or BAT (Verstovsek et al. 2012b; Harrison et al. 2012). Although anemia
and thrombocytopenia were the most common adverse events under ruxolitinib,
these were usually manageable with dose modifications, treatment interruption, or
transfusion and rarely led to discontinuation of therapy. In COMFORT-II, manda-
tory dose reductions due to thrombocytopenia were required in 41% of patients
receiving ruxolitinib. Overall, dose reductions or treatment interruptions due to
adverse events were expectedly more frequent in the ruxolitinib (63%) than in the
BAT group (15%) in COMFORT-II. It had already been observed in the preceding
phase 1/2 trial that patients with a 25 mg twice daily dose more often experienced
thrombocytopenia and new onset of anemia than those with 15 mg twice daily
(Verstovsek et al. 2010).

In the RESPONSE trials conducted among patients with PV, the hematologic
side effects were less pronounced; grade 3 or 4 anemia or thrombocytopenia
occurred in less than 2 and 5% of patients, respectively, (Vannucchi et al. 2015;
Passamonti et al. 2017).

Due to the hematological side effects, it is recommended to adapt the starting dose
of ruxolitinib to the baseline platelet counts (Jakavi 2017). Patients with severe renal
impairment should start with a reduced dosage of ruxolitinib. If dialysis is required,
the dosage should be given after dialysis (on days of dialysis). For patients with
hepatic impairment, it is recommended to reduce the starting dose by 50%. After
careful monitoring, subsequent doses may be increased if well tolerated. Ruxolitinib
treatment should be interrupted if the platelet count drops below 50,000/mm3 or the
neutrophil count below 500/mm3. The hematological side effects are generally
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reversible and well manageable by treatment reduction or interruption. An ongoing
trial aims to further investigate the safety and efficacy of ruxolitinib in patients with
MF and low platelet counts (NCT01348490, Talpaz et al. 2013).

Following interruption of ruxolitinib, disease-associated symptoms returned to
pretreatment levels within approximately 1 week among MF patients (Verstovsek
et al. 2012b). Among the adverse events that occurred after discontinuation, no
pattern was observed that would suggest a withdrawal syndrome (Verstovsek et al.
2012b). However, as acknowledged in the FDA prescribing information, a patient’s
clinical course may worsen after discontinuation of ruxolitinib during acute illness
(Tefferi et al. 2011; Tefferi and Pardanani 2011). Although such a ruxolitinib
withdrawal syndrome due to a cytokine rebound remains to be established, the FDA
recommends that a gradual tapering of ruxolitinib (e.g., by 5 mg twice daily each
week) may be considered, when therapy is discontinued for reasons other than
thrombocytopenia.

Importantly, ruxolitinib treatment has been associated with severe infections
(including opportunistic infections) and viral (re-)activation, such as CMV, HBV,
or VZV (Herpes zoster) (Caocci et al. 2014; Vannucchi et al. 2015; Zeiser et al.
2015; Verstovsek et al. 2017). Thus, ruxolitinib should only be used with caution in
patients with pertinent risks, and all patients should be carefully monitored for
opportunistic infections and viral re-activation under ruxolitinib treatment.

6 Drug Interactions

Ruxolitinib is primarily metabolized by cytochrome P450 3A4 (CYP3A4).
Co-administration of ruxolitinib with the strong CYP3A4 inhibitor ketoconazole or
the moderate CYP3A4 inhibitor erythromycin increased ruxolitinib plasma expo-
sure by 91 and 27%, respectively, which was consistent with the level of inhibition
of interleukin 6-stimulated STAT3 phosphorylation (Shi et al. 2012).
Co-administration of the CYP3A4 inducer rifampicin decreased the plasma levels
of ruxolitinib by 71%, but reduced the inhibition of STAT3 phosphorylation by
only 10%. This discrepancy may be explained by the presence of active ruxolitinib
metabolites (Shi et al. 2012). Hence, adjustments in ruxolitinib doses may not be
required when co-administered with inducers or moderate inhibitors of CYP3A4;
however ruxolitinib doses should be reduced by 50% if co-administered with strong
CYP3A4 inhibitors (for example, azoles).

7 Biomarkers

MF patients receiving ruxolitinib had increased plasma levels of leptin and ery-
thropoietin and reduced plasma levels of proinflammatory tumor necrosis factor
alpha and interleukin 6 (Verstovsek et al. 2010, 2012b; Harrison et al. 2012).
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The decrease in proinflammatory cytokines was associated with symptomatic
improvements by ruxolitinib in the phase 1/2 trial among MF patients (Verstovsek
et al. 2010).

While most patients with MF benefit from ruxolitinib, some patients are
refractory, have an inferior response or develop secondary resistance. No difference
in the response to ruxolitinib has been observed between MF patients with a JAK2
or CALR mutation (Guglielmelli et al. 2014). Patel et al. (2015) assessed the
mutations status of 28 genes in 95 MF patients treated with ruxolitinib. Patients
with � 3 mutations had lower odds to achieve a 50% reduction of spleen size and
shorter OS than those with fewer mutations. This finding warrants further studies to
establish biomarkers that are predictive for the response of MPN patients to
ruxolitinib.

8 Other JAK Inhibitors

Based on the key role of JAKs in cytokine signaling, JAK inhibitors are also being
studied in the treatment of other MPNs, such as essential thrombocythemia, as well
as other immuno-inflammatory diseases, such as rheumatoid arthritis, inflammatory
bowel disease, and psoriasis. Tofacitinib, which mainly inhibits JAK3, has been
approved for the treatment of rheumatoid arthritis in the USA.

Clinical trials with newer JAK inhibitors in MF patients were particularly aimed
to identify treatments which are less myelosuppressive than ruxolitinib. In phase 3
SIMPLIFY-1 trial, momelotinib, a JAK1/2 inhibitor, was noninferior to ruxolitinib
with regard to spleen response but not with regard to symptom control in MF
patients who had previously not been treated with a JAK inhibitor; importantly,
momelotinib treatment was by trend associated with a reduced transfusion
requirement (Mesa et al. 2017a). In the SIMPLIFY-2 trial which enrolled MF
patients previously treated with ruxolitinib, momelotinib was not superior to BAT
for the reduction of spleen size by � 35% (Harrison et al. 2017).

Pacritinib, a JAK2 inhibitor, was investigated in two phase 3 trials in MF
patients. In PERSIST-1, patients could be enrolled irrespective of pre-existing
anemia or thrombocytopenia. Here, at week 24, 19% of the patients in the pacritinib
group had achieved a � 35% reduction in spleen volume (Mesa et al. 2017b). In
contrast to PERSIST-1, the PERSIST-2 trial allowed prior JAK2 inhibitor treatment
and ruxolitinib as best available therapy. In preliminary results, pacritinib was more
effective in the reduction of spleen volume than BAT (Mascarenhas et al. 2016). In
2016, the FDA placed full clinical hold on pacritinib studies following reports on
patient deaths related to intracranial hemorrhage, cardiac failure, or cardiac arrest in
the PERSIST-2 trial. The full clinical hold has been removed in 2017. A new trial
(PAC203, NCT03165734) is ongoing in order to evaluate the safety and the dose—
response relationship for efficacy of three pacritinib dosing regimens.
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9 Summary and Perspectives

Ruxolitinib is a potent and selective oral inhibitor of JAK1 and JAK2, which
induces clinically meaningful responses in terms of reduced splenomegaly and
debilitating symptoms in the majority of patients with MF, while its favorable
impact on survival and bone marrow fibrosis has yet to be firmly established.
Overall ruxolitinib is a precious addition to the palliative substances currently used
in the treatment of patients with MF, who are not candidates for a potentially
curative allogeneic HSCT. In addition, ruxolitinib has become a valuable addition
to the treatment options in patients with PV with HU resistance or intolerance.

As with other therapies, future research has to focus on biomarkers that can
reliably predict patients with response to ruxolitinib treatment. Being able to restrict
treatment to only responsive patients would avoid exposition of the remaining
patients to side effects and drastically reduce overall therapy costs. In addition,
current and future research aims to identify agents to combine with ruxolitinib in
the treatment of MPNs and expand the usage of ruxolitinib to other
immuno-inflammatory diseases, such as GvHD.
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Abstract
Abnormal B-cell receptor (BCR) signalling is a key mechanism of disease
progression in B-cell malignancy. Bruton’s tyrosine kinase (BTK) has a pivotal
role in BCR signalling. Ibrutinib (PCI-32765) is a small molecule which serves
as a covalent irreversible inhibitor of BTK. It is characterized by high selectivity
for BTK and high potency. Ibrutinib is currently approved by the FDA and EMA
for use in chronic lymphocytic leukaemia in any line of treatment, for treatment
of Waldenstrom macroglobulinemia in patients who have received previous
treatments or are not suitable to receive immunochemotherapy as well as for
second line treatment of mantle cell lymphoma and for patients with marginal
zone lymphoma who have received at least one prior anti-CD20-based therapy.
In addition, there is emerging clinical data on its efficacy in ABC subtype diffuse
large B-cell lymphoma, multiple myeloma and primary central nervous system
lymphoma. Ibrutinib has opened new options for treatment of those patients that
have relapsed or have been refractory to more classical modes of treatment.
Moreover, Ibrutinib has been shown to be effective in patients that have been
known to have little sensitivity to classical immunochemotherapy. Having a
favourable risk profile, the substance is, unlike conventional immunochemother-
apy, also suitable for the less physical fit patients. Cases of primary and
secondary resistance to Ibrutinib have emerged and there is an ongoing effort to
identify their mechanism and develop strategies to overcome them. Beyond its
direct effects on survival and apoptosis of malignant B-cells, there is increasing
evidence that Ibrutinib is able to modulate the tumour microenvironment to
overcome mechanisms of immune evasion. This has sparked interest in use of
the substance beyond lymphoid malignancy. This chapter discusses structure,
mechanism of action and toxicities of Ibrutinib and also presents important
preclinical and clinical data as well as mechanisms of Ibrutinib resistance.
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Combination strategies with immunotherapeutic strategies such as immune
checkpoint blockade and CAR T-cell therapy may be synergistic and are
currently under investigation.

Keywords
Ibrutinib � B-cell receptor � Chronic lymphocytic leukemia � Mantel cell
lymphoma � Waldenstrom’s Macroglobulinemia � Marginal zone lymphoma �
Tumour microenvironment � Immunomodulation

1 Introduction

The concept of targeted therapies is becoming increasingly popular in a coordinated
attempt to investigate and possibly eliminate cancer. Extensive study of tumori-
genesis and in-depth analysis of the genomic, biochemical and immunological
aspects of cancer cells have given rise to a paradigm shift in the treatment of
malignancies. In an era where the limitations of conventional therapies are
becoming increasingly apparent, targeted therapies, including small molecule
inhibitors, are important additions to the armamentarium against malignancies.

Excessive and uncontrolled proliferation of cells comprises a significant hall-
mark of cancer. This is largely due to activating mutations in either receptor or
non-receptor tyrosine kinases. Receptor tyrosine kinase domains of growth factor
receptors (GFRs) are responsible for regulating cell proliferation, growth and dif-
ferentiation upon ligand binding. Such mutations result in constitutive activation of
the kinases and hence, of downstream signalling pathways that regulate the
aforementioned cell functions, thus bringing about growth factor independent
growth. Alternatively, mutations in non-receptor tyrosine kinases, a subgroup of
cytoplasmic kinases, also play an important role in cell differentiation, growth, as
well as in migration and apoptosis. Not surprisingly, the role of both receptor and
non-receptor tyrosine kinases in malignant transformation has rendered them sig-
nificant targets for anti-cancer therapy.

Bruton’s tyrosine kinase is an example of a cytoplasmic tyrosine kinase and is a
vital constituent of the B-cell receptor (BCR) signalling pathway, B-cell activation
and development. In 1952, Ogden Bruton first discovered a case of B-cell devel-
opmental arrest and inability to mount an effective humoral immune response in a
paediatric patient. The discovery of this condition later dubbed X-linked agam-
maglobulinemia (XLA) has laid the basis for the discovery of Bruton’s tyrosine
kinase (BTK) and of related gene defects. BTK and its role in BCR signalling have
thus rendered BTK inhibition a possible therapeutic mode for a range of malig-
nancies (Bruton 1952).

PCI-32765, better known as Ibrutinib, is a small molecule first designed by
Celera Genomics as a selective inhibitor of Bruton’s tyrosine kinase (BTK). The
compound has been approved by the FDA and EMA for therapeutic use in chronic
lymphocytic leukaemia (CLL), Waldenstrom macroglobulinemia (WM), mantle
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cell lymphoma (MCL) and marginal zone lymphoma (MZL). In addition to this,
there is emerging data on clinical use in activated B-cell (ABC) subtype diffuse
large B-cell lymphoma (DLBCL), multiple myeloma (MM), solid malignancies and
primary central nervous system lymphoma (PCNSL). In August 2017, it was also
licensed for use in the treatment of chronic graft versus host disease (GvHD).

2 Structure and Mechanism of Action

2.1 Bruton’s Tyrosine Kinase and B-cell Receptor Signalling

In B-cell malignancies, antigen-dependent and independent BCR signalling is
widely appreciated as one of the main mechanisms to promote disease progression
(Chiorazzi et al. 2005; Davis et al. 2010; Stevenson et al. 2011; Minden et al. 2012;
Woyach et al. 2012). The early placement of BTK in the BCR signalling cascade
essentially means it is a cornerstone in the functions of the BCR.

BTK belongs to the Tec family of non-receptor tyrosine kinases. It consists of 659
amino acids, has amolecular weight of 77 kDa (Sideras et al. 1994) and is encoded by
the BTK gene which is located in the long arm (q) of the X chromosome at position
22.1 (Broides et al. 2006). Tec family kinases consist of a pleckstrin homology
(PH) domain, which binds phosphoinositides, hence contributing to phosphotyrosine-
mediated and phospholipid-mediated signalling systems. BTK also contains a cat-
alytic domain (SH1), two Src homology (SH) domains (SH2 and SH3) and a Tec
homology (TH) domain, which is in turn composed of a BTK homology (BH) region
and a polyproline region (PPR) (Mohamed et al. 2009). Each of the aforementioned
domains interacts with a multitude of intracellular signalling mediators.

The BCR is a complex consisting of a membrane-bound immunoglobulin
(Ig) coupled with heterodimers of the transmembrane proteins CD79a (Ig-alpha)
and CD79b (Ig-beta) joined together by disulphide bridges. Physiologically,
engagement of the Ig by antigen results in receptor aggregation, which subse-
quently activates the Src family kinases Lyn, Blk, Fyn, Syk and BTK. Phospho-
rylation of the aforementioned kinases as well as phosphorylation of the
immunoreceptor-based activation motifs (ITAMs) found in the cytoplasmic tail
of CD79a/b occurs (Woyach et al. 2012). The phosphorylated BCR binds to either
the Syk or Lyn protein tyrosine kinase, which consequently activates downstream
signalling cascades. The B-cell linker protein (BLNK) acts as a scaffold for
phospholipase C gamma 2 (PLCc-2) and BTK to form a microsignalosome that
initiates downstream calcium signalling. Hydrolysis of membrane PIP2 results in
the production of IP3, and this activates the corresponding IP3 receptors bringing
about calcium egress from the endoplasmic reticulum (Hendriks et al. 2014; Seda
and Mraz 2015). This promotes the influx of more Ca2+ through calcium
release-activated channels (CRAC). The increased ionic calcium in the cytosol
promotes activation of PKCb which mediates the activation of transcription factors
needed for B-cell proliferation and differentiation including NF-jB, NFAT as well
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as other protein kinases like ERK or JNK (Satterthwaite and Witte 2000;
Scharenberg et al. 2007). These pathways normally achieve continuation of the cell
cycle, as well as increased transcriptional activity, proliferation and survival.
Through BTK inhibition, Ibrutinib abrogates or reduces the extent of the above
processes. BTK is also involved in chemokine receptor signalling, namely in the
activation of the chemokine receptors CXCR4 and CXCR5 by chemokines
CXCL12 and CXCL13 which controls chemotaxis, adhesion and tissue-homing
effects (Ortolano et al. 2006; de Gorter et al. 2007) (Fig. 1).

2.2 Ibrutinib Structure

For structure and chemical characteristics of Ibrutinib, refer to Fig. 2 (Pan et al.
2007; Honigberg et al. 2010).

2.3 Mode of Action and Pharmacokinetics

Ibrutinib and its active metabolite PCI-45227 bind covalently and irreversibly to
cysteine residue 481 within the ATP binding domain of BTK. The inhibitory

Fig. 1 BTK signalling pathways. Abbreviations PIP2—phosphatidylinositol 4,5-bisphosphate,
DAG—diacylglycerol, IP3—inositol-1,4,5 trisphosphate, Ca2+—calcium, CnA—calcineurin
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activity of the metabolite is 15 times lower than that of the drug. Occupancy of the
BTK active site appears to be >95% within 4 h after oral administration. Ibrutinib is
highly potent and selective for BTK, inhibiting the kinase activity with an IC50
0.5 nM (Honigberg et al. 2010). Ibrutinib has significant activity against other
kinases, seven of which contain a cognate cysteine residue and hence are prone to
irreversible inhibition. Reversible inhibition is also possible against a number of
kinases, although clinical significance of this is questioned, taking into considera-
tion the short in vivo half-life of the drug (2–3 h). The untoward effects of Ibrutinib
have mainly been attributed to these off-target effects of the substance. The most
prominent targets and corresponding IC50 values are listed in Table 1.

3 Preclinical Data

In 2007, a structure-based process for creating small molecules which serve as
irreversible covalent inhibitors of BTK was first described by scientists at Celera
Genomics (Pan et al. 2007). Of these molecules, the compound PCI-32765 was
chosen for further preclinical development. Celera Genomics was at first trying to
develop new compounds for treatment of rheumatoid arthritis. Therefore, the
substance was initially tested in rheumatoid arthritis in vivo models. Later on the
efficacy in lymphoma models was discovered (Honigberg et al. 2010; Chang et al.
2011; Di Paolo et al. 2011). Efficacy of Ibrutinib in B-cell lymphoma was first
demonstrated by Honigberg et al. (2010) in spontaneous canine B-cell lymphoma.
Orally administered substance induced a response in three out of eight dogs treated.

Fig. 2 Synonym, structure, chemical characteristics and mode of action of Ibrutinib. Synonym
PCI-32765, molecular weight 440.50 Da, molecular formula C25H24N6O2, chemical name
1-[(3R)-3-[4-amino-3-(4-phenoxyphenyl)pyrazolo[3,4-d]pyrimidin-1-yl]piperidin-1-yl]prop-2-en-
1-one, mode of action irreversible: BTK inhibitor binds covalently to cysteine-481 in the kinase
domain. Highly potent BTK inhibition at IC50 = 0.5 nM, schedule 420–840 mg p.o. once daily
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3.1 Apoptosis and Survival in B-cell Malignancies

Herman et al. (2011) showed that Ibrutinib is able to induce apoptosis in CLL cells
even in the presence of survival signals such as CD40L, BAFF, TNF-a, IL-4 and
IL-6 albeit to a rather modest extent. Ponader et al. (2012) reported the inhibition of
CLL cell survival and proliferation by Ibrutinib. In an adoptive transfer TCL1
mouse model of CLL, PCI-32765 also inhibited disease progression. Another study
by Schwamb et al. (2012) reported Ibrutinib-mediated inhibition of BCR-dependent
UDP-glucose ceramide glucosyltransferase expression which in turn sensitizes CLL
cells to apoptosis. In addition, Sehgal et al. (2014) reported an increased sensitivity
of lymphoma cell lines to FAS-induced apoptosis after Ibrutinib treatment due to a
downregulation of EZH2, RBM5 and sFas. Dubovsky et al. (2013a, b) were able to
demonstrate that Ibrutinib is able to inhibit BCR-induced activation of LCP1, a
protein that has been implicated in crosslinking of F-actin filaments and hence
providing a scaffold for critical signalling pathways in lymphocytes. This protein is
highly overexpressed in CLL.

Table 1 IC50 and fold
selectivity for enzymatic
inhibition by Ibrutinib

Kinase IC50 (nM) BTK selectivity, fold

BTK 0.5 NA

BLKa 0.5 1

BMXa 0.8 1.6

CSK 2.3 4.6

FGR 2.3 4.6

BRK 3.3 6.6

HCK 3.7 7.4

EGFRa 5.6 11.2

YES 6.5 13

HER2a 9.4 18.8

ITKa 10.7 21.4

JAK3a 16.1 32.2

FRK 29.2 58.4

LCK 33.2 66.4

RET 36.5 73

FLT3 73 146

TECa 78 156

ABL 86 172

FYN 96 192

RIPK2 152 304

c-SRC 171 342

LYN 200 400

PDGFRa 718 1436
aKinases that contain a cysteine residue aligning with Cys-481 in
BTK. Adapted from Honigberg et al. (2010)
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In DLCBL, Davis et al. (2010) demonstrated selective toxicity of Ibrutinib in
DLCBL cell lines with chronically active BCR signalling. Yang et al. (2012)
reported that the substance downregulates IRF4 and synergizes with Lenalidomide
in killing activated B-cell like (ABC) subtype DLBCL cells. Dasmahapatra et al.
(2013) showed that co-administration of Ibrutinib and Bortezomib increases
apoptosis in DLCBL cells and MCL cells via AKT and nuclear factor (NF)-jB
(NFKB1) inactivation, downregulation of MCl-1 (MCL1), Bcl-xL (BCL2L1),
XIAP-enhanced DNA damage and endoplasmic reticulum (ER) stress, even in
highly Bortezomib-resistant DLBCL and MCL cells.

Tai et al. (2012) showed that PCI-32765 inhibits RANKL/M-GCSG-induced
phosphorylation of BTK and downstream PLC-gamma signalling in osteoclasts.
Moreover, the substance also decreased chemokine and cytokine secretion by
osteoclasts and bone marrow stromal cells, CLC12-induced migration of MM cells,
IL6-induced growth of MM cells and in vivo MM cell growth as well as MM
cell-induced osteolysis of implanted human bone chips in SCID mice. Rushworth
et al. (2013) showed cytotoxic of Ibrutinib to MM cells and synergy with Borte-
zomib and Lenalidomide chemotherapies. This is mediated via inhibitory effects on
the nuclear factor-jB (NF-jB) pathway resulting in downregulation of
anti-apoptotic proteins Bcl-xL, FLIP(L) and survivin leading to apoptosis. More-
over, Murray et al. (2015) were able to demonstrate that Ibrutinib treatment
resensitizes previously Bortezomib-resistant MM cells to further Bortezomib
therapy.

3.2 B-cell Egress and Modulation of the Microenvironment

Ibrutinib treatment in CLL is associated with a phase of lymphocytosis in the first
weeks of treatment that is not due to disease progression but rather redistribution of
CLL B-cells to the bloodstream (Woyach et al. 2014a, b). Several studies have tried
to address the mechanism of this phenomenon. De Rooij et al. (2012) demonstrated
the inhibition of CLL cell chemotaxis and integrin-mediated CLL cell adhesion by
Ibrutinib (Woyach et al. 2014a, b). Ponader et al. (2012) also showed reduced
migration towards chemokines CXCL12 and CXCL13 (the ligands of CXCR4 and
5, respectively). PCI-32765 was also shown to downregulate secretion of
BCR-dependent chemokines (CCL3, CCL4) by CLL cells, both in vitro and
in vivo. A study on patient CLL cells after Ibrutinib treatment showed rapidly
reduced capability of CLL cells to adhere to fibronectin, a moderate reduction of
migration towards cytokines as well as a reduction of adhesion surface molecules
CD49d, CD29 and CD44 (Herman et al. 2015). In addition, Chen et al. (2016a, b)
showed reduced expression of CXCR4, CXCR5, CD49d and other homing-/
adhesion-related surface molecules in a mouse model of CLL after Ibrutinib
treatment.

As the direct cytotoxic effect of Ibrutinib against CLL B-cells in vitro is rather
modest (Herman et al. 2011), it has been speculated that this egress of malignant
B-cells from their protective microenvironment rather than its direct effects on
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B-cell survival and apoptosis may be responsible for the high clinical efficacy of the
substance. A study by Wodarz et al. (2014) sought to correlate serial lymphocyte
counts of CLL patients after Ibrutinib treatment with CT-based volumetric
assessment of lymph node and spleen size to address this question. However, it was
estimated that only 23.3% ± 17% of total tissue disease burden was redistributed to
the peripheral blood suggesting that CLL cell death rather than egress from nodal
compartments is responsible for the clinical efficacy of the substance. Further
support for these findings comes from a study by Burger et al. (2017) using isotopic
labelling of CLL B-cells with deuterated water to directly measure the effects of
Ibrutinib in 30 CLL patients. CLL proliferation rate was reduced from 0.39% of the
clone per day to 0.05% per day with treatment, while death rates of CLL cells
increased from 0.18% per day prior to treatment to 1.5% per day.

It has been suggested that modulation of T-cell and myeloid cell function by
Ibrutinib contributes to increased malignant cell death after Ibrutinib treatment.
Indeed, Dubovsky et al. (2013a, b) were able to demonstrate that Ibrutinib has the
potential to shift T-helper cell polarity away from Th2 towards Th1 by targeting
ITK and could thereby correct malignancy-associated T-cell defects. Moreover,
Kondo et al. (2017) have reported downregulation of PD-L1 on the surface of CLL
B-cells in the peripheral blood of Ibrutinib-treated CLL patients as well as down-
regulation of expression of PD-1 on the surface of CD4+ and CD8+ T-cells, both in
a STAT3-dependent manner. Stiff et al. (2016) demonstrate expression of BTK in
both human and murine myeloid-derived suppressor cells (MDSCs) and showed
that Ibrutinib treatment is able to inhibit BTK phosphorylation in these cells
resulting in impaired nitrous oxide production, cell migration, expression of
2,3-dioxygenase as well as impaired in vitro generation of human MDSCs. Ibrutinib
treatment resulted in reduced numbers of MDSCs in both spleen and tumours of
mouse models of mammary cancer and melanoma. A study by Ping et al. (2017)
demonstrated decreased production of CXCL12, CXCL13, CCL19 and VEGF by
human macrophages after Ibrutinib treatment. Moreover, adhesion, migration and
invasion of co-cultured lymphoid cells were significantly impaired. Finally, Gun-
derson et al. (2016) reported that tumour growth in a model of pancreatic ductal
adenocarcinoma (PDAC) was dependent on a crosstalk between B-cells and
FcRϒ(+) tumour-associated macrophages resulting in a Th2-permissive macro-
phage phenotype via BTK activation in a PI3Kϒ-dependent manner. Ibrutinib
treatment results in a shift towards a more Th1-permissive macrophage phenotype
and fostered CD8+ T-cell cytotoxicity.

3.3 Ibrutinib and Solid Malignancy

Reports of modulation of the tumour microenvironment by Ibrutinib have sparked
interest in the therapeutic potential of the substance beyond lymphoid malignancy.
In addition to what has been discussed above, several preclinical studies have tried
to address a potential role of Ibrutinib treatment in solid malignancies.
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Grabinski and Ewald (2014) have analysed the effects of Ibrutinib on Her2+
breast cancer cells in vitro showing a potential of the substance to suppress
phosphorylation of ErbB1, ErbB2 and ErbB3, thereby suppressing AKT and ERK
signalling. This was confirmed by Chen et al. (2016a, b) who reported growth
inhibition of Her2+ breast cancer cell lines in vitro after Ibrutinib treatment which
coincided with downregulation of phosphorylation of Her2 and EGFR and inhi-
bition of downstream AKT and ERK signalling. Moreover, xenograft studies with
Her2+ cell lines demonstrated significant inhibition of growth.

In Pancreatic ductal adenocarcinoma (PDAC), it has been demonstrated that
tumour growth could effectively be limited by Ibrutinib treatment in both transgenic
and patient-derived xenograft models. Ibrutinib treatment led to decreased fibrosis,
extended survival and improved response to Gemcitabine therapy (Masso-Valles
et al. 2015).

Zucha et al. (2015) reported high levels of cisplatin resistance dependent on
BTK and JAK2/STAT3 in spheroid-forming ovarian cancer cells which highly
expressed cancer stem-like cell (CSC) markers and BTK. The group was able to
demonstrate synergistic effects of concomitant Ibrutinib and cisplatin treatment.

Kokabee et al. (2015) reported on BTK expression in human prostate cell lines
and tumour samples from prostate cancer patients. Treatment with Ibrutinib reduced
cell survival and induced apoptosis.

Downregulation of BTK expression as well as Ibrutinib treatment has been
demonstrated to reduce colony formation, migration and sphere formation in
glioblastoma multiforme (GBM) cell lines. In xenograft mouse models, tumorige-
nesis was significantly reduced in BTK-silenced or Ibrutinib-treated animals
compared to controls. Glioma tissue microarray analysis indicated significantly
higher BTK staining in malignant tumours than less malignant tumours and normal
brain tissue (Wei et al. 2016). In a study by Wang et al. (2017), Ibrutinib inhibited
cellular proliferation and migration, and induced apoptosis and autophagy in GBM
cell lines. Inhibition of autophagy by 3-methyladenine (3MA) or Atg7 targeting
with small interfering RNA (si-Atg7) enhanced the anti-GBM effect of Ibrutinib
in vitro and in vivo suggesting an induction of autophagy by Ibrutinib through
Akt/mTOR signalling pathways.

4 Clinical Data

Ibrutinib is currently approved by the FDA and EMA for use in CLL in any line of
treatment, for treatment of WM in patients who have received previous treatments
or are not suitable to receive immunochemotherapy as well as for second line
treatment of MCL and for patients with MZL who have received at least one prior
anti-CD20-based therapy. Below, we will present the most important clinical
studies on these entities as well as emerging clinical data on ABC subtype DLBCL,
MM, solid malignancies and PCNSL. Table 2 summarizes the relevant clinical
studies.
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4.1 Ibrutinib in Relapsed/Refractory (R/R) CLL

In an initial phase I/IIb trial on 85 R/R CLL patients by Byrd et al. (2013), 51
patients received 420 mg Ibrutinib p.o. once daily, while 34 patients received
840 mg once daily. The patient cohort was heavily pretreated with a median of 4
priory therapies, and many of the patients had an unfavourable risk profile with del
(17p) in 33%, del(11q) in 36% and unmutated IGHV in 81% of patients. Patients
were largely elderly with a median age of 66. After a median follow-up of
20.9 month, an overall response rate (ORR) of 71% was reported independent of
the administered dose. In addition to that, 20% of patients in the 420 mg cohort and
15% of patients in the 840 mg cohort had a partial remission with lymphocytosis
(PR-L) (Hallek et al. 2008). In CLL, PCI-32765 induces lymphocytosis in the first
weeks of treatment. This phenomenon is directly related to the presence of the drug,
asymptomatic and temporary. It is believed that this is due to redistribution of CLL
cells from solid lymphoma manifestations into the bloodstream. It should not be
confused with lymphocytosis due to disease progression (Woyach et al. 2014a, b).
Long-term follow-up data on this trial was reported in 2015/2016 with an additional
16 subjects showing an ORR of 89% (10% complete remission (CR)) and an
impressive median progression-free survival (PFS) of 52 months (Byrd et al. 2015;
O’Brien et al. 2016a, b). Patients with del(17p) had a median PFS of 26 months,
and those with del(11q) had a median PFS of 55 months (O’Brien et al. 2016a, b).
The presence of complex karyotype was predictive of poorer outcome (median PFS
33 months vs. not reached). No differences depending on IGVH mutation status
were reported. Interestingly, almost all patients with initial PR-L achieved deeper
remission with longer follow-up and had comparable outcomes then those without
lymphocytosis (O’Brien et al. 2016a, b).

In the phase III RESONATE trial, 391 patients with R/R CLL/SLL were ran-
domized to either single-agent Ibrutinib or Ofatumumab treatment. 32% of patients
had del(17p), 32% had del(11q) and 68% had unmutated IGVH. About half of
patients had received at least three prior treatments. The median age of patients
included was 67. With a median follow-up of 16 month, an ORR of 90% in the
Ibrutinib group versus only 25% in the Ofatumumab group was reached
(p < 0.0001). Also, PFS was significantly improved in the Ibrutinib versus Ofa-
tumumab groups (median not reached vs. 8.1 months). Moreover, Ibrutinib sig-
nificantly increased 18 months OS (85 vs. 78%). Ibrutinib-treated patients
demonstrated no differences in PFS regardless of the presence of del(17p) (Brown
et al. 2014; Byrd et al. 2014). Together, these two studies demonstrate durable
responses in patients with R/R CLL treated with single-agent Ibrutinib regardless of
pretreatments or the presence of cytogenetic abnormalities.

A number of studies have sought to combine Ibrutinib with other substances to
further improve outcomes. Researchers at the MD Anderson Cancer Centre,
Houston, Texas, USA, have investigated the combination with Rituximab in a
single arm phase II trial involving 40 patients with R/R CLL/SLL in a high-risk
setting defined as the presence of del(17p), TP-53 mutation, del(11q) or a
progression-free interval of <36 months after initial chemoimmunotherapy. Patients
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included had a median age of 63.2, 80% had unmutated IGVH, and 10% had del
(17p). The ORR was 95%, the PFS of 78% with a median follow-up of
18.8 months (Burger et al. 2014). The utility of adding Rituximab to Ibrutinib has
been called into question given that the reported PFS is very close to what has been
reported with use of single-agent Ibrutinib (Byrd et al. 2013). Moreover, other
groups have reported decreased antibody dependent cell-mediated cytotoxicity
(ADCC) of Rituximab in vivo (Kohrt et al. 2014) as well as downregulation of
CD20 in CLL B-cells following Ibrutinib treatment (Pavlasova et al. 2016).
Ongoing studies like NCT02007044 randomizing R/R CLL patients to either
Ibrutinib treatment alone or combined Ibrutinib/Rituximab treatment should help to
clarify this question. Ibrutinib has been reported to affect ADCC of Obinutuzumab
less than that of Rituximab (Duong et al. 2015). This has led to the development of
combination strategies of both substances. Jaglowski et al. (2015) have reported on
a study addressing this question: R/R CLL/SLL patients were randomized to one of
the three treatment groups—group 1: Ibrutinib lead-in followed by Obinutuzumab
(n = 27), group 2: concurrent start (n = 20) or group 3: Obinutuzumab lead-in
followed by Ibrutinib (n = 24). Forty-four percentage of patients had del(17p), and
31% had del(11q). ORR was reported to be 100, 79 and 71% in groups 1, 2 and 3,
respectively. Estimated 12-month PFS was reported to be 89, 85 and 75%,
respectively.

Other groups have sought to combine Ibrutinib with chemoimmunotherapy.
The HELIOS trial reported on 578 R/R CLL/SLL patients without del(17p) or prior
allogeneic stem cell transplantation treated with either Bendamustine and Ritux-
imab (BR) and placebo or BR and Ibrutinib (Chanan-Khan et al. 2016). The median
age of patients was 63 in the placebo group and 64 in the Ibrutinib group with a
median of 2 prior therapies in both groups, and 80% of patients had unmutated
IGVH. At a median follow-up of 17 month, Ibrutinib improved PFS compared to
placebo (median not reached vs. 13.3 months). Median OS was not reached in
either group. However, after adjusting for patients that crossed over from the pla-
cebo to the Ibrutinib arm, OS was significantly increased in the Ibrutinib group
(HR = 0.577, p = 0.033). Based on this data, the benefit of combining Ibrutinib
with classical immunochemotherapy has been questioned as the 24-month PFS in
the Ibrutinib group was 72% in this trial—very close to 30-month PFS of 69% in
long-term follow-up after single-agent Ibrutinib treatment (Byrd et al. 2015). Critics
argue that while addition of BR to Ibrutinib does seem to increase outcomes, similar
results may be achieved with less potential toxicity by single-agent Ibrutinib.

4.2 Ibrutinib as First-Line Treatment in CLL

The initial phase I/IIb trial by Byrd et al. (2015) included a cohort of 31 previously
untreated CLL/SLL patient � 65 years of age. In this cohort, an ORR of 84% and a
30-month PFS of 96% were achieved. Based on this successful early-phase data, the
RESONATE-2 trial to analyse efficacy of first-line Ibrutinib treatment in
treatment-naïve CLL/SLL patients � 65 years of age was developed
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(Burger et al. 2015). Two hundred and sixty-nine patients were randomized to
either single-agent Ibrutinib until disease progression or unacceptable adverse
events or bi-weekly Chlorambucil up to 12 months. The median age of patients was
73. Patients with del(17p) were ineligible, 45% of patients had unmutated IGVH,
and 20% had del(11q). With a median follow-up of 18.4 months, the ORR was
86% in the Ibrutinib cohort and 35% in the Chlorambucil cohort. Moreover,
Ibrutinib significantly increased 18-month PFS from just 52% in the Chlorambucil
cohort to 90% in the Ibrutinib cohort. Long-term follow-up data was presented at
the ASH meeting in 2016 (Barr et al. 2016): with a median follow-up of
28.6 months, 24-month PFS was 89% in the Ibrutinib group versus only 34% in the
Chlorambucil group, while 24-month OS was 95% versus 84%, respectively. The
findings of the RESONATE-2 study have been called into question due to the
choice of Chlorambucil in the comparative arm. Critics believe that a choice of
Chlorambucil/Obinutuzumab would have been more informative given the
improved outcomes over Chlorambucil only in the CLL11 study (Goede et al.
2014). Furthermore, many patients included in the RESONATE-2 trial may have
been eligible for chemoimmunotherapy with BR. Single agent Ibrutinib treatment,
Ibrutinib-Rituximab and BR are currently compared in the ALLIANCE trial
(NCT01886872) with pending results.

Several studies are currently underway to compare combinations of Ibrutinib and
monoclonal antibodies to standard Fludarabine, Cyclophosphamide and Rituximab
(FCR) treatment in younger patients with no reported results yet (NCT02048813,
EudraCT 2013-001944-76).

Last but not least, preliminary data has been reported on a phase II study
sponsored by the Dana–Faber Cancer Institute looking at the efficacy of Ibrutinib
plus FCR in younger adults as frontline treatment in CLL (Davids et al. 2016). Of
35 enrolled patients, 27% had del(11q), 12% had del(17p) and 65% had unmutated
IGVH. In this patient cohort, an ORR of 100% with 47% CR or CRi was achieved.
The rate of CR with MRD bone marrow was 43% compared to only 20% in historic
studies of FCR (Böttcher et al. 2012). With a median follow-up of 12.1 months, all
patients were still alive at the date of presentation.

4.3 Ibrutinib in CLL Patients with del(17p) or TP53 Mutation

Del(17p) and/or TP53 mutations are well established to cause poor sensitivity to
classical immunochemotherapy, poor outcomes and shorter survival (Döhner et al.
2000). A single arm phase II study from the National Institute of Health, Bethesda,
Maryland, USA, hence tried to address the question of Ibrutinib efficacy in this
patient subset specifically (Farooqui et al. 2015a, b and c). Fifty-one CLL patients
with del(17p) or TP53 mutation, 35 of whom were treatment naïve, were treated
with single-agent Ibrutinib. The median follow-up was 2 years. An ORR of 97%
was achieved in the treatment-naïve cohort and 80% in the R/R CLL cohort. The
estimated 24-month PFS was 82%. An update on the extend 36 months follow-up
found no difference in ORR compared to a cohort of patients without del(17p) and
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TP53 mutation (n = 35) (Farooqui et al. 2015a, b and c). Support for the notion of
high Ibrutinib efficacy even in the presence of del(17p)/TP53 mutations also comes
from the initial phase I/IIb trial by Byrd et al. (2015). The group reported a ORR of
79% in the cohort of R/R CLL patients with del(17p) and median PFS of 28 month,
a stark improvement over historic data on del(17p) CLL (Hallek et al. 2010;
Hillmen et al. 2007; Fischer et al. 2016). In the RESONATE trial, the presence or
absence of del(17p) did not affect the outcome in Ibrutinib-treated patients (Byrd
et al. 2014).

In addition to these findings, O’Brien et al. (2016a, b) reported outcomes of the
phase II RESONATE-17 trial in 2016. One hundred and forty-four patients with del
(17p) R/R CLL were treated using single-agent Ibrutinib. Sixteen percentage of
patients had del(11q) in addition, 92% had TP53 mutation, and the median number
of prior therapies was 2. With a median follow-up of 27.6 month, the estimated PFS
was 63%. In conclusion, these data clearly demonstrate high efficacy of Ibrutinib in
this patient cohort compared to historical trials in any line of treatment.

4.4 Ibrutinib in Waldenstrom Macroglobulinemia

A phase II trial analysed efficacy of single-agent Ibrutinib in 63 patients with R/R
WM (Treon et al. 2015). The median age of patients was 63, the median number of
prior therapies 2 and the median IgM level 3520 mg/dl. An ORR of 91% was
achieved with 73% of responding subjects reaching a major response (CR or IgM
reduction of � 50%). The median PFS was not reached, and the estimated
24-month PFS was 69%. ORR was dependent on MYD88 and CXCR4 mutation
status with an ORR of 100% in MYD88L265P and wild-type CXCR4 cases, 85.7%
among MYD88L265P and CXCR4WHIM cases and 71.4% in patients with both
wild-type MYD88 and CXCR4. Based on this trial, Ibrutinib was approved for
treatment of R/R WM patients.

In addition, there are ongoing studies to evaluate Ibrutinib in combination
treatments: the iNNOVATE study is a phase III trial randomizing R/R WM patients
to Ibrutinib–Rituximab or placebo–Rituximab (Dimopoulos et al. 2015)—results
are pending, but preliminary data on a third arm including Rituximab-refractory
WM patients treated with single-agent Ibrutinib was presented at the 2015 ASH
meeting showing a very promising ORR of 88% (CR 64%) in 42 patients. How-
ever, the follow-up was short with only 8 months.

A study trying to establish efficacy as a frontline treatment is currently ongoing
(NCT02604511).

4.5 Ibrutinib in Mantle Cell Lymphoma

A phase II registration study published in 2013 evaluated 111 R/R MCL patients
treated with 560 mg Ibrutinib once daily as a single agent (Wang et al. 2013). The
median age of patients was 68, the median number of prior therapies was 3, and
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90% of patients had intermediate or high-risk MCL international prognostic index
(MIPI) scores. An ORR of 68% (CR 21%) was achieved. After a median follow-up
of 15.3 months, an estimated median PFS of 13.9 months was reached. Updated
results after a median follow-up of 26.7 months showed durable response with a
median PFS of 13 months (Wang et al. 2015). Based on this study, Ibrutinib was
approved for the treatment of R/R MCL.

In addition, a phase III randomized study was conducted comparing single-agent
Ibrutinib to single-agent Temsirolimus in 280 R/R MCL patients (Dreyling et al.
2016). The median age of enrolled patients was 68, the median number of prior
therapies was 2, and 69% of patients had intermediate or high-risk MIPI scores.
With a median follow-up of 20 months, a median PFS of 14.6 months in the
Ibrutinib arm compared to 6.2 months in the Temsirolimus arm was reached.
Moreover, Ibrutinib treatment was associated with a trend towards improved OS.

Combining Ibrutinib and Rituximab has also been evaluated for R/R MCL. In a
trial by Wang et al. (2016a, b), 50 patients received 560 mg Ibrutinib once daily in
28-day cycles with 375 mg/m2 Rituximab once weekly for 4 weeks during cycle 1,
on the first day of cycles 3–8 and then every other cycle for the next 2 years. The
median age of patients was 67 and the median number of prior therapies 3. After a
median follow-up of 15.6 months, an ORR of 88% (44% CR) and a 15-month PFS
of 69% were reached. The combination of Ibrutinib and Rituximab was also
analysed as frontline treatment in young MCL patients in a phase II trial (Wang
et al. 2016a, b): fifty patients were treated with Rituximab/Ibrutinib for up to
12 months until best response (phase I) followed by a shortened number of cycles
of Rituximab, cyclophosphamide, vincristine, doxorubicin and dexamethasone
(hyper-CVAD). The best ORR was 100% after phase I alone, and the overall CR
rate was 73%. Responses are expected to deepen as the majority of PR patients had
not complete phase I at the time of report.

Several trials to evaluate the combination of Ibrutinib and chemoimmunotherapy
in MCL are currently in progress. An early-phase study evaluated the combination
of BR and Ibrutinib in 17 R/R MCL patients yielding a promising 94% ORR
(Maddocks et al. 2015a, b). A phase III randomized trial (SHINE) evaluating
first-line BR with and without Ibrutinib is currently ongoing and results pending
(NCT01776840). Preliminary results on the phase II PHILEMON trial have been
reported in 2016: Ibrutinib/Lenalidomide was analysed in 50 R/R MCL patients
with an ORR of 88% (CR 64%) (Jerkeman et al. 2016).

4.6 Ibrutinib in Marginal Zone Lymphoma

An open-label phase II study was conducted to evaluate the efficacy of Ibrutinib in
R/R MZL with at least one prior anti-CD20-containing line of therapy (Noy et al.
2017). Sixty-three patients with a median age of 66 (30–92) were enrolled. The
median number of prior therapies was 2. With a median follow-up of 19.4 months,
an ORR of 48% and a median progression-free survival of 14.2 months were
reached. Based on this study, Ibrutinib was licensed for use in R/R MZL with at
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least on prior anti-CD20-containing line of therapy. A phase III clinical trial
(SELENE study) evaluating Ibrutinib versus placebo in addition to either BR or
R-CHOP immunochemotherapy is currently ongoing with pending results
(NCT01974440).

4.7 Ibrutinib in Activated B-cell (ABC) Subtype
Diffuse Large B-cell Lymphoma (DLBCL)

ABC subtype has persistently increased BCR signalling and in some cases acti-
vating mutations of the BCR (Young et al. 2015). It has hence been speculated that
ABC subtype may be amenable to Ibrutinib treatment. An early-phase trial eval-
uated Ibrutinib in 80 patients with R/R DLBCL showing better OR in the ABC
subtype compared to GCB subtype patients (37% vs. 5%) (Wilson et al. 2015). In
addition, a phase Ib study by Younes et al. (2014) evaluated the role of Ibrutinib in
combination with R-CHOP for CD20-positive B-cell non-Hodgkin lymphoma.
Thirty-three patients were enrolled. Of 18 patients who had DLBCL and received
the recommended dose all achieved an objective response with 15 CRs (83%) and 3
PRs (17%). Several clinical trials to evaluate the role of Ibrutinib in the treatment of
DLBCL are currently ongoing: A phase III trial assesses the combination of
Ibrutinib with Rituximab, cyclophosphamide, doxorubicin, vincristine and pred-
nisone (R-CHOP) in the frontline treatment of non-GCB DLBCL patients
(NCT01855750), a phase II trial from Australia evaluates Ibrutinib in combination
with dose-reduced CHOP in DLBCL patients � 75 years of age (ALLG NHL29),
and a phase II study trial of R/R non-GCB DLBCL patients who are ineligible to
autologous stem cell transplantation evaluates single-agent Ibrutinib for this patient
cohort (NCT02692248).

4.8 Ibrutinib in Multiple Myeloma

A phase II trial currently evaluates efficacy of Ibrutinib in a dose of 560 or 840 mg
once daily alone or in combination with 40 mg dexamethasone once weekly in MM
(Vij et al. 2014). The authors reported on preliminary results of 69 patients with a
median age of 64, 20% of which had either del(17p) or TP53 mutation. The median
number of prior therapies was 4. Sixty-two percentage of patients were refractory to
their last line of therapy, and 44% were refractory to both an immunomodulatory
agent and a proteasome inhibitory. Outcomes were rather modest, however, with 1
PR, 4 MRs and 5 sustained SDs as best outcome in the Ibrutinib 840 mg + dex-
amethasone cohort.

In addition, Ibrutinib is currently being evaluated in combination with Carfil-
zomib in an ongoing Phase1/2b study (NCT01962792).
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4.9 Ibrutinib in Solid Malignancies

Reports of Ibrutinib’s ability to modulate functions of T-cells and other components
of the tumour microenvironment have generated interest in exploring Ibrutinib for
the use in solid malignancies as well. Most available data on this subject is still in
the preclinical stage.

A number of clinical trials have been initiated to elucidated Ibrutinib’s efficacy in
gastroesophageal cancer (NCT02884453), non-small cell lung cancer (NCT02321
540, NCT02950038 and NCT02403271), pancreatic adenocarcinoma (NCT02562
898, NCT02436668), renal cell carcinoma (NCT02899078), melanoma (NCT025
81930,NCT03021460) andprostate cancer (NCT02643667).Results of all these trials
are currently pending.

4.10 Ibrutinib in Primary Central Nervous System Lymphoma

The high efficacy of Ibrutinib in other forms of lymphoma has sparked interest in
the substance regarding PCNSL. An early-phase study investigating single-agent
Ibrutinib in R/R PCNSL enrolled 13 patients with a median age of 69. The median
number of treatments was 2, and eight patients had failed prior methotrexate-based
salvage therapy. Of 13, 10 patients (77%) showed a clinical response (5 CR, 5 PR).
The median PFS was 4.6 months, and the median overall survival was 15 months
(Grommes et al. 2017).

5 Toxicity

Data from CLL and MCL trials suggests that in general Ibrutinib is well tolerated.
This is attributed to the restricted expression of BTK on the B-cell lineage. Adverse
events include nausea, fatigue, myalgias and muscle spasms, as well as pyrexia,
skin rashes and headaches. The majority of these untoward effects are grade 1 or 2
adverse events, and they are usually self-limiting. In a 3-year follow-up study of
CLL and SLL patients receiving Ibrutinib, adverse events led to discontinuation of
treatment in 13% of the patients, while 17% of patients discontinued Ibrutinib
treatment due to disease progression (Byrd et al. 2015).

Hypertension following Ibrutinib therapy is a common adverse event. The rate of
treatment emergent hypertension has been described to be up to 23% in the
long-term follow-up of initial studies (Burger et al. 2015; Byrd et al. 2015).
A retrospective analysis of 153 CLL patients receiving single-agent Ibrutinib
treatment found that the rate of patients on two or more anti-hypertension medi-
cations increased from 20% pre-Ibrutinib to 30% during Ibrutinib treatment.
Median pre-Ibrutinib blood pressure was 127/70 mmHg. At 1, 3, 6, 9, 12 months,
median blood pressures were 137/73, 141/75, 143/76, 140/75, 142/77, respectively
(7 months to peak blood pressure) (Gashonia et al. 2017). The frequency of �
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grade 3 arterial hypertension requiring medical intervention ranges from 2 to 23%
(Byrd et al. 2015; Noy et al. 2017). While treatment-associated hypertension is
generally amenable to treatment and does not usually require dose reduction or
discontinuation of treatment, it is an important factor to manage, particularly as it is
an important risk factor for atrial fibrillation and bleeding events—both of which
are common and potential severe adverse events during Ibrutinib therapy.

Atrial arrhythmias, namely atrial fibrillation (AF), constitute one of the most
serious adverse events of Ibrutinib treatment. Major complications of AF include
stroke and other systemic thromboembolic events, as well as increased mortality.
Although definite evidence regarding the aetiology of AF is lacking, it is believed
that it relates to the phosphoinositide 3-kinase (PI3K)-Akt signalling pathway
which mediates cardiac protection (McMullen et al. 2007). Therapeutic doses of the
drug were associated with reduced PI3K expression and Akt activation in ven-
tricular myocytes from rats (McMullen et al. 2014). The incidence of AF in clinical
trials ranges from 6 to 16%, which suggests Ibrutinib may possibly increase the risk
of atrial arrhythmias (Byrd et al. 2014; Burger et al. 2015; Farooqui et al. 2015a, b
and c; Chanan-Khan et al. 2016; Dreyling et al. 2016; Thompson et al. 2016). This
was most apparent in the RESONATE trial with 6% of Ibrutinib-treated patients
developing AF as opposed to only 1% of patients in the Ofatumumab arm (Brown
et al. 2014). In a meta-analysis, the pooled rate of atrial fibrillation was 3.3 (95%
CI: 2.5, 4.1) per 100 person-years in Ibrutinib-treated patients, whereas the pooled
rate was 0.84 (95% CI: 0.3 2, 1.6) per 100 person-years in non-Ibrutinib-treated
patients (Leong et al. 2016). It should be noted, however, that the advanced age of
most CLL patients constitutes an important risk factor for cardiac rhythm disorders
in itself. Moreover, emerging data suggests that CLL/SLL patients are at an
increased risk of developing AF at baseline (Benjamin et al. 1998; Barrientos et al.
2015). Further evidence is therefore required in order to delineate the association
between Ibrutinib therapy and AF occurrence, as well as data regarding the inci-
dence of the different subtypes of AF. Anti-arrhythmic drugs are useful in the
management of AF, although more targeted treatment algorithms are required, due
to the emergence of drug–drug interactions complicating the use of anti-arrhythmic
agents in TKI-treated patients (Vrontikis et al. 2016; Asnani et al. 2017).

Bleeding is a common adverse event of Ibrutinib therapy and is observed in up
to 50% of Ibrutinib-treated patients. The majority of these events are either grade 1
or 2 and usually require no treatment. Long-term follow-up studies of MCL and
CLL patients who receive the drug report that 5% of the patients experience grade 3
or higher bleeding—mainly intracranial or gastrointestinal (Advani et al. 2013;
Byrd et al. 2013; Asnani et al. 2017). In addition, in a phase 1b/2 clinical trial
examining the safety and activity of Ibrutinib versus Ofatumumab in CLL patients,
Jaglowski et al. (2015) found that bleeding of any grade was more common in
patients in the Ibrutinib arm (44% vs. 12%). BTK is present on platelets and is
known to play a role in GPVI- and GP1b-mediated platelet aggregation and
adhesion on von Willebrand factor. BTK inhibition also results in qualitative pla-
telet dysfunction, since it is associated with giant platelets and increased
megakaryocytes in peripheral blood. Nevertheless, it is still questionable whether
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BTK inhibition results in bleeding, since X-linked agammaglobulinemia patients do
not have an increased risk of bleeding, despite the absence of functional BTK (Oda
et al. 2000). Bleeding is mainly attributed to the drug’s off-target effects, including
TEC kinase inhibition, while thrombocytopenia also plays a significant role.
Judicious use of anticoagulants, along with platelet transfusion following clearance
of the drug can improve haemostasis (Levade et al. 2014; Kamel et al. 2015).

Haemototoxicity and cytopenias may also present as neutropenia, thrombocy-
topenia or anaemia. In a phase I study, 15% of patients experienced grade 3 or 4
neutropenia, which was accompanied by fever in a quarter of them. Anaemia was
observed in 6% of the patients, which was treated with erythropoietin (EPO)-
stimulating agents. Ibrutinib induced cytopenias are not usually associated with
treatment discontinuation, mainly because they occur early during the treatment
course and are short-lasting (Advani et al. 2013; Burger et al. 2015). Importantly,
Ibrutinib is not associated with significant myelosuppression, and in some cases, it
has been shown to promote marrow restoration. This constitutes a significant
finding for patients with marrow-related cytopenias or for patients previously
treated with chemotherapy.

Diarrhoea comprises one of the most common adverse events associated with
Ibrutinib. Approximately 60% of the patients experience at least 1 episode of
diarrhoea (Byrd et al. 2015). The majority of diarrhoea episodes across studies
occurred within the first 4 weeks of treatment, and the majority were mild and
self-limiting. Severe diarrhoea is rare and can be effectively treated using
anti-motility agents. Dose reduction and treatment discontinuation are generally
uncommon.

Infection is another common adverse event during Ibrutinib treatment. A recent
retrospective analysis on 200 patients receiving Ibrutinib for various haematological
malignancies found that 52% developed infection with pneumonia (30%) and upper
airway infection (26%) being the leading courses (Barbosa et al. 2017). The
majority of these infectious complications are self-limiting and are commonly
observed early in the course of Ibrutinib treatment (Byrd et al. 2013, 2014; Burger
et al. 2014; O’Brien et al. 2014; Brown et al. 2015). The frequency of pulmonary
infections experienced by relapsed/refractory patients tended to be higher as
opposed to treatment-naïve patients on long-term follow-up (Byrd et al. 2015).
Supportive therapy with antibiotics and intravenous immunoglobulin infusions is
often substantial to assist with recovery (Falchi et al. 2016). Other common
infectious complications include skin infection (28%) and sinusitis (13%). Barbosa
et al. (2017) found a hospitalization rate of 44%, and the median time to infection
after starting Ibrutinib was 70 days. Cases of severe opportunistic infections like
invasive aspergillosis (Arthurs et al. 2017) and disseminated cryptococcal infection
(Okamoto et al. 2016) have recently emerged. While such events are rare, treating
physicians should be aware of them and monitor patients carefully.
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6 Drug Interactions

It is generally advised that Ibrutinib should be taken 30 min before or 2 h after
meals. It has been proven that administration of Ibrutinib in fasted conditions yields
60% of plasma exposure (AUClast) as opposed to the administration of the drug in
the aforementioned time range. The drug is metabolized primarily by the cyto-
chrome P450 enzyme CYP3A4 and to a lesser extent by CYP2D6. Increased
intestinal blood flow as a result of food intake promotes increased passage of the
drug from the intestine to the portal circulation. This reduces the first-pass effect
induced by intestinal CYP3A4. Nevertheless, due to the drug’s favourable safety
profile, it is licensed in the USA and EU for use regardless of food intake (de Jong
et al. 2015a, b).

Ibrutinib, being a CYP3A4/5 substrate, should not be administered with strong
or moderate CYP3A inducers or inhibitors as these can decrease or increase drug
exposure, respectively (Scheers et al. 2015; de Zwart et al. 2016). Concomitant
treatment with Ketoconazole, a drug that strongly inhibits CYP3A, increased Cmax
by 29-fold while AUC0-last by 24-fold (de Jong et al. 2015a, b). Although more
data is required in order to delineate the effect of CYP3A inhibitors on toxicity, it is
widely agreed that co-administration of strong inhibitors including Ketoconazole,
Nelfinavir, Indinavir, Clarithromycin, Telithromycin, Cobicistat and Itraconazole or
moderate inhibitors including Crizotinib, Ciprofloxacin, Erythromycin, Diltiazem,
Ritonavir, Imatinib and Verapamil should be avoided. It is generally advised that
Ibrutinib treatment should temporarily be withheld or the dose reduced in cases
where administration of any of the aforementioned drugs is considered essential.
Grapefruit, star fruit and Seville oranges should also be avoided, since they contain
moderate CYP3A4 inhibitors. Mild CYP3A inhibitors, such as Azithromycin have
been found to increase Ibrutinib exposure by a factor of less than twofold. No
treatment cessation or dose adjustments are required in cases of co-administration
of mild inhibitors, although patients should still be closely monitored for toxicity
(de Zwart et al. 2016). Inducers of CYP3A4 can possibly reduce plasma concen-
trations of Ibrutinib if used concomitantly with the drug. Strong inducers, such as
St. John’s-wort, Carbamazepine and Phenytoin, should be avoided, since they can
decrease the efficacy of Ibrutinib therapy (McNally et al. 2015). For an extensive
list of drug interactions involving cytochrome P450 drug interactors, refer to http://
medicine.iupui.edu/clinpharm/ddis/.

In vitro data suggests that Ibrutinib can inhibit OCT2, P-glycoprotein (P-gp) and
breast cancer resistance protein (BCRP). It is possible that gastrointestinal BCRP
and P-gp are prone to inhibition in patients receiving Ibrutinib. The drug could also
result in systemic inhibition of BCRP, hence increasing the plasma exposure of
drugs undergoing BCRP-mediated hepatic efflux, including Pitavastatin and
Rosuvastatin, although in vivo proof of this is still required. It is generally advised
that if P-gp or BCRP substrates need to be co-administered with Ibrutinib, they
should be staggered by >6 h (Shao et al. 2014).
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Additionally, agents that affect stomach pH, including proton pump inhibitors,
could possibly decrease Ibrutinib exposure; the solubility of the drug is pH
dependent and is significantly reduced as the pH increases. However, such drug
interactions require further in vivo data (de Jong et al. 2016).

7 Biomarkers

Ibrutinib has proven to be one of the most effective agents in the treatment of
numerous haematological malignancies, especially in the treatment of MCL and
CLL. However, cases of primary and secondary resistance have emerged. It has
generally been demonstrated that Ibrutinib resistance and relapse in haematological
malignancies resulted in poor prognosis. Although a large proportion of patients do
respond to Ibrutinib, emerging cases of resistance have underlined the need for
clinical biomarkers to predict sensitivity or resistance to the drug.

7.1 Chronic Lymphocytic Leukaemia

Disease progression during Ibrutinib therapy has been reported to be associated
with a dismal prognosis. Outcomes are especially poor among CLL patients who
develop Richter’s transformation (RT) where a median OS of merely 3 months has
been reported (Jain et al. 2015; Maddocks et al. 2015a, b). Also, Ibrutinib failure
due to RT tended to occur more quickly than due to progressive CLL (Maddocks
et al. 2015a, b). Whether Ibrutinib treatment truly increases the risk of RT or merely
permits high-risk patients to live long enough to develop RT is highly controversial.

Acquired resistance to Ibrutinib therapy has been attributed to a number of
mutations. Woyach et al. (2014a, b) identified acquired cysteine to serine mutations
at the Ibrutinib binding site at C481. Functional characterization of C481 mutations
showed a significant reduction in the binding affinity of Ibrutinib for BTK, while it
was also observed that there was a shift from irreversible BTK inhibition to
reversible inhibition (Burger et al. 2016). Several PLCc2 mutations have been
identified, and these are assumed to be gain-of-function. PLCc2 lies immediately
downstream of the kinase, and hence mutant forms bypass the inactive BTK
enabling distal BCR signalling to take place (Woyach et al. 2014a, b; Burger et al.
2016). Burger et al. (2016) have also reported recurrent 8p deletion resulting in
haploinsufficiency of TRAIL-R and hence potentially resistance to Ibrutinib-
induced apoptosis.

It is questionable whether these mutations leading to secondary Ibrutinib resis-
tance are truly acquired during Ibrutinib therapy or are rather present at baseline
already. Using droplet microfluidic technology, Burger et al. (2016) were able to
show the presence of Ibrutinib-resistant subclones even before treatment initiation
suggesting that Ibrutinib-resistant clones may be present at baseline. Mutated
subclones have been detected in CLL patients up to 15 months before manifestation
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of clinical progression which could comprise a useful indicative marker of Ibrutinib
resistance (Ahn et al. 2017).

Although there are no definitive upfront biomarkers to predict Ibrutinib sensi-
tivity, Byrd et al. (2013) reported that patients with unmutated IGHV are more
sensitive to Ibrutinib inhibition, while other studies involving Ibrutinib-containing
therapies have similar findings. These findings have been supported further by a
recent study by Guo et al. (2016a, b).

7.2 Mantle Cell Lymphoma

Although Ibrutinib has proven very effective for the treatment of R/R MCL, cases
of both primary and secondary resistances have emerged and the mechanisms for
these appear to be unrelated. Primary resistance is surprisingly not associated with
BTK mutations, and BTK activity is not related to clinical response in MCL.
Instead, the degree of ERK and/or AKT inhibition correlated with the extent of cell
death, thus predicting Ibrutinib sensitivity. This suggests that resistance to the drug
may not be entirely due to ineffective BTK inhibition, but could possibly involve
PIK3-AKT activation sustaining distal BCR signalling (Chiron et al. 2014; Ma et al.
2014). Additionally, genomic studies have identified somatic mutations in TRAF2
and TRAF3, which negatively regulate the alternative NF-jB pathway. Activation
of the alternative pathway possibly renders BTK inhibition an ineffective treatment
for patients possessing these mutations (Rahal et al. 2014). A study on MCL cell
lines by Mohgarty et al. (2016) identified several mutation of cell cycle regulatory
protein D1 (CCND1) leading to increased protein stability as a primary resistance
mechanism to Ibrutinib.

Secondary resistance in MCL has also been shown to involve BTKC481S muta-
tions similar to findings in CLL (Chiron et al. 2014). New data presented at the
American Society of Haematology 58th Annual Meeting suggests that upregulation
of genes coding for fatty acid synthase (FASN), septin 3 (SEPT3), isocitrate
dehydrogenase subunit alpha (IDH3A) and phosphatidylinositol-3,4,5-trisphosphate
5-phosphatase 1 (INPP5) could possibly correlate to Ibrutinib resistance in R/R
MCL (Guo et al. 2016a, b).

7.3 Waldenstrom Macroglobulinemia

It has been demonstrated that mutations in CXCR4 are associated with primary
resistance to Ibrutinib. CXCR4 comprises a transmembrane chemokine receptor
which undergoes internalization upon binding to CXCL12, resulting in AKT and
ERK activation. Mutations frequently affect the C-terminal region of the receptor,
and they are usually germline nonsense or frameshift mutations. CXCR4WHIM-like

prevents receptor internalization and can also prolong G protein signalling, hence
sustained ERK and AKT activity and achieving increased cell survival. Such
mutations are therefore predictive of reduced Ibrutinib sensitivity (Cao et al. 2015).
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Limited data is available on mutations leading to acquired Ibrutinib resistance in
WM. Xu et al. (2017) reported C481 BTK mutations and PLCc2 mutations similar
to findings in CLL as well as CARD11 mutations.

7.4 DLBCL

Clinical data on Ibrutinib treatment of DLBCL has yet to mature and is not yet an
established treatment modality—similarly no established biomarkers exist. Limited
early-phase data suggests that within ABC subtype DLBCL response depends on
mutational status of MYD88 and CD79A/B: in a trial of 80 DLBCL patients by
Wilson et al. (2015), Ibrutinib-resistant ABC subtype DLBCL patients carried
mutant MYD88 and WT CD79A/B, whereas all other genotypic combinations
(CD79A/BWT + MYD88WT, CD79A/B mutant + MYD88WT and CD79A/B
mutant + MYD88 mutant) were responsive to Ibrutinib therapy.

Preclinical data suggests that activity of Ibrutinib in ABC subtype DLBCL may
be limited to cases with wild-type CARD11. However, not clinical data is available
on the subject (Davis et al. 2010; Yang et al. 2012).

Takahashi et al. (2015) have demonstrated increased sensitivity of DLBCL cells
secreting high levels of CCL3 and CLL4 to BCR pathway inhibition in vitro. Serum
concentrations of these markers have hence been proposed as prognostic biomarker
for BCR inhibition—more clinical data is necessary to substantiate this suggestion.

8 Summary and Perspective

Ibrutinib is a covalent and irreversible inhibitor of BTK that is characterized by high
selectivity and potency. The substance has revolutionized treatment of B-cell
malignancy, especially CLL and MCL, and continues to shape the way we think
about and advance treatment of these conditions.

Ibrutinib has opened new options for treatment of those patients that have
relapsed or have been refractory to more classical modes of treatment. Moreover,
Ibrutinib has been shown to be effective in patients that have been known to have
little sensitivity to classical immunochemotherapy as those with del(17p)/TP53
mutation in CLL. Having a favourable risk profile, the substance is, unlike con-
ventional immunochemotherapy, also suitable for the less physical fit patients (i.e.
elderly or having significant comorbidities). Particularly, the absence of significant
myelosuppression compared to conventional cytostatics makes it a particularly
useful tool in this subset of patients.

In CLL, Ibrutinib causes rapid redistribution of tissue-resident CLL cells into the
bloodstream leading to resolution of lymphadenopathy and a temporary increase in
lymphocytosis which, however, must not be confused with disease progression.
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Beyond its direct effects on survival and apoptosis of malignant B-cells, the
substance also seems to have immunomodulatory properties. There is increasing
evidence that the substance has a potential to modulate the tumour microenviron-
ment and overcome immunosuppressive features of tumour-associated lymphocytes
and myeloid cells—this has sparked interest in therapeutic potential beyond lym-
phoid malignancy, and several studies addressing the efficacy of Ibrutinib in solid
malignancy such as pancreatic adenocarcinoma are now underway.

Its immunomodulatory properties make Ibrutinib an interesting candidate for
combination strategies involving immunotherapeutic treatment strategies which
may have synergistic properties. First evidence pointing towards improved efficacy
of combinations with immune checkpoint blockade (Sagiv-Barfi et al. 2015) and
CAR T-cell therapy (Gill et al. 2017) has been described, and early clinical trials
investigating the combination of anti-PD-L1 immune checkpoint blockade and
Ibrutinib (NCT02733042, NCT02846623) have been initiated.
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Abstract
Pomalidomide (originally CC-4047 or 3-amino-thalidomide) is a derivative of
thalidomide that is antiangiogenic and also acts as immunomodulatory. Poma-
lidomide, the recent immunomodulatory agent (IMiD), has shown substantial
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in vitro antiproliferative and proapoptotic effects. In vivo studies have suggested
limited cross-resistance between lenalidomide and pomalidomide. Moreover,
pomalidomide achieved very convincing responses in relapsed and refractory
multiple myeloma (RRMM) patients, including those, who are refractory to both
lenalidomide and bortezomib. Since pomalidomide plus low-dose dexamethasone
has shown better responses, progression-free survival (PFS) and overall survival
(OS) than high-dose dexamethasone or pomalidomide alone, subsequent trials
have pursued or are still investigating pomalidomide triplet combinations, using
cyclophosphamide or other novel agents, such as proteasome inhibitors (PI:
bortezomib, carfilzomib) or antibodies, like elotuzumab or daratumumab. Poma-
lidomide has also been assessed in AL amyloidosis, MPNs (myelofibrosis [MF]),
Waldenstrom’s macroglobulinemia, solid tumors (sarcoma, lung cancer), or HIV,
and—for AL amyloidosis and MF—has already been proven to be remarkably
active.Due to its potency, pomalidomidewas approved for RRMMby theUSFood
andDrugAdministration (FDA) and by the EuropeanMedicinesAgency (EMA) in
2013 and for drug combination with low-dose dexamethasone in 2015. In June
2017, the FDA further expanded approval for pomalidomide in combination with
daratumumab and low-dose dexamethasone for patients with RRMM.

Keywords
Pomalidomide � Multiple myeloma � Relapsed/refractory disease �
Therapy options

1 Introduction

The accelerated approval in 2013 for the treatment of patients with RRMM, who
had received at least two prior therapies, including lenalidomide and bortezomib,
and had demonstrated disease progression on their last antimyeloma treatment, was
based on the results of the CC-4047-MM-002 trial, a multicenter, randomized,
open-label study in 221 patients with RRMM, who had previously received
lenalidomide and bortezomib, but were refractory to their last myeloma treatment
(Richardson et al. 2009). The treatment arms were pomalidomide alone or poma-
lidomide plus low-dose dexamethasone. The efficacy results demonstrated an
overall response rate (ORR) of 7% in patients treated with pomalidomide alone as
compared to 29% in those treated with pomalidomide plus low-dose dexametha-
sone. The median response duration was not evaluable (rather short) in the
pomalidomide monotherapy arm versus 7.4 months in the pomalidomide plus
low-dose dexamethasone arm. As MM is a so far incurable disease with an unfa-
vorable clinical outcome under conventional chemotherapy (e.g., with melphalan or
bendamustin alone), the introduction of novel agents, like PIs or IMiDs, demon-
strated to substantially prolong survival in MM patients. Among these novel agents,
especially pomalidomide constitutes a valuable option, including high-risk and/or
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refractory patients, since pomalidomide combinations have proven their potential
and efficacy in PI- and IMiD-refractory patients.

2 Structure and Mechanism of Action

The structurally related parent compound of pomalidomide, namely thalidomide,
was discovered to inhibit angiogenesis in 1994. Pomalidomide, the latest IMiD,
suggests at least incomplete cross-resistance among thalidomide or lenalidomide,
and—albeit all three IMiDs have similar structures—they differ markedly in their
potency and side effects (Fig. 1). Further, structure–activity studies led to the first
report in 2001 (D’Amato et al. 2001), demonstrating that pomalidomide was able to
directly inhibit the tumor cell and vascular compartment of MM. Compared with
thalidomide and lenalidomide, pomalidomide has stronger direct antiproliferative
effects on myeloma tumor cells. Moreover, IMiDs have shown to have a pleiotropic
mechanism of action: antiangiogenetic, anti-inflammatory and immunomodulatory
activity on T cells, natural killer (NK) cells, monocytes (Mitsiades and Chen-Kiang
2013; Görgün et al. 2010; Gandhi et al. 2014), and effects induced on the bone
marrow (BM) microenvironment (BMM) and cell proliferation (Fig. 2). In addition

Effects / 
characteristics Thalidomide Lenalidomide Pomalidomide

Generation IMiD 1. 2. 3.
Typical side-
effects

Somnolence, 
Fatigue, PNP Cytopenia, Infections Leukopenia

Typical dose in 
clinical use 
today

100-200mg/d 10-25mg/d 4mg/d

Dose schedules continuous use d1-21, 7d pause d1-21, 7d pause

Frequent 
protocols in use CTD, TD

RD, CRD, VRD, Cfz-
Rd, Elo-Rd, Dara-Rd, 
Ixa-Rd

Pom-Dex, PVD, Dara-
PD, Elo-PD, Ixa-PD 

Fig. 1 Thalidomide, lenalidomide, and pomalidomide structures. Albeit these three IMiDs are
structurally similar, they are functionally different, resulting in different potencies. Pomalidomide
is the most potent IMiD with approximately 100 times the strength of thalidomide and 10 times the
potency of lenalidomide (Raza et al. 2017)

Pomalidomide 171



and like other drugs in this group, pomalidomide can decrease vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor-2 (bFGF) levels resulting
in an inhibition of angiogenesis. MM is characterized by increased BM angio-
genesis. However, it is not clear, whether this inhibition of angiogenesis contributes
to the overall tumor effect of IMiDs in MM (Kortüm et al. 2015).

Pomalidomide

Antiproliferative 
effect

Degradation of 
IKZF1 and IKZF3

→ IRF4 ↓

Cereblon-
complex

Anti-angiogenic 
effect

VEGF, bFGF ↓
+ 

IL-6 ↓

IL-10 ↑
+ 

TNF α, IL-6, IL-12 ↓

Anti-inflammatory
effect

Immunmodulatory 
effect

INF- , IL-2 ↑
↓

NK-cells ↑
CD4+-, CD8+-T 

cells ↑

Effects on 
the tumor 

environment 

MM cells
↓↑

BMSCs 

Fig. 2 Mechanism of action of pomalidomide. Pomalidomide has a pleiotropic mechanism of
action. Binding to cereblon (CRBN) is an important component required for the antimyeloma
activity of immunomodulatory drugs (IMiDs). CRBN forms an E3 ubiquitin ligase complex that
ubiquitinates substrates targeting them for proteolysis. IMiDs potentiate the ubiquitination and
proteolysis of two specific proteins, Ikaros (IKZF1) and Aiolos (IKZF3). They are important
transcription factors for B cell differentiation. Knockdown of Ikaros and Aiolos in myeloma cells
induces myeloma cell cytotoxicity and downregulation of interferon regulatory factor 4 (IRF4),
which also is critical for myeloma cell survival. The immunomodulatory activity of IMiDs is
characterized by an enhancement of CD4+ and CD8+ T cell co-stimulation. Moreover, enhancing
interleukin 2 (IL-2) and interferon (IFN ) production, the activity of natural killer cells (NK cells)
is increased. Another important component of the mechanism of action of pomalidomide is the
downregulation of the interaction between MM cells and the bone marrow (BM) microenvironment
including BM stroma cells (BMSCs). This interaction could result, for example, in cell
adhesion-mediated drug resistance. Furthermore, MM is characterized by an increased BM
angiogenesis. IMiDs decrease vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor-2 (bFGF) levels resulting in an inhibition of angiogenesis. However, it is not clear
whether this restraint of angiogenesis contributes to the overall tumor effect of IMiDs in MM.
Additionally, pomalidomide inhibits proinflammatory cytokines, for example tumor necrosis
factor a (TNF a), interleukin 6 (IL-6), and interleukin 12 (IL-12), increasing the levels of other
interleukins with anti-inflammatory nature, such as interleukin 10 (IL-10) (Kortüm et al. 2015;
Ríos-Tamayo et al. 2017; Zhu et al. 2013)
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Additionally, pomalidomide inhibits proinflammatory cytokines (e.g., TNF a,
IL-6, IL-12), increasing the levels of other interleukins with anti-inflammatory
properties (such as IL-10) (Ríos-Tamayo et al. 2017).

The immunomodulatory activity of IMiDs is characterized by an enhancement of
CD4+ and CD8+ T cell co-stimulation. Both lenalidomide and pomalidomide are
more potent than thalidomide in inducing T cell proliferation and enhancing IL-2
and interferon c (IFN c) production (Zhu et al. 2013).

Indirect antimyeloma activity of IMiDs is postulated to be mediated by alteration
of the interaction between MM cells and non-myeloma cells in the BMM, including
BM stromal cells (BMSCs), osteoclasts, and immune cells. This interaction can
result in cell adhesion-mediated drug resistance (CAM-DR). The crosstalk between
MM cells and BMSCs can be altered by IMiDs, which may downregulate various
cell surface adhesion molecules and decreases cell migration (Kortüm et al. 2015).

Another antiproliferative mode of action for thalidomide and its analogs is
binding to cereblon (CRBN) (Lopez-Girona et al. 2012). CRBN forms an E3
ubiquitin ligase complex, that ubiquitinates substrates targeting them for proteol-
ysis. IMiDs potentiate the ubiquitination and proteolysis of two specific proteins,
Ikaros (IKZF1) and Aiolos (IKZF3), which are important transcription factors for B
cell differentiation. Knockdown of Ikaros and Aiolos in myeloma cells induces
myeloma cell cytotoxicity and leads to the downregulation of transcription factors
like the interferon regulatory factor 4 (IRF4), which is also critical for myeloma cell
survival (Kortüm et al. 2015). Albeit these findings, the precise molecular mech-
anism of action and all targets, through which IMiDs exert their antitumor effects,
remain to be fully elucidated.

3 Preclinical Data

In vitro, IMiDs antagonize angiogenesis and expression of TNF-a and IL-6, while
they facilitate production of IL-2 and IFN-c and enhance T and NK cell prolifer-
ation and activity. Albeit all precise mechanisms of their action are not entirely
revealed, IMiDs seem to induce downregulation of cytokine signaling (Görgün
et al. 2010). Moreover, Görkün et al. demonstrated that the tumor suppressor
molecule SOCS1 plays an important role in the tumor cell-immune cell-BMM
interaction in MM. Importantly, lenalidomide and pomalidomide induced epige-
netic modifications of SOCS1 gene in MM cells, as well as SOCS1-mediated
modulation of the cytokine signaling in effector cells. Therefore, characterization of
molecular mechanisms of IMiDs on immune cells in the BMM needs to be further
defined to suggest that novel immune-based targeted therapies, such as the com-
bination of IMiDs with epigenetic modulating drugs (e.g., histone deacetylase
inhibitors [HDACi] and/or demethylating agents), may improve MM therapy.
Given the promising clinical activity of pomalidomide even in lenalidomide-
refractory MM, current efforts therefore attempt to delineate direct and epigenetic
mechanisms to account for important differences (Görgün et al. 2010). Several
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preclinical and clinical studies have also demonstrated that threshold levels of
CRBN expression are important to induce response to IMiDs (Schuster et al. 2012;
Sehgal et al. 2015): CRBN depletion is initially cytotoxic to human myeloma cells,
but surviving cells with stable CRBN depletion become highly resistant to both
lenalidomide and pomalidomide, but not to the unrelated drugs bortezomib, dex-
amethasone, and/or melphalan. Acquired depletion of CRBN was described to be
the primary genetic event of myeloma cell lines cultured to be sensitive or resistant
to lenalidomide or pomalidomide. Gene expression changes induced by lenalido-
mide were substantially suppressed in the presence of CRBN depletion, demon-
strating that CRBN is required for lenalidomide activity. Patients exposed and
resistant to lenalidomide had lower CRBN levels in paired samples before and after
therapy, suggesting that CRBN is an essential requirement for IMiD activity and
possibly a useful biomarker for the clinical assessment of IMiDs’ antimyeloma
efficacy. Other recent studies have confirmed that threshold levels of CRBN
expression are required for response to IMiD therapy (Schuster et al. 2012,
Krönke). However, Seghal et al. suggested that baseline levels of Ikaros and Aiolos
protein in tumor cells did not correlate with response or survival. They showed that
pomalidomide led to rapid decline of Ikaros in T and NK cells in vivo, and, further,
that therapy-induced activation of CD8+ T cells correlated with clinical response.
These data suggest that pomalidomide leads to strong and rapid immunomodulatory
effects involving both innate and adaptive immunities, even in heavily pretreated
MM, which correlates with clinical antitumor effects. Another point of interest,
which needs further investigation, is the possibility of resensitization of MM cells to
pomalidomide and other antimyeloma agents, e.g., with use of the CXCR4 inhibitor
plerixafor or others. CXCR4 is a metabotropic chemokine receptor with potent
chemotactic activity. It may act as an inductor of the BM crosstalk, which leads to
disease progression and CAM-DR. Prior data suggested that CXCR4, CXCR7, and
their ligand CXCL12 may act as valid targets to antagonize CAM-DR in MM, and
that antimyeloma combinations with the CXCL12 antagonist NOX-A12 or the
CXCR4 inhibitor plerixafor may improve therapeutic responses due to adhesion
interference of MM cells to BMSCs (Waldschmidt et al. 2017).

4 Biomarkers

Acquired depletion of CRBN has been demonstrated to be the primary genetic
event of myeloma cell lines cultured to be sensitive or resistant to IMiDs. Gene
expression changes induced by lenalidomide were substantially suppressed in the
presence of CRBN depletion, demonstrating that CRBN is vital for IMiD activity.
Zhu et al. also showed that patients exposed and resistant to lenalidomide had lower
CRBN levels in paired samples before and after therapy, suggesting that CRBN is a
useful biomarker for the clinical assessment of IMiDs’ antimyeloma efficacy (Zhu
et al. 2011). Other recent studies have confirmed that threshold levels of CRBN
expression are required for response to IMiD therapy (Schuster et al. 2012).
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Across six cohorts—of the phase II trials at Mayo in 345 MM patients receiving
pomalidomide at doses of 2 or 4 mg/day (d)—confirmed responses of PR or better
in 34%. Responses and duration of response (DOR) in those with high-risk
molecular markers included (del)17p in 19 of 56 (34%): DOR 8.2 months; t(4;14):
6 of 24 (25%): DOR 4.8 months; t(14;16): 7 of 11 (64%): DOR 9.5 months and
deletion 13 by cytogenetics: 13 of 37 (35%): DOR 8.2 months. In a multivariate
analysis, LDH > ULN, number of prior regimens, and prior bortezomib therapy
were predictive of a shorter time to progression and factors associated with a poor
OS following initiation of pomalidomide therapy included ß2-microglobuline
levels > 5.5 mg/l, LDH > ULN, number of prior regimens, and prior bortezomib
therapy. In general and as true for almost all antimyeloma agents, number and types
of prior regimens were the strongest predictors of pomalidomide response
and survival, with best responses in patients who were the least heavily pretreated
(Lacy 2013).

5 Clinical Data

The results of the CC-4047-MM-002 trial, a multicenter, randomized, open-label
study with RRMM 221 patients, who had previously received lenalidomide and
bortezomib and were refractory to their last line of treatment, led to pomalidomide’s
accelerated FDA approval in 2013 (Richardson et al. 2009). The treatment arms
were pomalidomide alone or pomalidomide plus low-dose dexamethasone. The
efficacy results showed superior ORR with pomalidomide/low-dose dexamethasone
of 29% versus 7% with pomalidomide alone, with a substantial median response
duration of 7.4 months.

A phase I dose-escalation study determined the maximum tolerated dose
(MTD) of pomalidomide on days 1–21 of a 28-day cycle in 38 patients with
RRMM (Richardson et al. 2013). Pretreatment had been substantial with a median
of 6 prior therapies, including 63% who were refractory to both lenalidomide and
bortezomib. There were four dose-limiting toxicities (grade 4 neutropenia) at
5 mg/d; therefore, the MTD was specified at 4 mg/d. Among the 38 patients
enrolled (including 22 with added dexamethasone), 42% achieved minimal
response (MR) or better, 21% PR or better, and 3% CR. Median duration of
response, PFS, and OS were 4.6, 4.6, and 18.3 months, respectively.

The subsequent multicenter, phase II randomized study assessed two different
pomalidomide dose schedules [4 mg for 21 vs. 28 days (21/28 vs. 28/28)] com-
bined with dexamethasone in 84 advanced MM patients. The median number of
prior therapy lines was again substantial with 5 and the ORR was 35% (arm 21/28)
and 34% (arm 28/28), thus very similar, irrespective of the number of prior lines
and level of refractoriness. Median duration of response, time to disease progres-
sion, and PFS were 7.3, 5.4, and 4.6 months, respectively. At 23 months of
follow-up, median OS was 14.9 months (Leleu et al. 2013). This phase II trial
suggested that 4 mg pomalidomide, given on days 1–21 of a 28-day cycle and
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combined with dexamethasone, was efficacious, well tolerated, allowed a
“1-week-IMiD-rest” period and the blood count and patient to recuperate, which
therefore determined the dose and schedule of choice.

5.1 High-Risk Patients

The International Myeloma Working Group (IMWG) published a consensus
guideline on the treatment of MM patients with high-risk cytogenetics: Therein,
cytogenetic abnormalities such as del(17p), t(4;14), t(14;16), t(14;20), gain(1q), and
nonhyperdiploidy were specified as high risk, and patients with multiple abnor-
malities demonstrate more dismal therapy responses, earlier disease recurrence, and
decreased PFS and OS (Sonneveld et al. 2016). Of note, pomalidomide in RRMM
patients with high-risk cytogenetics was assessed in the phase III MM-003 study, an
associated subanalysis and several phase II and phase I/II studies.

The MM-002-study was a multicenter, randomized, open-label dose-escalation
study conducted to determine the MTD, safety, and efficacy of pomalidomide–
dexamethasone in patients with RRMM, who had received both bortezomib and
lenalidomide. The subanalysis reported on the use of pomalidomide versus
pomalidomide–dexamethasone in patients with high-risk cytogenetics (Table 1),
showing favorable responses, PFS, and OS also in high-risk patients (Richardson
et al. 2012). Common grade 3/4 AEs (in >10% of patients) were neutropenia,
thrombocytopenia, back pain, fatigue, renal failure, urinary tract infection, and
leukopenia. Grade 3/4 adverse events (AEs) were similar in high- and standard-risk
patients.

The MM-003 study was a phase III, multicenter, randomized, open-label study
that compared the efficacy and safety of pomalidomide with low- versus high-dose
dexamethasone in patients with MM, who were refractory after more than two
previous treatments, including bortezomib and lenalidomide (San Miguel et al.
2013). Dimopoulos et al. updated these results with a median follow-up of

Table 1 Efficacy outcomes of the MM-002 study by cytogenetic profile (adapted from
Richardson et al. 2012)

High-risk cytogeneticsa

(n = 30)
Standard-risk cytogenetics
(n = 57)

ORR n, (%) 7 (23) 23 (40)

Time to responseb, months
(range)

1.2 (0.9–2.8) 1.9 (0.9–14.4)

Median DOR, months 4.9 (1.9–13.1) 10.1 (7.7-not reached)

Median PFS, months 3.1 (1.9–3.9) 5.5 (3.7–8.7)

Median OS, months 13.2 (4.7–19.8) 21.7 (12.4-not reached)
aHigh-risk cytogenetics defined as presence of del(17p13) and/or t(4p16/14q32)
bFor patients that achieved � PR
Abbreviations ORR = overall response rate, DOR = duration of response, PFS = progression-free
response, OS = overall survival, PR = partial response
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15.4 months: Pomalidomide–dexamethasone significantly improved PFS as com-
pared to high-dose dexamethasone alone, including high-risk patients with del(17p)
or t(4;14). The median PFS in the pomalidomide–dexamethasone arm for patients
with del(17p) was 4.6 months versus 1.1 months with high-dose dexamethasone
and 2.8 months versus 1.9 months in patients with t(4;14). Among standard-risk
patients, the median PFS with pomalidomide–dexamethasone was 4.2 months
versus 2.3 months with high-dose dexamethasone. The median OS for patients with
del(17p) was 12.6 months (pom–dex) versus 7.7 months (high dex) and 7.5 months
versus 4.9 months in patients with t(4;14). For standard-risk patients, OS in the
pom–dex arm was 14.0 months versus 9.0 months for patients with high-dose
dexamethasone. However, it should be noted that 46% of high-risk patients and
64% of standard-risk patients enrolled in the high-dose dexamethasone arm sub-
sequently received pomalidomide (Table 2); thus without this “crossover,” the
observed differences would have been even more striking (Dimopoulos et al. 2015).

5.2 Patients with Renal Failure

For patients with impaired renal function or renal failure, it is always a challenge to
induce a suitable therapy, which is both efficient and well tolerated. Ramasamy
et al. performed a phase II study (MM-013) of pomalidomide–dexamethasone in 81
patients with RRMM with moderate or severe renal impairment (RI), including
patients on dialysis, who had received � 1 prior treatment including lenalidomide.
Patients were stratified in arm A with moderate RI (estimated glomerular filtration
rate, eGFR � 30 to < 45 ml/min), arm B with severe RI without dialysis
(eGFR < 30), and arm C with severe RI requiring dialysis (eGFR < 30). The
median number of cycles was 6 (range: 1–21), ORR was 32.1% (moderate RI:
39.4%, severe RI without dialysis: 32.4%, severe RI requiring dialysis: 14.3%), and
median PFS was 6.5, 4.2, and 2.4 months, respectively. The median OS was
16.4 months in patients in arm A, 11.8 months in arm B, and 5.2 months in arm C.

Table 2 Response rates among the MM-003 study patients based on cytogenetics (adapted from
Dimopoulos et al. 2015)

Modified high-risk cytogeneticsa Standard-risk cytogenetics

Pom–dex
(n = 77)

High dex
(n = 35)

p-
value

Pom–dex
(n = 148)

High dex
(n = 72)

p value

ORR [%] 25 9 0.071 35 10 <0.001

�VGPR
[%]

5 0 – 7 1 –

PR [%] 19 9 – 28 8 –
adel(17p)/t(4;14)
Abbreviations pom = pomalidomide, dex = low-dose dexamethasone, high dex = high-dose
dexamethasone, ORR = overall response rate, VGPR = very good partial response, PR = partial
response
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The authors conclude that pomalidomide dosed at 4 mg on a 21/28-day schedule
was a valuable therapy option and can be safely administered with low-dose dex-
amethasone in patients with moderate or severe RI, including those on hemodialysis
(Ramasamy et al. 2015). Post hoc analysis and prospective evaluations of other
clinical trials fortified this study (Siegel et al. 2012; Matous et al. 2014). Thus,
pomalidomide is a suitable treatment option for patients with severe RI, even
requiring dialysis. As pomalidomide can be eliminated from the blood circulation
by hemodialysis, on dialysis days, patients should take their pomalidomide medi-
cation following hemodialysis (IMNOVID®: summary of product characteristics;
Celgene, http://www.fachinfo.de; last revised: September 2016).

5.3 AL Amyloidosis and Other Disease Entities

Although previous studies could not show a survival advantage for patients with
AL amyloidosis responding to salvage treatment with pomalidomide, Palladini
et al. assessed the safety and efficacy in a phase II trial of pomalidomide–dexam-
ethasone in 28 AL amyloidosis patients who were previously exposed to borte-
zomib, alkylators, and other immunomodulatory drugs. In a dose-escalation phase,
three patients received 2 mg pomalidomide/d, with no dose-limiting toxicity and
the remaining patients received 4 mg/d. Pomalidomide was administered continu-
ously, and dexamethasone was given once per week at doses of 20 or 40 mg.
Fifteen patients experienced grade 3/4 AEs; the most common were fluid retention
and infections. Hematologic response was observed in 68% of patients (VGPR or
CR in 29%), as well as a gratifying OS. Median time to response was short with
1 month. This trial confirmed that pomalidomide–dexamethasone was a rapidly
active regime and may prolong survival in responding, heavily pretreated patients
with AL amyloidosis (Palladini et al. 2017).

Pomalidomide is not only a relevant treatment option for MM or AL amyloi-
dosis. There are also several clinical trials in other entities, like soft tissue sarcoma,
medulloblastoma, sickle cell anemia, Waldenstrom’s macroglobulinemia,
myelofibrosis, Kaposi sarcoma. In the future, these trials will hopefully elucidate,
whether and to what extent pomalidomide is a profitable treatment option in these
challenging to treat diseases.

5.4 Pomalidomide in Combination Schedules

The introduction of novel agents and their combination have generated major
advances in MM. Nevertheless, their immediate use in first-line and subsequent
therapies makes the treatment of subsequent relapses a challenge, since MM may
remain incurable and patients will ultimately acquire resistance to prior agents.
Once patients are no longer responsive to IMiDs and bortezomib, the prognosis is
grave and new agents, respectively the approval and use of well tolerable triplet or
quadruple therapies, are needed. Furthermore, there is a lack of new therapies for
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patients with high-risk cytogenetics and RI, for which pomalidomide is a promising
option. Currently, there are 139 trials that include pomalidomide and which are
registered at ClinicalTrials.gov: 103 (103/139 = 74%) of these involve MM
patients (out of currently 2228 clinical trials for the treatment of MM:
103/2220 = 4.6%).

5.4.1 Pomalidomide–Proteasome Inhibitor–Dexamethasone
(P-VD) Combination

The combination of pomalidomide, bortezomib, and low-dose dexamethasone
(P-VD) has been evaluated in several phase I/II clinical trials for the treatment of
RRMM patients. Lacy et al. reported the results from a phase I/II study evaluating
the safety and efficacy of P-VD in 50 patients with RRMM. In the phase I trial
involving n = 9 patients, dose level I doses of pomalidomide 4 mg on days 1–21,
bortezomib 1.0 mg/m2 (1.3 mg/m2 in dose level 2) i.v. on days 1, 8, 15, and 22, and
dexamethasone 40 mg on days 1, 8, 15, and 22 in 28-day cycles were given. In the
phase II part, 41 patients were treated. The median age was 66 years and 51% were
female. The median number of prior treatment lines was 3, 100% had received prior
lenalidomide, 68% had received prior SCT, 17% had received thalidomide, 56%
alkylators, 57% bortezomib, and 25% were high risk by Mayo Stratification for
Myeloma And Risk-Adapted Therapy (mSMART). Confirmed response occurred
in 34/42 (81%) evaluable patients, including 3 stringent complete responses (sCR),
5 CRs, 8 VGPRs, and 18 PR. Among 11 evaluable high-risk patients, 9 (82%)
achieved confirmed response. Median PFS was 17.7 months. At median follow-up
of 9 months, 72% of patients were progression-free, 96% of patients were alive, and
66% had remained on study (Lacy et al. 2014). Richardson et al. presented another
multicenter, open-label, randomized phase III study (MM-007; OPTIMISMM)
comparing P-VD to bortezomib/low-dose dexamethasone (VD) alone in RRMM
patients (EHA, June 2016), and this study has completed recruitment and is
expected to confirm highly promising results with more extended treatment periods,
PFS, and possibly also OS with P-VD versus VD alone (Richardson et al. 2015).

Furthermore, the combination of pomalidomide, carfilzomib, and low-dose
dexamethasone (PCfzD) is evaluated in several phase I/II clinical trials for the
treatment of RRMM (Bringhen et al., Jakubowiak et al., Rosenbaum et al., Shah
et al.). Dosing varied for the combination in these trials, ORR for this combination
ranged from 64 to 84%, and median PFS ranged from 9.2 to 16.8 months (Bringhen
et al. 2016; Jakubowiak et al. 2017; Shah et al. 2015).

The results of these trials verify the benefit of new treatment combinations
involving pomalidomide in triplets; therefore, the approval of P-VD and PCfzD in
RRMM is being anticipated.

5.4.2 Pomalidomide–Cyclophosphamide–Dexamethasone
(PCycloD) Combination

The combination of pomalidomide with cyclophosphamide and steroid (dexam-
ethasone or prednisone) is a promising option to improve efficacy and treatment
response in RRMM patients. The aim of a study performed by Baz et al. was to
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assess the safety and efficacy of adding oral weekly cyclophosphamide to the
standard treatment pom–dex. A dose-escalation phase I study was performed to
determine the recommended phase II dose of cyclophosphamide in combination
with pom–dex (arm A). This was followed by a randomized, multicenter phase II
study enrolling patients with lenalidomide-refractory MM. Patients were random-
ized (1:1) to receive pomalidomide 4 mg on days 1–21 of a 28-day cycle in
combination with weekly dexamethasone 40 mg (20 mg, if patients were > 75
years or unable to tolerate 40 mg weekly) (arm B) or pomalidomide, cyclophos-
phamide, and dexamethasone (PCycloD), using cyclophosphamide with 400 mg
orally on days 1, 8, and 15 (arm C). The primary endpoint was ORR. Eighty
patients were enrolled (10 in the phase I part and 70 randomized in the phase II part:
36 in arm B and 34 in arm C). The ORR in arm B and C was 38.9% (95% CI: 23–
54.8%) versus 64.7% (95% CI: 48.6–80.8%), and the median PFS was 4.4 (95% CI,
2.3–5.7) and 9.5 months (95% CI, 4.6–14), respectively. Toxicity was predomi-
nantly hematologic, but not statistically higher in arm C. The combination of
PCycloD results in substantially improved ORR and PFS as compared to pom–dex
alone in patients with lenalidomide-refractory MM and thus should be considered to
enhance responses and prolong progression (Baz et al. 2016).

5.4.3 Pomalidomide–Antibody–Dexamethasone Combination
In June 2017, the FDA approved the anti-CD38 antibody (Ab) daratumumab in
combination with pomalidomide and dexamethasone for the treatment of MM
patients, who had received at least two prior therapies, including lenalidomide and a
PI. Relevant for the approval was the trial of Chari et al. in which daratumumab–
pom–dex (Dara-PD) was evaluated in RRMM patients with two or more prior lines
of therapy, who were refractory to their last treatment. Patients received daratu-
mumab 16 mg/kg at the recommended dosing schedule, pomalidomide 4 mg daily
for 21 days of each 28-day cycles, and dexamethasone 40 mg weekly. Safety was
the primary endpoint. ORR and minimal residual disease (MRD) by
next-generation sequencing were secondary endpoints. Patients (n = 103) received
a median of four (range: 1–13) prior therapies; 76% received three or more prior
therapies. The safety profile of Dara-PD was similar to that of pom–dex alone, with
the exception of daratumumab-specific infusion-related reactions (IRR: 50%) and a
higher incidence of neutropenia, although without an increase in infections.
The ORR was 60% and was generally consistent across subgroups (58% in
double-refractory patients). Among patients with a CR or better, 29% were MRD
negative at a threshold of 10−5. At a median follow-up of 13.1 months, the median
PFS was 8.8 (95% CI: 4.6–15.4) months and median OS was 17.5 (95% CI:
13.3-not reached) months. The estimated 12-month survival rate was 66% (95% CI:
55.6–74.8).

Aside from increased neutropenia, the safety profile of Dara-PD was consistent
with that of the individual therapies. Deep, durable responses were observed in
heavily pretreated patients (Chari et al. 2017).

Likewise, there are several trials ongoing proving the value of adding antibodies
like elotuzumab and nivolumab to pom–dex in triplets or in quadruple
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combinations (pom–dex plus PI and Ab or pom–dex plus two abs). These com-
binations might further enhance responses, PFS, and OS, enrich the options in the
treatment of RRMM patients, and enhance the possibilities of patient-individualized
therapy approaches.

6 Toxicity

The most common side effects of pomalidomide reported in clinical trials have been
fatigue and asthenia, neutropenia, anemia, constipation, nausea, diarrhea, dyspnea,
upper respiratory tract infections, back pain, and pyrexia. In the comparative
analysis of six sequential phase II trials at Mayo in 345 patients receiving poma-
lidomide at doses of 2 or 4 mg/d, most common toxicities (grade � 3) were
neutropenia (31%), anemia (16%), thrombocytopenia (12%), pneumonia (8%), and
fatigue (8%). Venous thromboembolism (VTE) was seen in ten patients (3%; Lacy
et al. 2012). Moreover, a brief review on two patients who developed pulmonary
toxicity related to pomalidomide was consistent with previously published reports
on pulmonary toxicity related to thalidomide and lenalidomide. It was suggested
that this very rare toxicity should readily be recognized by clinicians in patients
with pulmonary complaints and no identifiable infectious source and that timely
withdrawal of the medication leads to rapid resolution of symptoms without
long-term sequelae (Geyer et al. 2011). In general, pomalidomide induces less
aesthesia and neuropathy than thalidomide and is more likely to induce neutropenia
than thalidomide, but this side effect is usually well manageable with dose reduc-
tion. Subsets of MM patients, who are sensitive to the myelosuppressive effect of
lenalidomide and have trouble tolerating even low doses, may do well with
pomalidomide, suggesting that its myelosuppressive effect is less pronounced. Skin
rash which might be observed with lenalidomide (Wäsch et al. 2012) is rarely seen
with pomalidomide (Lacy 2013).

Pomalidomide is approved by the FDA and EMA with a boxed warning alerting
patients and health care professionals that the drug can cause embryo-fetal toxicity
and VTE. Because of this embryo-fetal risk, pomalidomide is available only
through a restricted distribution program called the POMALYST Risk Evaluation
and Mitigation Strategy (REMS) program. Prescribers must be certified with the
POMALYSTREMS program by enrolling and complying with the REMS
requirements. Patients must sign a patient–physician agreement form and comply
with the REMS requirements. Female patients of reproductive potential who are not
pregnant must comply with the pregnancy testing and contraception requirements.
Males must comply with contraception requirements. Pharmacies must be certified
with the POMALYSTREMS program, must only dispense to patients, who are
authorized to receive pomalidomide, and comply with REMS (requirements on
http://www.fda.gov).
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7 Drug Interactions

CYP1A2 and CYP3A4 were identified as the most important enzymes metabolizing
IMiDs. Further, pomalidomide is a substrate of p-glycoprotein (p-gp). It is not to be
expected that pomalidomide causes drug interactions by inhibiting or inducing
P450-isoenzymes, if it is administered simultaneously with other substrates of
CYP1A2 or CYP3A4. Furthermore, the concomitant application of ketoconazole
(strong CYP3A4 and p-gp inhibitor) and carbamazepine (strong CYP3A4/5
inductor) showed no significant impact on the exposition of pomalidomide. Indeed,
co-administration of strong inhibitors of CYP1A2 (e.g., fluvoxamine, ciprofloxacin,
or enoxacin) increases the plasma levels of pomalidomide. If concomitant treatment
is unavoidable, the dose of pomalidomide should be decreased by 50%. Cigarette
smoking may reduce pomalidomide exposure via CYP1A2 induction. Therefore,
patients should be advised that smoking may reduce the efficacy of pomalidomide
(IMNOVID®: summary of product characteristics; Celgene, http://www.fachinfo.
de; last revised: September 2016).

8 Summary and Perspectives

Although new agents have significantly improved the prognosis in MM, novel
therapies are constantly needed. Pomalidomide is effective and well tolerated in
patients with advanced, refractory MM and potentially provides an unmet clinical
need in patients with previously treated MM. The use of pomalidomide and
low-dose dexamethasone, and their combination with other active agents, warrants
further clinical testing. Moreover, the response in cytogenetically high-risk patients
(Richardson et al. 2012) and with organ impairment, such as RI (Ramasamy et al.
2015), is currently confounded by low patient numbers and needs to be further
investigated.
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Abstract
Enasidenib is an orally available, selective, potent, small molecule inhibitor of
mutant isocitrate dehydrogenase 2 (IDH2). Neomorphic mutations in IDH2 are
frequently found in both hematologic malignancies and solid tumors and lead to
the production of the oncometabolite (R)-2-hydroxyglutarate. Increased levels
of (R)-2-hydroxyglutarate cause histone and DNA hypermethylation associated
with blocked differentiation and tumorigenesis. In PDX mice transplanted with
human IDH2-mutant acute myeloid leukemia cells, enasidenib treatment led to
normalization of (R)-2-hydroxyglutarate serum levels, differentiation of
leukemic blasts and increased survival. Early clinical data in patients with
relapsed/refractory IDH2-mutant acute myeloid leukemia show that enasidenib
is well tolerated and induces durable complete remissions as a single agent in
about 20% of cases. One notable drug-related adverse effect is differentiation
syndrome. On the basis of these results the compound has recently been
approved for the treatment of relapsed/refractory IDH2-mutant acute myeloid
leukemia in the USA. Although no data are available yet, clinical trials on the
treatment of patients with several types of IDH2-mutant solid tumors including
gliomas, chondrosarcomas and cholangiocarcinomas are currently being
performed.

Keywords
Isocitrate dehydrogenase � IDH � Acute myeloid leukemia � AML
Glioblastoma � Ketoglutarate � 2-hydroxyglutarate � Hypermethylation
AG-221

1 Introduction

Neomorphic somatic mutations in both isocitrate dehydrogenase 1 (IDH1) and
IDH2 are frequently found in several types of human malignancies including
glioma (Parsons et al. 2008; Yan et al. 2009), acute myeloid leukemia
(AML) (Mardis et al. 2009), myeloproliferative neoplasms (Green and Beer 2010),
myelodysplastic syndromes (Thol et al. 2010a, b), chondrosarcomas (Amary et al.
2011), cholangiocarcinomas (Borger et al. 2012), lymphomas (Cairns et al. 2012;
Odejide et al. 2014), melanomas (Shibata et al. 2011), and thyroid cancer (Murugan
et al. 2010). Whereas IDH1 mutations are more frequent in solid tumors, mutations
in IDH2 prevail in hematological malignancies, with about 12% of patients with
AML carrying an IDH2 mutation (Krämer and Heuser 2017). Mutations in IDH2
almost exclusively occur at arginine 172 or arginine 140 (Paschka et al. 2010; Thol
et al. 2010a, b) and affect the enzymes active site, where IDH2 substrates isocitrate
and NADP+ bind (Gross et al. 2010; Sellner et al. 2010; Ward et al. 2010).
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IDH1 and IDH2 catalyze the oxidative decarboxylation of isocitrate to
a-ketoglutarate. Mutant IDH loses this normal activity with concomitant gain of a
neomorphic function leading to the conversion of a-ketoglutarate to the
oncometabolite (R)-2-hydroxyglutarate. Increased levels of (R)-2-hydroxyglutarate
competitively inhibit a-ketoglutarate-dependent enzymes, thereby inducing histone
and DNA hypermethylation and a consecutive block in cellular differentiation
promoting tumorigenesis (Figueroa et al. 2010; Losman et al. 2013; Lu et al. 2012).
Consequently, levels of (R)-2-hydroxyglutarate are substantially increased in sera
of patients with IDH-mutant AML (Balss et al. 2012, 2016; Chaturvedi et al. 2017;
DiNardo et al. 2013; Fathi et al. 2012; Janin et al. 2014; Sellner et al. 2010).

2 Structure and Mechanism of Action (Ideally with IC50
Values of Targeted Kinases)

Enasidenib (former AG-221) or 2-methyl-1-((4-(6-(trifluoromethyl)-pyridin-2-yl)-
6-((2-(trifluoromethyl)-pyridin-4-yl)amino)-1,3,5-triazin-2-yl)amino)propan-2-ol is
an orally available, selective, potent, small molecule inhibitor of mutant IDH2
(Fig. 1). Somatic IDH2 mutations in human tumors are heterozygous. Because
IDH2 forms homodimers, the mutant enzyme exists as a mixture of mutant
homodimers and mutant–wildtype heterodimers, with the heterodimer producing
(R)-2-hydroxyglutarate more efficiently than mutant homodimers (Pietrak et al.
2011). Co-crystallization of enasidenib with mutant IDH2 revealed that the inhi-
bitor binds in an allosteric manner at the dimer interface (Wang et al. 2013). IC50

values for inhibition of IDH2-R140Q and IDH2-R172 K heterodimers were in the
range of 0.11–0.31 lM in in vitro kinase assays and 0.01–0.53 lM in intact cells,
depending on the cell lines used (Yen et al. 2017). For comparison, IC50 values for
inhibition of the IDH2 wildtype homodimer, the IDH1 wildtype homodimer, and
the IDH1-R132H heterodimer were 39.8, 1.1 and 77.6 lM in in vitro kinase assays.
IC50 values for a panel of 25 unrelated kinases were all >10 lM.

Fig. 1 Chemical structure of
enasidenib
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In cell lines and primary human AML cells, inhibition of mutant IDH2 by
enasidenib reduced (R)-2-hydroxyglutarate levels and restored hematopoietic dif-
ferentiation in vitro (Wang et al. 2013; Yen et al. 2017). Enasidenib also inhibited
growth factor-independent proliferation and reversed histone H3 hypermethylation
induced by expression of mutant IDH2-R140Q in TF-1 erythroleukemia cells (Yen
et al. 2017). In contrast, the compound did not induce apoptosis in cell lines or
primary AML cells. Accordingly, IDH2-mutant AML cells exposed to enasidenib
ex vivo produce mature, functioning neutrophils with conserved mutant IDH2 allele
frequency, indicating that they are derived from maturation of leukemic blasts (Yen
et al. 2017).

3 Preclinical Data

Preclinical data in mice are available for IDH2-mutant AML and glioblastoma cells.
In a subcutaneous mouse xenograft model using glioblastoma U87MG cells
engineered to express mutant IDH2-R140Q, enasidenib led to maximum (R)-
2-hydroxyglutarate reduction 12 h after dosing of 96.2% in plasma and 97.1% in
tumors at 50 mg/kg (Yen et al. 2017).

In mice competitively transplanted with normal bone marrow and bone marrow
cells from transgenic animals carrying mutant IDH2-R140Q and FLT3-ITD alleles,
100 mg/kg enasidenib twice daily markedly reduced (R)-2-hydroxyglutarate serum
levels as well, attenuated aberrant DNA methylation, and induced differentiation of
leukemic cells in vivo, again—similar to the ex vivo situation—without a major
reduction in mutant allele burden (Shih et al. 2014, 2017). Importantly and in
contrast to these results, combined inhibition of IDH2-R140Q and FLT3-ITD with
enasidenib and quizartinib (AC220) led to more profound demethylation, a
reduction in mutant allele burden and consequent recovery of non-malignant
hematopoiesis (Shih et al. 2017).

In mice transplanted with murine hematopoietic cells co-transduced with
IDH2-R140Q, NRAS-G12D, and DNMT3A-R882H, 40 mg/kg enasidenib twice
daily reduced (R)-2-hydroxyglutarate serum levels by >95%, decreased disease
burden, and significantly increased survival (Kats et al. 2017). With the exception
of an initial increase in the number of leukemic cells in the peripheral blood
reminiscent of differentiation syndrome, the dosing schedule was well tolerated
with no obvious side effects over a 4-week treatment period.

In addition to genetic AML models, data from patient-derived xenograft models
using primary human IDH2-R140Q-mutant AML cells have been reported. When
these animals with sustained human CD45+ cell counts were treated with 30 mg/kg
enasidenib twice daily for 38 days, the drug caused near normal serum as well as
intracellular (R)-2-hydroxyglutarate levels and surface expression of several dif-
ferentiation markers, accompanied by a decrease in human CD45+ blast counts in
several tissues (Yen et al. 2017). When compared to vehicle or treatment with
low-dose Ara-C (2 mg/kg given for 5 days), 45 mg/kg once daily enasidenib led to
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a statistically significant survival advantage, again accompanied by reductions in
(R)-2-hydroxyglutarate levels and cell differentiation but constant mutant
IDH2-R140Q allele frequencies (Yen et al. 2017). As lower drug doses not asso-
ciated with a survival benefit did not cause increased expression of differentiation
markers, onset of differentiation seems to be key to survival of mice treated with
enasidenib.

4 Clinical Data

Clinical data for inhibition of mutant IDH2 with enasidenib are currently only
available for patients with hematological malignancies. In a single first-in-human
phase I/II trial, maximum tolerated dose (MTD), pharmacokinetics, pharmacody-
namics, safety, and clinical activity of enasidenib have recently been reported in
239 patients with advanced IDH2-mutant myeloid malignancies (NCT01915498;
Stein et al. 2017a). One hundred and thirteen patients received increasing doses of
enasidenib in the dose-escalation phase, and 126 patients were treated with a fixed
dose of 100 mg enasidenib once daily in the expansion part of the trial. Enasidenib
(100 mg) once daily dosing was chosen because of robust steady-state drug con-
centrations, median plasma (R)-2-hydroxyglutarate level suppression of 93, 28, and
90.4% for IDH2-R140Q, IDH2-R172K, and all mutations, respectively, and clinical
activity. After multiple doses, enasidenib demonstrated an extended half-life of
approximately 137 h.

Of the total cohort of 239 patients, the largest subgroup of 176 individuals
suffered from relapsed or refractory AML. The remaining 63 patients suffered from
refractory anemia with excess blasts. The median age of the AML cohort and the
total study population was 67 (range 19–100) and 70 (range 19–100) years,
respectively. Seventy-five percent of all patients had IDH2-R140 and 24% had
IDH2-R172 mutations. Of the 176 relapsed/refractory AML patients, 94 patients
(53%) had received two or more prior chemotherapy regimens. Overall response
rate (ORR) and complete remission rate for patients with relapsed/refractory AML
in this study were 40.3 and 19.3%. ORR for IDH2-R140- and IDH2-R172-mutant
patients was 35.4 and 53.3%, while rates of complete remission were 17.7 and
24.4%, respectively, suggesting equivalent clinical responses of the two mutation
types to enasidenib treatment despite a more variable extent of (R)-
2-hydroxyglutarate suppression in IDH2-R170-mutant AML. Accordingly, the
extent of (R)-2-hydroxyglutarate serum level suppression did not correlate with
clinical response. Ten percent of the patients proceeded to allogeneic stem cell
transplantation. In 48.3% of patients, the best outcome after a median of four
enasidenib treatment cycles was stable disease. Some of these stable disease
patients in addition to a subset of patients with partial remission experienced
restoration of normal hematopoiesis with normalization of platelet and neutrophil
counts (Stein 2016; Stein et al. 2017a). In accordance with preclinical data,
remissions were a consequence of differentiation rather than induction of cell death
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and may thereby explain the lower frequency of infections in patients responding to
enasidenib treatment (Amatangelo et al. 2017) as well as hematopoietic recovery
occurring typically without intervening bone marrow aplasia or hypoplasia (Stein
et al. 2017a).

In contrast to standard chemotherapy but similar to hypomethylating agents,
delayed responses did occur several months after enasidenib initiation in several
patients. Median time to first response was 1.9 months. In the absence of disease
progression, patients should therefore receive multiple enasidenib treatment cycles
before concluding refractoriness to the compound. Also, transiently increased blast
counts after enasidenib initiation have been noted that did not per se signal disease
progression (Döhner et al. 2017).

At AML diagnosis, the variant allele frequency (VAF) of IDH2 mutations was
highly variable, ranging from low-level subclonality to full heterozygous clonality.
Notably, no correlation between mutant IDH2 VAF at diagnosis and response to
enasidenib was found (Amatangelo et al. 2017). With regard to changes in mutant
IDH2 VAF from diagnosis to best response, the majority of patients did not show a
significant decrease in VAF irrespective of clinical response, fitting to induction of
differentiation as major mechanism of enasidenib action as described above
(Amatangelo et al. 2017; Stein et al. 2017a). Nevertheless, in a subset of patients
molecular remissions were achieved with mutant IDH2 allele burden becoming
undetectable with response. However, no significant difference in event-free sur-
vival was observed between patients achieving molecular remissions and patients in
complete hematologic remission without molecular remission (Amatangelo et al.
2017). Co-occurring mutations in NRAS and other MAPK pathway components
were associated with primary resistance to mIDH2 inhibition by enasidenib.

Median overall survival among patients with IDH2-mutated relapsed/refractory
AML in this trial was 9.3 months, while patients attaining partial or complete
remission achieved a median survival of 19.7 months. Median event-free survival
duration was 6.4 months (Stein et al. 2017a).

In a recent subgroup analysis of the trial, both response rates and survival times
for 37 patients older than 60 years with previously untreated mIDH2 AML were
similar as compared with the total study population (Pollyea et al. 2017). ORR was
37.8% with a CR rate of 19%. Median overall survival among all 37 patients and
for responding patients was 10.4 and 19.8 months, respectively.

In addition to enasidenib monotherapy, initial phase I results on the combination
of enasidenib with either azacitidine or standard induction chemotherapy have been
recently released. As a clinical rationale for combining enasidenib with azacitidine,
both compounds reduce DNA methylation, azacitidine via inhibition of DNA
methyltransferases, and enasidenib by suppressing (R)-2-hydroxyglutarate levels
and thereby restoring the function of a-ketoglutarate-dependent TET family
enzymes. Of six patients with newly diagnosed mIDH2 AML that have received
azacitidine plus enasidenib 100 mg (n = 3) or 200 mg (n = 3), the ORR was 3/6
(50%) with 2 (33%) patients achieving CR (DiNardo et al. 2017). Thirty-eight
patients with newly diagnosed mIDH2 AML (median age 63, range 32–76)
received 100 mg enasidenib once daily combined with standard induction
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chemotherapy (daunorubicin 60 mg/m2/day or idarubicin 12 mg/m2/day � 3 days
with cytarabine 200 mg/m2/day � 7 days) (Stein et al. 2017b). After induction,
patients received � 4 cycles of consolidation chemotherapy while continuing the
mIDH2 inhibitor. Patients were allowed to continue on maintenance enasidenib for
� 2 years from the start of induction. Among 37 efficacy-evaluable
enasidenib-treated patients, a response of CR, CRi, or CRp was achieved in
12/18 (67%) patients with de novo AML and 11/19 (58%) patients with sAML.
Fourteen patients received � 1 cycle of consolidation therapy, and eight patients
proceeded to HSCT.

Despite a median survival of about 20 months in patients who respond to
enasidenib, most patients eventually relapse (Stein et al. 2017a). In contrast to
targeted therapies with tyrosine kinase inhibitors, a recent study showed that of all
12 relapse samples studied, none harbored second site resistance mutations in IDH2
(Quek et al. 2017). Importantly, 2-hydroxyglutarate (2HG) levels remained sup-
pressed in most patients after developing resistance, suggesting that enasidenib
indeed remains effective in inhibiting mIDH2. Instead, persisting mIDH2 clones
acquired additional mutations or aneuploidy as possible bypass pathways. Specif-
ically, (i) acquisition of IDH1 codon R132 mutations which resulted in a rise in
2HG (n = 2), (ii) deletion of chromosome 7q (n = 4), (iii) gain of function mutations
in genes implicated in cell proliferation (FLT3, CSF3R) (n = 3), and (iv) mutations
in hematopoietic transcription factors (GATA2, RUNX1) (n = 2) were found to
have evolved in mIDH2 subclones at relapse as potential resistance conferring
mechanisms.

5 Toxicity

In the above phase I/II in mIDH2 relapsed/refractory AML patients, enasidenib was
well tolerated, and the MTD was not reached at a dose of 650 mg once per day
(Stein et al. 2017a). Eighty-two percent of patients experienced treatment-related
adverse events, the most common ones being indirect hyperbilirubinemia and
nausea. Enasidenib-related grade 3–4 adverse events occurred in 41% of the
patients, most frequently indirect hyperbilirubinemia and differentiation syndrome.
The most common treatment-related serious adverse events (TEAEs) were differ-
entiation syndrome (8%), leukocytosis (4%), tumor lysis syndrome (3%), nausea
(2%), and hyperbilirubinemia (2%). A total of 18 patients developed serious dif-
ferentiation syndrome with a median time to onset of 48 days and two deaths. In the
majority of patients, differentiation syndrome was manageable with systemic cor-
ticosteroids but required enasidenib dosing interruption in 10/23 patients. Leuko-
cytosis can be treated by concomitant application of hydroxyurea. As described
above already, enasidenib seems not to cause bone marrow aplasia and associated
severe infections as the drug leads to myeloid differentiation rather than cell death.
Accordingly, enasidenib-related grade 3–4 hematologic adverse events (10%) and
infections (1%) were infrequent.
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In combination with azacitidine, the most frequent TEAEs were hyperbiliru-
binemia, nausea, cytopenia, and febrile neutropenia (DiNardo et al. 2017). Enasi-
denib combined with induction chemotherapy was generally well tolerated (Stein
et al. 2017b). One dose-limiting toxicity was observed (persistent grade 4 throm-
bocytopenia). The most frequent grade � 3 non-hematologic treatment-emergent
adverse events during induction therapy were febrile neutropenia (63%), hyper-
tension (11%), colitis (8%), and maculopapular rash (8%). Thirty- and 60-day
mortality rates were 5% and 8%, respectively. Median times for ANC recovery to
� 500/lL were 34 days and 33 days for platelet recovery to >50,000/lL. In
patients with sAML, there was an increased time to platelet count recovery (median
50 days).

6 Summary and Perspective

Enasidenib (former AG-221) is an orally available mutant IDH2 inhibitor that has
been—on the basis of a single phase I/II clinical trial without a comparison group—
approved in the USA for the treatment of adults with relapsed or refractory AML
and an IDH2 mutation as detected by an FDA-approved test. Single-agent enasi-
denib treatment induces complete remissions in about 20% of patients with mIDH2
relapsed/refractory AML and is well tolerated. Mode of action is induction of
differentiation, thereby avoiding bone marrow aplasia but also failing to
induce molecular remissions in the majority of cases. Why about 60% of patients
do not achieve remission despite the presence of an IDH2 mutation remains cur-
rently unclear. In contrast to tyrosine kinase inhibitor treatment, no secondary site
IDH2 mutations were found to explain resistance development. Enasidenib is at
various stages of clinical testing in other countries for AML, myelodysplastic
syndromes, and solid tumors. A multicenter, randomized phase III trial of enasi-
denib versus conventional care regimens in older subjects with late stage AML
harboring an IDH2 mutation (NCT02577406, IDHENTIFY) has been started and is
ongoing. In light of the encouraging results in elderly, previously untreated patients,
the Beat AML Master Trial (NCT03013998) examines the role of enasidenib
monotherapy in this population. Combining enasidenib with chemotherapy and
azacitidine in AML is currently analyzed in two additional clinical trials
(NCT02677922; NCT02632708). Also, combining enasidenib with FLT3 inhibi-
tion might be rewarding, as suggested by preclinical data (Shih et al. 2017). Fur-
thermore, a potential role for the compound in IDH2-mutated angioimmunoblastic
T-cell lymphomas (AITL) and solid tumors is being evaluated (NCT02273739).

194 A. Krämer and T. Bochtler



References

Amantangelo MD, Quek L, Shih A, Stein EM, Roshal M, David MD et al (2017) Enasidenib
induces acute myeloid leukemia cell differentiation to promote clinical response. Blood
130:732–741

Amary MF, Bacsi K, Maggiani F, Damato S, Halai D, Berisha F et al (2011) IDH1 and IDH2
mutations are frequent events in central chondrosarcoma and central and periosteal chondromas
but not in other mesenchymal tumours. J Pathol 224:334–343

Balss J, Pusch S, Beck AC, Herold-Mende C, Krämer A, Thiede C et al (2012) Enzymatic assay
for quantitative analysis of (D)-2-hydroxyglutarate. Acta Neuropathol 124:883–891

Balss J, Thiede C, Bochtler T, Okun JG, Saadati M, Benner A et al (2016) Pretreatment
D-2-hydroxyglutarate serum levels negatively impact on outcome in IDH1-mutated acute
myeloid leukemia. Leukemia 30:782–788

Borger DR, Tanabe KK, Fan KC, Lopez HU, Fantin VR, Straley KS et al (2012) Frequent
mutation of isocitrate dehydrogenase (IDH) 1 and IDH2 in cholangiocarcinoma identified
through broad-based tumor genotyping. Oncologist 17:72–79

Cairns RA, Iqbal J, Lemonnier F, Kucuk C, de Leval L, Jais JP et al (2012) IDH2 mutations are
frequent in angioimmunoblastic T-cell lymphoma. Blood 119:1901–1903

Chaturvedi A, Herbst L, Pusch S, Klett L, Goparaju R, Stichel D et al (2017) Pan-mutant-IDH1
inhibitor BAY1436032 is highly effective against human IDH1 mutant acute myeloid leukemia
in vivo. Leukemia (Epub ahead of print). https://doi.org/10.1038/leu.2017.46

DiNardo CD, Propert KJ, Loren AW, Paietta E, Sun Z, Levine RL et al (2013) Serum
2-hydroxyglutarate levels predict isocitrate dehydrogenase mutations and clinical outcome in
acute myeloid leukemia. Blood 121:4917–4924

DiNardo CD, Stein AS, Fathi AT, Montesinos P, Odenike O, Kantarjian HM et al (2017) Mutant
isocitrate dehydrogenase (mIDH) inhibitors, enasidenib or ivosidenib, in combination with
azacitidine (AZA): preliminary results of a phase 1b/2 study in patients with newly diagnosed
acute myeloid leukemia (AML). ASH, Abstract, p 639

Döhner H, Estey E, Grimwade D et al (2017) Diagnosis and management of AML in adults: 2017
ELN recommendations from an international expert panel. Blood 129:424–447

Fathi AT, Sadrzadeh H, Borger DR, Ballen KK, Amrein PC, Attar EC et al (2012) Prospective
serial evaluation of 2-hydroxyglutarate, during treatment of newly diagnosed acute myeloid
leukemia, to assess disease activity and therapeutic response. Blood 120:4649–4652

Figueroa ME, Abdel-Wahab O, Lu C, Ward PS, Patel J, Shih A et al (2010) Leukemic IDH1 and
IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 18:553–567

Green A, Beer P (2010) Somatic mutations of IDH1 and IDH2 in the leukemic transformation of
myeloproliferative neoplasms. N Engl J Med 362:369–370

Gross S, Cairns RA, Minden MD, Driggers EM, Bittinger MA, Jang HG et al (2010)
Cancer-associated metabolite 2-hydroxyglutarate accumulates in acute myelogenous leukemia
with isocitrate dehydrogenase 1 and 2 mutations. J Exp Med 207:339–344

Janin M, Mylonas E, Saada V, Micol JB, Renneville A, Quivoron C, Koscielny S et al (2014)
Serum 2-hydroxyglutarate production in IDH1- and IDH2-mutated de novo acute myeloid
leukemia: a study by the Acute Leukemia French Association group. J Clin Oncol 32:297–305

Kats LM, Vervoort SJ, Cole R, Rogers AJ, Gregory GP, Vidacs E et al (2017) A
pharmacogenomic approach validates AG-221 as an effective and on-target therapy in IDH2
mutant AML. Leukemia 31:1466–1470

Krämer A, Heuser M (2017) IDH-Inhibitoren. Onkologe 23:632–638
Losman JA, Looper RE, Koivunen P, Lee S, Schneider RK, McMahon C et al (2013) (R)-

2-hydroxyglutarate is sufficient to promote leukemogenesis and its effects are reversible.
Science 339:1621–1625

Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O et al (2012) IDH mutation
impairs histone demethylation and results in a block to cell differentiation. Nature 483:474–478

Enasidenib 195

http://dx.doi.org/10.1038/leu.2017.46


Mardis ER, Ding L, Dooling DJ, Larson DE, McLellan MD, Chen K et al (2009) Recurring
mutations found by sequencing an acute myeloid leukemia genome. N Engl J Med 361:
1058–1066

Murugan AK, Bojdani E, Xing M (2010) Identification and functional characterization of isocitrate
dehydrogenase 1 (IDH1) mutations in thyroid cancer. Biochem Biophys Res Commun
393:555–559

Odejide O, Weigert O, Lane AA, Toscano D, Lunning MA, Kopp N et al (2014) A targeted
mutational landscape of angioimmunoblastic T-cell lymphoma. Blood 123:1293–1296

Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, Angenendt P et al (2008) An integrated
genomic analysis of human glioblastoma multiforme. Science 321:1807–1812

Paschka P, Schlenk RF, Gaidzik VI, Habdank M, Kronke J, Bullinger L et al (2010) IDH1 and
IDH2 mutations are frequent genetic alterations in acute myeloid leukemia and confer adverse
prognosis in cytogenetically normal acute myeloid leukemia with NPM1 mutation without
FLT3 internal tandem duplication. J Clin Oncol 28:3636–3643

Pietrak B, Zhao H, Qi H, Quinn C, Gao E, Boyer JG et al (2011) A tale of two subunits: how the
neomorphic R132H IDH1 mutation enhances production of aHG. Biochemistry 50:4804–4812

Pollyea DA, Tallman MS, De Botton S, DiNardo CD, Kantarjian HM, Collins RH et al (2017)
Enasidenib monotherapy is effective and well-tolerated in patients with previously untreated
mutant IDH2 (mIDH2) acute myeloid leukemia (AML). ASH, Abstract, p 638

Quek L, David M, Kennedy A, Metzner M, Amatangelo M, Shih AH et al (2017) Clonal
heterogeneity in differentiation response and resistance to the IDH2 inhibitor enasidenib in
acute myeloid leukemia. ASH, Abstract, p 724

Sellner L, Capper D, Meyer J, Langhans CD, Hartog CM, Pfeifer H et al (2010) Increased levels of
2-hydroxyglutarate in AML patients with IDH1-R132H and IDH2-R140Q mutations. Eur J
Haematol 85:457–459

Shibata T, Kokubu A, Miyamoto M, Sasajima Y, Yamazaki N (2011) Mutant IDH1 confersan
in vivo growth in a melanoma cell line with BRAF mutation. Am J Pathol 178:1395–1402

Shih AH, Shank KR, Meydan C, Intlekofer AM, Ward P, Thompson CB et al (2014) AG-221, a
small molecule mutant IDH2 inhibitor, remodels the epigenetic state of IDH2-mutant cells and
induces alterations in self-renewal/differentiation in IDH2-mutant AML model in vivo. Blood
124 (abstract 437)

Shih AH, Meydan C, Shank K, Garrett-Bakelman FE, Ward P, Intlekofer AM et al (2017)
Combination targeted therapy to disrupt aberrant oncogenic signaling and reverse epigenetic
dysfunction in IDH2- and TET2-mutant acute myeloid leukemia. Cancer Discov 7:494–505

Stein EM (2016) Molecular pathways: IDH2 mutations—co-opting cellular metabolism for
malignant transformation. Clin Cancer Res 22:16–19

Stein EM, DiNardo CD, Pollyea DA, Fathi AT, Roboz GJ, Altman JK et al (2017a) Enasidenib in
mutant IDH2 relapsed or refractory acute myeloid leukemia. Blood 130:722–731

Stein EM, DiNardo CD, Mims AS, Savona MR, Pratz K, Stein AS et al (2017b) Ivosidenib or
enasidenib combined with standard induction chemotherapy is well tolerated and active in
patients with newly diagnosed AML with IDH1 or IDH2 mutation: initial results from a phase
1 trial. ASH, Abstract, p 726

Thol F, Damm F, Wagner K, Göhring G, Schlegelberger B, Hölzer D et al (2010a) Prognostic
impact of IDH2 mutations in cytogenetically normal acute myeloid leukemia. Blood 116:
614–616

Thol F, Weissinger EM, Krauter J, Wagner K, Damm F, Wichmann M et al (2010b)
IDH1mutations in patients with myelodysplastic syndromes are associated with an unfavorable
prognosis. Haematologica 95:1668–1674

Wang F, Travins J, DeLaBarre B, Penard-Lacronique V, Schalm S, Hansen E et al (2013) Targeted
inhibition of mutant IDH2 in leukemia cells induces cellular differentiation. Science 340:
622–626

196 A. Krämer and T. Bochtler



Ward PS, Patel J, Wise DR, Abdel-Wahab O, Bennett BD, Coller HA et al (2010) The common
feature of leukemia-associated IDH1 and IDH2 mutations is a neomorphic enzyme activity
converting alpha-ketoglutarate to 2-hydroxyglutarate. Cancer Cell 17:225–234

Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W et al (2009) IDH1 and IDH2
mutations in gliomas. N Engl J Med 360:765–773

Yen K, Travins J, Wang F, David MD, Artin E, Straley K et al (2017) AG-221, a first-in-class
therapy targeting acute myeloid leukemia harboring oncogenic IDH2 mutations. Cancer Discov
7:478–493

Enasidenib 197



Midostaurin: A Multiple Tyrosine
Kinases Inhibitor in Acute Myeloid
Leukemia and Systemic Mastocytosis

Richard F. Schlenk and Sabine Kayser

Contents

1 Introduction ........................................................................................................................ 200

2 FLT3 Mutations in AML.................................................................................................. 201

3 Activity of Midostaurin in Cell Cultures and Murine Models..................................... 201

4 Pharmacokinetics and Drug Metabolism in Humans ................................................... 202

5 Clinical Data....................................................................................................................... 203
5.1 Midostaurin in Solid Tumors ..................................................................................... 203
5.2 Midostaurin in AML (Phase-I/II) ............................................................................... 203
5.3 Midostaurin in AML (Phase-III) ................................................................................ 205
5.4 Midostaurin for the Treatment of Advanced Systemic Mastocytosis ....................... 208

6 Common and Serious Side Effects ................................................................................... 209

7 Interactions with Strong Inhibitors of Cytochrome P450 ............................................ 209

R. F. Schlenk (&)
NCT-Trial Center, German Cancer Research Center, Heidelberg, Germany
e-mail: richard.schlenk@nct-heidelberg.de

S. Kayser
Department of Internal Medicine V, University Hospital of Heidelberg, Heidelberg, Germany

S. Kayser
Clinical Cooperation Unit Molecular Hematology/Oncology, German Cancer Research
Center (DKFZ), University of Heidelberg, Heidelberg, Germany

© Springer International Publishing AG, part of Springer Nature 2018
U. M. Martens (ed.), Small Molecules in Hematology, Recent Results
in Cancer Research 211, https://doi.org/10.1007/978-3-319-91439-8_10

199

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91439-8_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91439-8_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91439-8_10&amp;domain=pdf


8 Effect of Midostaurin on Cardiac Intervals ................................................................... 210

9 Summary and Perspectives............................................................................................... 210
References ................................................................................................................................. 211

Abstract
Midostaurin (PKC412, Rydapt®) is an oral multiple tyrosine kinase inhibitor.
Main targets are the kinase domain receptor, vascular endothelial-, platelet
derived-, and fibroblast growth factor receptor, stem cell factor receptor c-KIT,
as well as mutated and wild-type FLT3 kinases. Midostaurin was approved by
the Food and Drug Administration (FDA) and the European Medical Agency
(EMA) for acute myeloid leukemia with activating FLT3 mutations in
combination with intensive induction and consolidation therapy as well as
aggressive systemic mastocytosis (ASM), systemic mastocytosis with associated
hematological neoplasm (SM-AHN) or mast cell leukemia (MCL). Several
clinical trials are active or are planned to further investigate the role of
midostaurin in myeloid malignancies and mastocytosis.

Keywords
Multikinase inhibitor � AML with activating FLT3 mutations � Systemic
mastocytosis

1 Introduction

Midostaurin (N-benzoyl-staurosporine, also known as PKC412 and CGP41251,
Fig. 1) is an indolocarbazole and was initially developed as a protein kinase C
(PKC) inhibitor (Fabbro et al. 2000; Propper et al. 2001; Andrejauskas-Buchdunger
and Regenass 1992). During the drug development process, it has been identified as
a multi-targeted tyrosine kinase inhibitor (TKI), with activity against a variety of
kinases, including the kinase domain receptor (KDR, a type III receptor tyrosine
kinase), vascular endothelial growth factor receptor 2 (VEGFR-2), platelet derived-
(PDGFR), and fibroblast growth factor receptor (FGFR), stem cell factor receptor
(c-KIT), as well as mutated and wild-type fms-related tyrosine (FLT3) kinases
(Propper et al. 2001; Andrejauskas-Buchdunger and Regenass 1992; Weisberg et al.
2002). Midostaurin reversibly binds to the catalytic domain of these kinases and
inhibits downstream signaling pathways resulting in growth arrest and enhanced
apoptosis (Propper et al. 2001; Weisberg et al. 2002; Karaman et al. 2008). It has a
broad anti-proliferative activity against various cell lines in vitro (Weisberg et al.
2002; Ikegami et al. 1995) and was able to reverse the P-glycoprotein-mediated
multidrug resistance of tumor cells in vitro (Budworth et al. 1996; Utz et al. 1994).
Exposure of cells to midostaurin in vitro resulted in a dose-dependent increase in
the G2/M phase of the cell cycle arrest and increased polyploidy, apoptosis and
enhanced sensitivity to ionizing radiation (Zaugg et al. 2001).
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Fig. 1 Chemical structure of midostaurin (PKC412) and its metabolites according to Propper
et al. (2001). CGP6221 and CGP52421 are generated from PKC412 via P450 liver enzyme
metabolism

2 FLT3 Mutations in AML

In AML, activating FLT3mutations are present in about 20–30% of newly diagnosed
patients and are among the most frequent molecular abnormalities (Papaemmanuil
et al. 2016; Nagel et al. 2017). FLT3 is a member of the class III receptor tyrosine
kinase family and has an established role in normal growth and differentiation of
hematopoietic precursor cells (Hannum et al. 1994). Physiologically, the FLT3
receptor dimerizes at the plasma membrane upon ligand binding, leading to a con-
formational change in its activation loop that allows adenosine triphosphate access to
the FLT3 active site. This is followed by autophosphorylation and activation of
numerous downstream signaling pathways (Griffith et al. 2004; Gu et al. 2011;
Hayakawa et al. 2000). Mutations of the FLT3 gene lead to ligand-independent
activation and dysregulation of downstream pathways such as PI3 K/AKT,
MAPK/ERK, and STAT5 (Gilliland and Griffin 2002; Rosnet et al. 1991; Meshinchi
and Appelbaum 2009). These pathways inhibit apoptosis and differentiation and
promote proliferation. Their high frequency in AML, location on the cell surface, and
association with an adverse prognosis make FLT3 mutations an attractive target
(Kayser and Schlenk 2017; Kayser and Levis 2017).

3 Activity of Midostaurin in Cell Cultures
and Murine Models

The antitumor activity of midostaurin was evaluated on murine and human tumor
models (Ikegami et al. 1995). In a preclinical human tumor xenograft models,
midostaurin 200 mg/kg once daily for 4 weeks showed a broad antitumor activity.

Midostaurin: A Multiple Tyrosine Kinases Inhibitor … 201



In addition, midostaurin inhibited the growth of gastric, colorectal, breast and lung
cancer cell lines with inhibition rates of 58–80%. In 2002, Weisberg et al. showed
that administration of midostaurin successfully prevented progressive leukemia in
FLT3-ITD-expressing retroviral transfected mice models (Weisberg et al. 2002). In
an in vitro pharmacodynamic analysis using 10 primary AML samples, which were
either FLT3 wild-type or FLT3-ITD positive (n = 5, each), one of the major active
metabolites, CGP52421, was even more cytotoxic than midostaurin over a dose
range of 100–500 nM, corresponding to the range over which FLT3 inhibition
occurs (Levis et al. 2006). When midostaurin and CGP52421 were combined in the
cytotoxic assay at levels that approximate what might be present in a patient, there
was no difference in the effect with CGP52421 alone as compared to the combi-
nation. Thus, CGP52421 seemed to be more cytotoxic to AML blast cells than its
parent compound, midostaurin, which might be related to its lower selectivity.
Enhanced activity of midostaurin was reported with a histone deacetylase inhibitor
(Bali et al. 2004) or with a heat-shock-protein 90 inhibitor (George et al. 2004) for
AML cell lines. The combination of midostaurin with eight conventional antileu-
kemic agents (cytarabine, doxorubicin, idarubicin, mitoxantrone, etoposide,
4-hydroperoxycyclophosphamide, methotrexate and vincristine) using three cell
lines with FLT3 mutations and five with FLT3 wild-type revealed synergistic
anti-proliferative activity of midostaurin with all agents studied except methotrexate
for FLT3-mutated cell lines (Furukawa et al. 2007).

4 Pharmacokinetics and Drug Metabolism in Humans

Single-dose pharmacokinetic studies in six healthy volunteers (five men, one
woman; age range, 22–51 years) demonstrated rapid oral absorption of midostaurin
with time to maximum concentration at 1–3 h (He et al. 2017). The maximum
plasma drug concentration and area under the concentration-time curve increased
with dose, but under-proportionally, especially after long-term treatment. In
humans, midostaurin is predominantly metabolized by CYP3A4 into two major
active circulating metabolites: CGP62221 (due to O-demethylation) and CGP52421
(due to hydroxylation) (Propper et al. 2001). In plasma, midostaurin and its
metabolites are highly protein-bound, ranging from 98 to 99%. Due to the high
plasma protein binding, elimination of midostaurin from plasma is slow with a
terminal half-life of about 20 h, and half-lifes of CGP62221 and CGP52421 with 33
and 495 h, respectively (He et al. 2017). The pharmacokinetic analysis from a
phase-II PKC412 trial reported by Stone et al. suggested that, in most patients,
PKC412 (and its active metabolite, CGP62221) reached micromolar concentrations
during the first week of treatment with subsequent rapid decline (Stone et al. 2005).
In contrast, the concentration of the other major metabolite, CGP52421, rose
continuously through day 28 and remained relatively stable thereafter. Interestingly,
the plasma concentration of CGP52421 at steady state was roughly sevenfold
higher compared to that of either midostaurin or CGP62221. In addition, the
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metabolite CGP52421 accumulates in plasma during repetitive treatment cycles and
its half-life is with >1 month longer as compared to midostaurin and CGP62221
(Levis et al. 2006). Major excretion of midostaurin and its metabolites is by feces,
whereas urinary excretion plays only a minor role based on data of healthy adults
(He et al. 2017).

5 Clinical Data

5.1 Midostaurin in Solid Tumors

A phase-I dose-escalation study in 33 patients with advanced solid malignancies
was conducted with midostaurin given at doses ranging from 25 to 225 mg/day in
combination with 5-fluorouracil 200 mg/m2/day, given daily with a 21-day pro-
tracted continuous intravenously (i.v.) infusion repeated every 4 weeks (Eder et al.
2004). No significant toxicities were observed with doses up to 150 mg/day.
Among nine patients treated with 225 mg/day of midostaurin, one experienced
grade 3 fatigue and nausea, another developed grade 3 hyperglycemia, and three
had grade 2 emesis and stomatitis, leading to early treatment discontinuation.
However, response was rather disappointing with only two minor responses con-
sisting of a 40–45% tumor reduction (gallbladder carcinoma and breast cancer,
respectively). There was no evidence of a pharmacokinetic interaction between
5-fluorouracil and midostaurin.

In addition, midostaurin was evaluated in combination with gemcitabine and
cisplatin in n = 23 patients with non-small-cell lung cancer (Monnerat et al. 2004).
The schedule included escalating doses ranging from 25 to 150 mg/day of
midostaurin, given every day of a 4-week cycle with cisplatin 100 mg/m2 on day 2
and gemcitabine 1000 mg/m2 on days 1, 8, and 15. Dose-limiting toxicities were
observed at a dose of 150 mg/day, and the next lower dose tested of 50 mg/day was
therefore considered as the recommended phase-II dose. Among 33 cycles in eight
patients, toxicity consisted of grade 1–2 diarrhea (12.5%) and asthenia (50%) with
only one patient experiencing grade 3 headache at this dose level. Again, response
was only marginal (3 partial responses). In 2011, a single-arm, phase-I trial was
initiated to evaluate the safety and efficacy of midostaurin 50 mg twice daily
(bid) in combination with 5-fluorouracil and radiotherapy for 8 cycles in n = 19
patients with locally advanced rectal cancer in the USA, but so far, results are
pending (ClinicalTrails.gov identifier: NCT01282502). Taken together, only little
activity was identified for midostaurin in solid tumors.

5.2 Midostaurin in AML (Phase-I/II)

Data from a phase-I trial of midostaurin in a variety of solid tumors revealed that
myelosuppression was not a dose-limiting toxicity at the recommended phase-II
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dose of 75 mg orally three times a day (Propper et al. 2001). Results from a phase-I
trial with single-agent midostaurin in relapsed or refractory AML or older de novo
AML patients with FLT3 mutations, who were otherwise ineligible for
chemotherapy, revealed a peripheral blast count decrease of at least 50% in the
majority (70%) of the patients (Stone et al. 2005). Autophosphorylation of FLT3 in
blast cells of responding patients was inhibited by >90% by day 3. Midostaurin was
generally well tolerated; the most common toxicities were grade 1 and 2 nausea
(48%), vomiting (41%), diarrhea (26%), and fatigue (7%). Although elimination of
peripheral blast counts was extremely rapid in these patients, the median response
duration was short (median, 13 weeks; range, 9-47 weeks). This early progression
was associated with a 50–75% decrease of midostaurin plasma levels by day 28 due
to autoinduction of its own metabolism via CYP3A4. In addition, in an index AML
patient, a new drug-resistant FLT3 mutation in the tyrosine kinase domain
(TKD) has been described (Heidel et al. 2006). Therefore, both, pharmacokinetic
mechanisms and appearance of resistance mutations may contribute to a short
duration of the response with midostaurin as single agent. Thus, combination of
midostaurin with standard chemotherapy in AML patients was a logic consequence
(Stone et al. 2012). In this trial, midostaurin has been evaluated in a phase-I/II study
in combination with standard induction chemotherapy with daunorubicin and
cytarabine as well as consolidation with high-dose cytarabine in first line, FLT3-
mutated but also in FLT3 wild-type patients younger than 61 years (Stone et al.
2012). Midostaurin in combination with intensive induction chemotherapy was
evaluated in different schedules, concomitantly versus sequential as well as con-
tinuously versus on/off. Initially, Midostaurin 100 mg twice daily in combination
with chemotherapy was administered on either a concomitant dose schedule starting
on day 1 of a 28-day cycle or sequentially starting on day 8. After the first 14
patients, prolonged exposure was deemed too toxic and the study was amended to
limit treatment to 14 days per chemotherapy course (days 1–7 and 15–21 of the
concomitant schedule; days 8–21 of the sequential schedule). Given intolerance of
the 14-day-per-cycle exposure to midostaurin 100 mg twice daily, the study was
again amended to reduce the dose of midostaurin to 50 mg twice daily in both the
14-day concomitantly and sequentially schedules. Tolerability improved for
patients who received midostaurin 50 mg twice daily for 14 days per cycle in both
the concomitant and sequential arms. The sequential schedule was finally chosen
for further evaluation based (i) on the slightly higher degree of tolerability in the
sequential arm, (ii) the fact that a pharmacokinetic interaction between midostaurin
and daunorubicin could not be excluded, and (iii) results from other studies
showing a possible antagonism if a FLT3 inhibitor was given before chemotherapy
(Levis et al. 2004). With this dose schedule, an overall complete remission
(CR) rate of 80% (CR rate in 74% of the FLT3-wild-type patients and in 92% of the
FLT3-mutated patients) was achieved. Together with the promising overall survival
(OS) data in patients with FLT3-mutated AML of 85 and 62% at one and two years,
respectively, these encouraging results provided rational for the subsequent ran-
domized phase-III trial in FLT3-mutated AML (CALGB 10603/RATIFY) (Stone
et al. 2017).
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So far not addressed was the optimal duration of TKI therapy. Intermittent
dosing (e.g., from day 8 to 21) does not lead to continuous target inhibition. In
parallel, FLT3 ligand (FL) levels were shown to increase dramatically following
intensive chemotherapy and gradually with each course of chemotherapy (Sato
et al. 2011). High FL levels upward shifted the cytotoxicity IC50 of FLT3 inhibitors
by twofold–fourfold. Thus, FL upregulation may be an important driver of resis-
tance, in particular when the inhibitor is given intermittently.

A still ongoing phase-II trial in adult AML patients (� 18 and � 70 years) with
FLT3-ITD evaluating midostaurin in combination with intensive induction-,
consolidation-including allogeneic hematopoietic cell transplantation (HCT) and
maintenance therapy with single-agent midostaurin was initiated in June 2012. All
patients were intended to receive consolidation therapy in a prioritized manner
consisting of either allogeneic HCT from matched related or unrelated donor as first
priority or high-dose cytarabine (HiDAC, age-adapted dosing) as second priority.
Both regimens include a one-year maintenance of midostaurin, starting at the
earliest at day 30 and at the latest day 100 after allogeneic HCT, or in case of
HiDAC consolidation throughout consolidation followed directly by maintenance
therapy. After recruitment of n = 147 patients, the study was amended including a
sample size increase to 284 patients and a dose reduction of sevenfold based on the
lower bound of the confidence interval of the ratio (area under the curve)
midostaurin with ketoconazole/AUC midostaurin without ketoconazole) was
implemented (Dutreix et al. 2013) in case of co-medication with strong CYP3A4
inhibitors (e.g., posaconazole). Median age was 54 years (range, 18–70 years). CR
rate after double induction therapy was 76%, regardless of age. Within this trial,
146 patients received an allogeneic HCT. The cumulative incidence of relapse
(CIR) and death after transplant were 13% and 16% without differences between
younger and older patients (p = 0.97, p = 0.41, respectively). CIR in patients
starting maintenance therapy was 20% one year after start of maintenance without
difference between allogeneic HCT and HiDAC (p = 0.99). In addition, no dif-
ference in CIR was identified in patients after consolidation with allogeneic HCT or
HiDAC according to dose reduction of midostaurin during first induction therapy
(p = 0.43, p = 0.98, respectively). Median OS was 25 months without any differ-
ence according to age group (younger patients, 18–60 years, 26 months; older
patients, 61–70 years, 23 months; p = 0.15). The final results of this trial are cur-
rently pending (ClinicalTrials.gov identifier: NCT01477606) (Schlenk et al. 2016).

5.3 Midostaurin in AML (Phase-III)

Recently, the pivotal large international multicenter randomized double-blinded
phase-III trial (CALGB 10603, RATIFY, clinicaltrials.gov: NCT00651261)
investigating the efficacy of midostaurin versus placebo as adjunct to conventional
chemotherapy in young adult (18–59 years) patients with FLT3-mutated AML was
published (Stone et al. 2017). Within the screening period, FLT3 mutations
(including FLT3-ITD and FLT3-TKD mutation) were determined centrally prior to
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enrollment into the clinical part of the study in one of nine academic laboratories
around the world with results being available within the timeframe of 48 h after
sample receipt in the laboratory. The trial was activated in May 2008, and after
screening of 3270 patients, a total of 717 younger adult FLT3-mutated AML
patients (18–60 years) were randomized until October 2011. The study scheme was
based on the phase-II results (Stone et al. 2012) and included the combination of
midostaurin or placebo 50 mg bid on days 8–21 to standard intensive 7 + 3
induction chemotherapy (cytarabine 200 mg/m2/day on days 1–7 by i.v. continu-
ously and daunorubicin 60 mg/m2/day on days 1–3) as well as 4 cycles of HiDAC
(3 g i.v. twice daily over 3 h on days 1, 3, 5) as consolidation therapy. A one-year
maintenance therapy with midostaurin or placebo was intended after completion of
consolidation therapy.

Although not specifically mandated, allogeneic HCT was performed in 25%
(n = 167) in first CR and overall including allogeneic HCT after induction failure
and after relapse in 57% (n = 429) of the patients. OS, the primary endpoint of the
study, was significantly improved by midostaurin with a hazard ratio of 0.78 (95%-
CI: 0.63–0.96, p value: 0.009), translating in a median survival of 74.7 months in
the midostaurin arm (range, 31.5 months not reached) as compared to 25.6 months
in the placebo arm (range, 18.6–42.9 months), respectively. Interestingly, this
improvement was regardless of the type of FLT3 mutation (ITD or TKD) or the
FLT3-ITD allelic ratio (cutoff 0.7). Based on these results, the US Food and Drug
Administration (FDA) has approved midostaurin (Rydapt®; Novartis Pharmaceu-
ticals, Inc.) on April 28th, 2017 for the treatment of adult newly diagnosed FLT3-
mutated AML. A companion diagnostic test for the detection of FLT3 mutations
(“LeukoStrat CDx FLT3 Mutation Assay”), developed by Invivoscribe Technolo-
gies Inc., was also approved. According to the FDA label, the recommended dose
of midostaurin (available in 25 mg capsules) is 50 mg twice daily on days 8–21 of
each cycle of induction with cytarabine and daunorubicin and days 8–21 of each
cycle of consolidation with HiDAC. The label notes that the drug is not indicated
for single-agent treatment of AML. The currently used dosage form is 25 mg soft
gelatine capsules, which should be stored at room temperature (25 °C; 77 °F).
A 25 mg/ml oral solution is available for pediatric investigation, but is currently not
approved. In Europe, the marketing authorization was granted by the European
Medicines Agency (EMA) on July 20th, 2017 including also single-agent main-
tenance therapy for patients in CR. Though approved, the debate is still ongoing
how midostaurin impacts OS and about the role of maintenance therapy. In an
explorative analysis including CRs according to the protocol and CRs occurring
beyond day 60, Midostaurin improved the CR rate significantly after induction
therapy (p = 0.04). In terms of prevention of relapse, midostaurin was most
effective in patients who received an allogeneic HCT in first CR. These patients had
an in trend better survival (p = 0.07) and a significant lower CIR (p = 0.02), if
again all patients achieving a CR after induction therapy were analyzed (Stone et al.
2017b). In contrast, patients who received chemotherapy as consolidation therapy
had a comparable CIR rate whether they received midostaurin or not. In addition,
those patients who proceeded to maintenance therapy (midostaurin, n = 105;

206 R. F. Schlenk and S. Kayser



placebo, n = 69) had no significant benefit of midostaurin in terms of disease-free
survival (p = 0.49) and OS (p = 0.38) (Larson et al. 2017). Taken together, these
data indicate that the addition of midostaurin to first induction therapy is most
important to induce the observed beneficial effect including the reduced relapse rate
in patients after allogeneic HCT in first CR. In contrast, subgroup analyses currently
do not indicate a clear benefit for midostaurin in combination with consolidation
chemotherapy and/or as maintenance. An issue so far not addressed in the analysis
of the RATIFY trial is the causal inference induced by allogeneic HCT (Hernán and
Robins 2017). Based on the subgroup analysis, focusing on maintenance therapy
(Larson et al. 2017) patients with lower risk (e.g., FLT3-TKD mutations) received
more frequently maintenance therapy suggesting that patients with high-risk
parameters (e.g., high allelic FLT3-ITD ratio) may have more frequently received
an allogeneic HCT in first CR. To address this issue, a re-analysis on a per protocol
basis of the data using appropriated statistical methods for causal inference (Hernán
and Robins 2017) may lead to further exciting insides (Fig. 2). Furthermore, the
different effects on event-free survival and OS according to gender also warrant
further analysis (Stone et al. 2017) and need to be addressed in additional
prospective studies.

Uncertainty and Potential 
Bias Introduced by 
Allogeneic HCT 

• The decision to perform an allogeneic HCT in first CR was not 
independent from prognostic factors (e.g. age, FLT3 mutation type, 
WBC). Therefore, interference is expected and should be 
addressed in the statistical analysis. 

Proposed Model 
• Z indicator for randomization 
• L0 prognostic factors at baseline 
• U unmeasured factors 
• A0 indicator for adherence to the protocol at baseline 
• At indicator for adherence to the protocol at time t (date of allogeneic 

HCT) 
• Y is the outcome of interest 
• X expected interference between prognostic factors and allogeneic HCT 

Abbreviations: HCT hematopoietic stem cell transplantation; CR, Complete remission; FLT3, 

FMS-like tyrosine kinase 3 gene; WBC, white blood cell count.

Fig. 2 Adapted model from Hernán and Robins (2017). HCT hematopoietic stem cell
transplantation; CR Complete remission; FLT3 FMS-like tyrosine kinase 3 gene; WBC white
blood cell count
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5.4 Midostaurin for the Treatment of Advanced Systemic
Mastocytosis

According to the World Health Organization (WHO) classification, advanced
systemic mastocytosis comprises rare hematologic neoplasms including aggressive
systemic mastocytosis, systemic mastocytosis with an associated hematologic
neoplasm (also termed systemic mastocytosis with an associated hematologic
non-mast cell lineage disease) and mast cell leukemia (Horny et al. 2008; Valent
et al. 2017). Hallmark of mastocytosis is a clonal, neoplastic proliferation of mast
cells that accumulate in one or more organ systems, most frequently involving the
skin, bone marrow, liver, spleen, and lymph nodes. In >80% of adult patients, the
KIT D816V mutation can be detected (Valent et al. 2017; Garcia-Montero et al.
2006; Kristensen et al. 2011). This mutation encodes a constitutively activated
receptor tyrosine kinase that drives disease pathogenesis (Garcia-Montero et al.
2006; Kristensen et al. 2011). Symptoms are caused by mast cell infiltration (e.g.,
urticaria pigmentosa, portal hypertension, cytopenias, osteolytic bone lesions,
hypersplenism, and malabsorption) and by the release of mediators (e.g., anaphy-
laxis, flushing, abdominal cramping, pruritus, and fatigue) with a high variability of
the symptoms (Valent et al. 2017). Recent studies have identified fatigue and fear of
anaphylaxis as the symptoms with the greatest impact on quality of life (QoL) (Van
Anrooij et al. 2016; Siebenhaar et al. 2016). Clinically, advanced systemic mas-
tocytosis is associated with a poor prognosis with a median OS of 3.5 years in
patients with aggressive systemic mastocytosis, 2 years in those with systemic
mastocytosis with an associated hematologic neoplasm, and less than 6 months in
those with mast cell leukemia (Cohen et al. 2014; Lim et al. 2009a, b;
Georgin-Lavialle et al. 2013). Cladribine and interferon alfa have been associated
with limited response and duration of response in small, retrospective studies
(Delaporte et al. 1995; Tefferi et al. 2001; Kluin-Nelemans et al. 2003; Hauswirth
et al. 2004; Pardanani et al. 2004; Lim et al. 2009; Barete et al. 2015). Since 2006,
imatinib at a dose of 400 mg/daily is approved by the FDA for the treatment of
aggressive systemic mastocytosis in patients without KIT D816V or with unknown
KIT mutation status (Quintas-Cardama et al. 2006), this indication is applicable to
only *10% of patients (Garcia-Montero et al. 2006; Kristensen et al. 2011).

The multikinase inhibitor midostaurin inhibits both non-mutant and mutant KIT
D816V and is currently the first and only FDA approved TKI as monotherapy for
advanced systemic mastocytosis with KIT mutations (Gotlib et al. 2016). Based on
promising activity of midostaurin in case reports (Gotlib et al. 2005), it was eval-
uated in a single-arm, phase-II trial in n = 116 patients with advanced systemic
mastocytosis at a dose of 100 mg twice daily (Gotlib et al. 2016). Eighty-nine
patients were eligible for primary efficacy; of those, n = 16 had aggressive systemic
mastocytosis, n = 57 systemic mastocytosis with an associated hematologic neo-
plasm, and n = 16 mast cell leukemia. Overall, n = 77 of the 89 (87%) patients
harbored a KIT D816V mutation. The overall response rate was 60%; 45% of the
patients had a major response, which was defined as complete resolution of at least
one type of mastocytosis-related organ damage. Additionally, midostaurin was
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associated with clinically significant benefits with respect to patient-reported
symptoms and quality of life which probably had been related to combined inhi-
bitory effects on the proliferation of neoplastic mast cells and mediator release
(Gotlib NEJM 2016). Response rates were similar regardless of the subtype of
advanced systemic mastocytosis or exposure to previous therapy. The median OS
was 28.7 months (95%-CI, 18.1 to not reached), and the median progression-free
survival was 14.1 months. Among the 16 patients with mast cell leukemia, the
median OS was 9.4 months (95%-CI, 7.5 to not reached). Dose reduction owing to
toxic effects occurred in 56% of the patients; re-escalation to the starting dose was
feasible in 32% of those patients. The most frequent adverse events were low-grade
nausea, vomiting, and diarrhea. New or worsening grade 3 or 4 neutropenia, ane-
mia, and thrombocytopenia occurred in 24, 41, and 29% of the patients, respec-
tively. Based on these results, midostaurin was approved by the FDA and EMA for
the treatment of this detrimental disease with otherwise limited treatment options.

6 Common and Serious Side Effects

The most common side effects of midostaurin are nausea, vomiting, fatigue,
headache, diarrhea, and anorexia (Stone et al. 2017a). In most cases, vomiting
occurred within 1 h of midostaurin intake and subsided when treatment was
withdrawn. Treatment with antiemetics was tried with variable success. Other
adverse events include abdominal cramps, constipation, anorexia, anemia,
leukopenia, neutropenia, thrombocytopenia, impaired liver function, dyslipidemia,
hyperglycemia, impaired glucose tolerance, hyperthyroidism, pain, hypertension,
rash, sweating, urinary tract infection, cough, viral infection, taste alteration, pru-
ritus, dizziness, arthralgia, mucositis, edema, insomnia, dysuria, pneumonia, fever,
infection.

Specific grade 3 or higher adverse events that had been reported during treatment
in AML patients within the phase-III trial (CALGB 10603/RATIFY) were a higher
rate of grade 3/4 rash/desquamation (Stone et al. 2017). Otherwise, no difference
between midostaurin as compared to placebo was identified indicating that
midostaurin was well tolerated.

7 Interactions with Strong Inhibitors of Cytochrome P450

Since midostaurin is metabolized by CYP3A4 to active compounds (He et al.
2017), dose interactions were evaluated in three phase-I healthy volunteer drug–
drug interaction studies. A single dose of 50 mg midostaurin was coadministered
with the potent CYP3A4 inhibitor ketoconazole (400 mg daily for 10 days) or
CYP3A4 inducer rifampicin (600 mg daily for 14 days). Additionally, the effects of
midostaurin as a single dose (100 mg) and multiple doses (50 mg twice daily) on
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midazolam (a sensitive CYP3A4 probe) concentration were evaluated. The plasma
concentrations of midostaurin and its two active metabolites, CGP62221 and
CGP52421, were determined using a sensitive liquid chromatography/tandem mass
spectrometry method (Dutreix et al. 2013). Within this study, the exposure of
midostaurin increased by more than tenfold (90%-CI, 7.4–14.5) due to CYP3A4
inhibition by ketoconazole, and induction of CYP3A4 by rifampicin decreased
midostaurin exposure by more than tenfold. Midostaurin did not appreciably affect
the concentrations of midazolam at single or multiple doses. Therefore, CYP3A4
inhibitors are thought to represent the most significant potential for drug interaction
with midostaurin. In addition, the coadministration of paracetamol (per oral and i.v.
administration) together with midostaurin should be avoided due to rare cases of
TKI-induced inhibition of paracetamol glucuronidation, which may lead to severe
and fatal liver toxicity (Liu et al. 2011; Claridge et al. 2010; Craig et al. 2011).

8 Effect of Midostaurin on Cardiac Intervals

Some TKIs have been shown to affect cardiac repolarization, as detected by heart
rate-corrected QT (QTc) prolongation (Chu et al. 2007; Levis et al. 2012; DeAngelo
et al. 2006; Tolcher et al. 2011). Therefore, the effect of midostaurin on cardiac
repolarization has been evaluated in a randomized phase-I study in a parallel design
with active (moxifloxacin) and placebo control arms in 192 healthy volunteers (Del
Corral et al. 2012). Midostaurin or placebo were administered at a dose of 75 mg
twice daily for 2 days and 75 mg once daily for 1 day. In the 4-day evaluation
period, only about one-third of the participants (35%) experienced a mostly mild
adverse event (97% were grade 1). No grade 3 or 4 adverse events were reported.
Thus, midostaurin demonstrated a good safety profile in healthy volunteers, with no
prolonged cardiac repolarization or other changes on the electrocardiogram. In
addition, none of the clinical studies have suggested a substantive risk for cardiac
abnormalities with midostaurin (Stone et al. 2017a; Schlenk et al. 2016).

9 Summary and Perspectives

Midostaurin (Rydapt®) was approved by the FDA and EMA for AML with acti-
vating FLT3 mutations as detected by an FDA-approved test in the USA in com-
bination with intensive induction and postremission therapy at a dosage of 50 mg
twice daily. In addition, it was approved as monotherapy for aggressive systemic
mastocytosis (ASM), systemic mastocytosis with associated hematological neo-
plasm (SM-AHN), or mast cell leukemia (MCL) at a dosage of 100 mg/twice daily.

In FLT3-mutated AML, the role of midostaurin as adjunct to intensive induction
therapy is based on the data from the double-blinded, randomized CALGB
10603/RATIFY trial well established and this is particularly true for patients
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proceeding to allogeneic HCT in first CR. In contrast, the impact of midostaurin
during HiDAC consolidation and single-agent midostaurin maintenance therapy is
based on additional subset analyses presented at ASH 2017 less clear and needs
additional investigations. Furthermore, causal inference induced by allogeneic HCT
may have a significant impact on outcome and should spur further post hoc anal-
ysis. Since its clinical benefit was independent from the type of FLT3 mutation
(TKD, ITD low allelic ration, ITD high allelic ratio), an evaluation of midostaurin
in FLT3-wild-type AML is already underway.

In advanced systemic mastocytosis, midostaurin significantly moved the field
forward. Currently, midostaurin is the only approved multikinase inhibitor in
patients with ASM, but new treatment strategies for alternative targets are needed.
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Abstract
Over the last years, targeted anti-cancer therapy with small-molecule inhibitors
and antibodies moved to the forefront as a strategy to treat hematological
cancers. These novel agents showed outstanding effects in treatment of patients,
often irrespective of their underlying genetic features. However, evolution and
selection of subclones with continuous treatment leads to disease relapse and
resistance toward these novel drugs. Venetoclax (ABT-199) is a novel, orally
bioavailable small-molecule inhibitor for selective targeting of B-cell lymphoma
2 (BCL2). Venetoclax is in clinical development and shows high efficacy and
safety in particular in the treatment of chronic lymphocytic leukemia (CLL), but
preliminarily also in acute myeloid leukemia (AML) and acute lymphoblastic
leukemia (ALL). The most important and impressive outcomes of venetoclax
treatment include a rapid induction of apoptosis and drastic reduction of the
tumor bulk within a few hours after administration. Venetoclax was approved by
the FDA and EMA in 2016 for patients with previously treated CLL with del
(17p13) and patients failing B cell receptor signaling inhibitors (EMA only), on
the basis of a single-arm phase II trial demonstrating a tremendous response rate
of 79% with complete remission in 20% of cases and an estimated 1-year
progression-free survival of 72%. This review focuses on the mode of action, the
preclinical models, and outcomes from various clinical trials with venetoclax in
different hematologic cancers as well as future development.

Keywords
Venetoclax � BCL2 inhibitors � Hematologic cancer

1 Background: The Balance between Anti-apoptotic
and Pro-apoptotic Proteins

BCL2 family proteins play a major role in the regulation of cell death, and BCL2
has been the first anti-apoptotic gene discovered in 1985 (Tsujimoto et al. 1985).
The BCL2 family is highly conserved and contains more than a dozen proteins that
are key regulators of the mechanism of intrinsic programmed cell death. The BCL2
family is clustered into three main functional groups, the pro-survival and
anti-apoptotic proteins BCL2, MCL1, BCL-XL and BCL-W (O’Connor et al. 1998;
Gibson et al. 1996; Boise et al. 1993; Opferman et al. 2005; Opferman et al. 2003),
the multi-BH domain pro-apoptotic proteins BAX and BAK and the pro-apoptotic
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Fig. 1 Overview of pro- and anti-apoptotic molecules. a Cell death signals trigger BID and BIM
to activate BAX and BAK, which in turn initiate MOMP and lead to apoptosis. b Anti-apoptotic
molecules, including BCL2, antagonize both activator and effector molecules and block the
apoptotic cascade. c Cell death signals also activate sensitizer molecules, which antagonize
anti-apoptotic molecules and release the block on apoptosis. This physiologic role is pharmaco-
logically recapitulated by BH3-mimetic drugs such as venetoclax

BH3-only proteins BIM, tBID; BAD, PUMA; NOXA and HRK (Inohara et al.
1997; Datta et al. 2002; Oda et al. 2000; O’Connor et al. 1998; Wei et al. 2000;
Korsmeyer et al. 2000) that trigger and execute the ‘suicidal’ cell death. In healthy
cells, the balance between cell survival and cell death requires the dynamic binding
interactions between the pro-apoptotic and anti-apoptotic proteins (Fig. 1). How-
ever, in various malignancies, the anti-apoptotic proteins are frequently overex-
pressed, leading to defective apoptosis (Robertson et al. 1996).

In cancers, anti-apoptotic BCL2 is upregulated by various mechanisms. The
t(14;18) chromosomal translocation which is a genetic hallmark of follicular
lymphoma (a subtype of indolent non-Hodgkin lymphoma) includes juxtaposi-
tioning of BCL2 in the IGHV locus, activating BCL2 at the transcriptional level
(Tsujimoto et al. 1985). Amplification of chromosome 18q21 resulting in high
BCL2 levels is observed in small-cell lung cancers (SCLC) (Monni et al. 1997) and
mantle cell lymphoma (MCL) (Bentz et al. 2000). In chronic lymphocytic leukemia
(CLL), the most common cytogenetic abnormality is the del(13q14), the minimally
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deleted region of which includes the BCL2 repressors, microRNAs 15 and 16
(Cimmino et al. 2005). Moreover, hypomethylation of BCL2 in CLL also con-
tributes to BCL2 upregulation due to epigenetic dysregulation (Hanada et al. 1993;
Cahill and Rosenquist 2013). On the other hand, defects in expression of
pro-apoptotic members result in a loss of the tumor suppressive function and lead to
an imbalance between pro-and anti-apoptotic BCL2 family proteins. Homozygous
deletions or inactivating mutations of BAX and BID (Meijerink et al. 1998; Lee
et al. 2004) or defective expression of BID and PUMA due to loss of p53 function
also tip the balance toward anti-apoptotic proteins (Sturm et al. 2000; Miyashita and
Reed 1995).

In summary, prevention of apoptosis is one of the hallmarks of cancer cells,
which in addition to sustaining survival of the malignant clone, impacts treatment
outcome and progression of the disease (Hanahan and Weinberg 2011).

2 Pharmacology and Evolution of BH3 Mimetics

2.1 BCL2 Inhibitors

In cancer, apoptosis is prevented by the formation of a heterodimer through binding
of the pro-apoptotic protein’s BH3 domain into the hydrophobic cleft of
anti-apoptotic proteins. The era of BCL2 inhibitors started with the design of
anti-sense oligonucleotides to knockdown BCL2 (Reed et al. 1990), followed by
BH3 mimetics which bind to the hydrophobic groove of the anti-apoptotic proteins,
stabilizing the pro-apoptotic proteins to carry out their function (Fig. 2a).

Oblimersen, the antisense oligonucleotide that was designed to specifically target
BCL2 showed only limited efficacy either in monotherapy (O’Brien et al. 2005) or
in combination with chemotherapy (O’Brien et al. 2009). Inhibitors of BCL2
derived from natural substances such as AT-101 (Balakrishnan et al. 2009) and
synthetic inhibitors such as obatoclax showed modest responses in CLL patients
(Brown et al. 2015).

ABT-737 was a highly specific small-molecule inhibitor of BCL-xL, BCL2, and
BCL-W with EC50 of 78.7, 30.3, and 197.8 nM in cell-free assays. The drug was
designed by a strategy of combining screening using nuclear magnetic resonance,
structure-based design, and combinatory chemical synthesis (Oltersdorf et al.
2005). Preclinical data showed ABT-737 to trigger BAX- and BAK-mediated
apoptosis in various cancer cell lines and xenograft models (van Delft et al. 2006).
Refractoriness to ABT-737 treatment was associated with the upregulation of
MCL1 (van Delft et al. 2006). However, the therapeutic use of ABT-737 was
limited due to its lack of oral bioavailability and the induction of thrombocytopenia,
and higher incidences of transaminitis were observed in the treatment owing to a
lower binding affinity of the drugs to BCL2 (Wilson et al. 2010).

A precursor of ABT-199 is navitoclax (ABT-263), a first-in-class dual inhibitor
of BCL2 and BCL-xL. Navitoclax is structurally related to ABT-737 and inhibits
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BCL2 and BCL-xL with EC50 values of 60 and 20 nM, respectively (Tse et al.
2008). Navitoclax has been evaluated in clinical phase I and II trials in B-cell
lymphomas as well as in solid tumors (Gandhi et al. 2011; Tolcher et al. 2015);
however, the strong inhibition of BCL-xL induced a rapid decrease in circulating
platelets due to a direct toxic effect. This concentration-dependent grade 3 and 4
thrombocytopenia affected treatment with high drug doses (Gandhi et al. 2011;
Kaefer et al. 2014). Navitoclax was explored in a phase I study in
relapsed/refractory CLL. In this trial, nine of 29 patients achieved a response with a
median PFS of 25 months (Roberts et al. 2012). A phase 2 study of rituximab with
or without navitoclax in untreated CLL reported ORR of 55% (Kipps et al. 2015).
However, due to the thrombocytopenia, navitoclax never entered clinical phase III
trials in spite of being proven efficient in BCL2 dependent malignancies (Roberts
et al. 2012).

Venetoclax (ABT-199, GDC-0199) is a selective, potent, orally bioavailable
BCL2 inhibitor. The structural formula is C45H50ClN7O7S (4-(4-{[2-(2-
(4-chlorophenyl)-4,4-dimethylcyclohex-2H-pyrrolo[2,3-b]pyridine-5-yloxy)benza-
mide)), with a molecular mass of Mr = 868.4 g/mol (Fig. 2b). In comparison to
navitoclax, venetoclax lacks a thiophenyl unit located at the P4 hotspot which

Fig. 2 a Summary of molecules which interplay in mitochondrial apoptosis. Venetoclax acts as a
BH3 mimetic and inhibits BCL2. The activation of BAX and BAK and their delocalization to the
outer mitochondrial membrane induces cytochrome c release by depolarization and caspase
activation. In healthy cells, BCL2 represses the activation of BAX and BAK. Figure is adopted
from Roberts et al. (2017). b Chemical structure of venetoclax (C45H50ClN7O7S(4-(4-{[2-(2-
(4-chlorophenyl)-4,4-dimethylcyclohex-2H-pyrrolo[2,3-b]pyridine-5-yloxy)benzamide))
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re-engineers the BH3-binding domain. The pharmacokinetics of venetoclax is
described by a Ki < 0.01 nM in cell-free assays, and it has 4800 times higher
potency for BCL2 than for BCL-xL(Ki = 48 nM) and BCL-W (Ki = 245 nM)
(Fig. 2). There is no activity described targeting MCL-1 (Ki > 444 nM) (Souers
et al. 2013). The half-life time of venetoclax is 16–19 h (Roberts et al. 2016).
ABT-199 was studied in various cellular models and primary patient samples
ex vivo, where it induced apoptosis and its sensitivity strongly correlated with the
expression of BCL2 (Anderson et al. 2016; Fischer et al. 2015; Varadarajan et al.
2013). The dosing in clinical trials is performed daily and ranges between 300 and
900 mg/day. The peak plasma concentration of venetoclax is achieved 5–8 h after
drug uptake. If venetoclax is taken with a fat meal, the mean maximum observed
plasma concentration (Cmax) and area under the plasma concentration—time curve
(AUC) are fourfold increased as its intestinal uptake and absorbance are acceler-
ated. Venetoclax is metabolized by CYP3A4/5 and is a substrate of the
P-glycoprotein pump (Agarwal et al. 2016). The use of CYP3A inhibitors leads to
an accumulation and dose increase and therefore should be avoided (Agarwal et al.
2016, 2017). Due to the high degree of specificity and comparatively lower toxicity,
only venetoclax among all the BCL2 inhibitors successfully reached the market.

2.2 MCL1 Inhibitors

MCL1 is an anti-apoptotic member of the BCL2 family of proteins. MCL1 is
frequently upregulated in various cancers and hence considered as a promising
therapeutic target. Moreover, transcriptional upregulation or amplification of MCL1
is described to be an important mechanism, driving resistance to BCL2 inhibitors
(Beroukhim et al. 2010). As MCL1 has a binding pocket for BAK, several com-
pound screens have been performed to develop competitive inhibitors to disrupt this
interaction (Varadarajan et al. 2013). However, MCL1 inhibition is known to be
embryonically lethal (Rinkenberger et al. 2000), and MCL1 is also important for
survival of hematopoietic stem cells (Opferman et al. 2005), which might limit the
therapeutic window due to toxicity. After TW-37 which showed potential efficacy
in in vitro models by disruption of MCL1 binding to BAK (Varadarajan et al.
2013), development of an amenable inhibitor had been challenging. Recent findings
presented S63845 with potent anti-tumor activity in vitro and in vivo (Kotschy et al.
2016). The inhibitor binds to the BH3 binding groove of MCL1 and was efficacious
in the pre-clinical setting in different hematopoietic cancers such as multiple
myeloma, acute myeloid leukemia, and lymphomas as well as in solid cancers.
Interestingly, S63845 showed no adverse effect on hematopoietic progenitor cells
which points to MCL1 as a treatment option for MCL1 dependent tumors and in
drug combination with BCL2 inhibitors (Kotschy et al. 2016) (Table 1).
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3 Preclinical Studies Using Venetoclax

A number of preclinical studies reported the tremendous effects of venetoclax
in vitro. The major mode of action of venetoclax is the activation of BAK and BAX
and subsequent mitochondrial cytochrome C release leading to apoptosis. Treat-
ment with venetoclax was reported in various cellular models to functionally val-
idate its mode of action. Jurkat T-cells lacking BAX showed no response to
treatment with different concentrations of venetoclax (Vogler et al. 2013). Apop-
tosis induction by venetoclax in peripheral blood samples from CLL cases was
confirmed by externalization of phosphatidylserine. Comparison of venetoclax with
ABT-737 and ABT-263 to analyze their susceptibility to affect platelets showed
markedly reduced toxicity of venetoclax in comparison to ABT-737 or ABT-263
(Vogler et al. 2013).

Furthermore, during preclinical development, high single-agent cell-killing was
demonstrated in non-Hodgkin’s lymphoma (NHL) cell lines including those from
diffused large B-cell lymphoma (DLBCL), mantle cell lymphoma (MCL), and
follicular lymphoma (FL). Notably, NHL cell lines carrying the t(14;18) BCL2 gain
showed higher sensitivity toward ABT-199 treatment than cell lines without the
alteration (Souers et al. 2013). Multiple myeloma cell lines showed sensitivity to
venetoclax correlating with the expression profile of BCL2, BCL-xL, and MCL1
which were predictive for treatment response. Interestingly, the co-expression of
BCL2 and BCL-xL resulted in resistance to venetoclax monotherapy but still
showed response to BCL-xL inhibitors.

Remarkable effects were also demonstrated for ABT-199 treatment of AML and
pediatric ALL cell lines (Fischer et al. 2015). Also, studies using xenografts of
AML (Pan et al. 2014), ALL (Frismantas et al. 2017), and B-cell lymphomas with
venetoclax as monotherapy or in combination with rituximab and bendamustine
(Souers et al. 2013) highlighted the efficacy of venetoclax as well as its safety in
combination treatments. In line with these findings, studies using MLL-rearranged
ALL primary samples in vitro (Alford et al. 2015) and in vivo (Khaw et al. 2016)
demonstrated the potent single-agent activity of venetoclax in these tumor entities.

In CLL, treatment with ibrutinib, a novel small-molecule inhibitor of BTK
showed impressive clinical activity with durable responses (Byrd et al. 2014; Byrd
et al. 2015); however, subsets of patients did not achieve deep remission or cure. To
address a possible synergism between venetoclax and ibrutinib, ex vivo serial
samples of CLL patients under ibrutinib treatment were treated with venetoclax.
The combination resulted in high cytotoxicity in vitro and confirmed a possible
synergy between venetoclax and ibrutinib. Of functional relevance, the decrease of
MCL1 and BCL-xL mediated by ibrutinib augmented the response to inhibition of
BCL2 through venetoclax, strongly endorsing for a clinical trial with this combi-
nation therapy (Cervantes-Gomez et al. 2015).

Importantly, on the other hand, various studies were performed to assess the
safety profile of venetoclax and their impact on non-tumor hematopoietic lineages
using genetically modified murine models. Pre-B-cells and immature B-cells were
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found to highly depend on BCL-xL (Motoyama et al. 1995) with a low expression
of BCL2 in these subsets; however, a gradual switch in BCL2 expression in
pro-B-cell precursors directed their maturation (Merino et al. 1994). In order to
validate the mode of action of ABT-199 on normal lymphocyte subsets, knockout
mice models carrying knockouts of apoptotic players (Bim, Bax, Bak, Puma, Noxa)
were analyzed (Khaw et al. 2014).

Analysis of the in vitro sensitivity of lymphocyte subsets identified human
peripheral B-cells of healthy donors to be more sensitive to venetoclax treatment
than CD4+ or CD8+ T-cells and granulocytes. These data were also confirmed by
analyzing murine lymphocyte subsets (Khaw et al. 2014). In contrast to cells of the
B-cell lineage, the T-cell lineage and granulocytes were resistant to venetoclax
treatment. In-depth analysis of T-cell subsets revealed a higher susceptibility of
double-negative (CD4- CD8-) thymocytes and mature peripheral T-cells than CD4
and CD8 subsets to venetoclax treatment, correlating with their reliance on BCL2
(Gratiot-Deans et al. 1994; Veis et al. 1993).

4 Clinical Efficacy of Venetoclax in Hematological
Malignancies

4.1 Venetoclax for Treatment of Poor-Risk CLL

CLL is a B-cell malignancy, where clonal CD5+ CD19+ CD23+ B-cells are pre-
sent in the peripheral blood and infiltrate lymphoid organs such as lymph nodes,
spleen, and bone marrow. The mechanisms underlying CLL pathogenesis are not
fully resolved, and the clinical course of CLL is highly diverse. Recently, there was
a paradigm change in treatment of CLL from chemoimmunotherapy-based treat-
ments to the use of small-molecule inhibitors targeting key survival mechanisms
especially in cases with high-risk genetic aberrations. The three main FDA/EMA
approved small-molecule inhibitors with proven efficacy are ibrutinib, targeting
BTK; idelalisib, targeting PI3K-d; and venetoclax targeting BCL2.

4.2 Phase I and Phase II Trials with Venetoclax
as a Single-Agent in CLL

In spite of variations in BCL2 expression levels between patient samples, almost all
CLL tumors express high levels of BCL2 primarily due to the prevalence of del
(13q14), harboring the BCL2 repressors, miR-15 and miR-16 (Cimmino et al.
2005).

A phase I first-in-human dose escalation clinical trial was initiated to determine
the dosings of venetoclax in patients with relapsed/refractory CLL, SLL, or B-NHL
(Roberts et al. 2016). To address the safety and pharmacokinetic profile, the first
group was treated with an escalating dose, in which 56 patients received treatment
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with eight different doses ranging from initial doses between 20 and 50 mg
venetoclax and received a weekly increase up to 1200 mg per day. In the second
group, 60 patients were treated in a stepwise weekly ramp-up of up to 400 mg per
day. Treatment with venetoclax resulted in an overall response rate (ORR) of 79%
in the relapsed/refractory CLL with poor prognostic clinical factors (ORR of 77% in
the dose escalation cohort, ORR of 82% in the expansion cohort) (Roberts et al.
2016). Strikingly, with venetoclax treatment, a rapid reduction of absolute lym-
phocyte counts occurred within 6–24 h after a single 20 mg dosing, where apop-
totic CLL cells were detected in peripheral blood. Reduction in tumor burden was
detected in blood, lymph nodes, and bone marrow; however, tumor lysis syndrome
(TLS) occurred only in two patients with lymphadenopathy. Twenty percentage of
patients achieved complete remission, and among them, 5% were negative for
MRD by flow cytometry, which has never been observed with BTK or PI3 K
inhibitors treatments (Woyach and Johnson 2015). Notably, tumor lysis syndrome
emerged as dose-limiting toxicity in these early data and dedicated risk mitigation
strategies have been implemented including a slow ramp-up dosing and prophy-
lactic measures to allow for save treatment initiation (for details please see below).

In the dose escalation protocol, 60 patients were treated with a weekly dose
ramp-up of 20–400 mg daily and no tumor lysis syndrome was observed.
Progression-free survival of 69% was reported after 15 months. The grade 3/4
adverse effects included neutropenia in 40% of the patients and grade 1/2 adverse
effects were associated with the gastrointestinal system. Nevertheless, infections
due to neutropenia remained lower compared to treatment with chemoim-
munotherapy. The efficacy of venetoclax was irrespective of the cytogenetics and
TP53 mutation status. After a median observation time of 17 months, 41 patients
(35%) showed progressive disease and among these 18 patients (16%) developed
Richter’s transformation.

Due to the promising results in poor-risk CLL, a pivotal phase II clinical trial
was initiated, accruing relapsed/refractory CLL patients with del(17p). In this
multicenter open-label study, 107 patients were enrolled between 2013 and 2014
and treated with venetoclax with a weekly dose escalation from 20 to 400 mg over
4 weeks (20, 50, 100, 200, 400 mg) and continued until disease progression.
Overall response after an observation time of 12 months was 79.4% (85 of
107 patients), and in 8% of patients, complete remission was achieved. Esti-
mated PFS and OS after 12 months were 72 and 86.7%, respectively (Fig. 3)
(Stilgenbauer et al. 2016).

Responses were durable, and majority of the patients showed reduction in
absolute lymphocyte count, target lymph node lesion diameter, and bone marrow
infiltrate at a median of 0.3 months of treatment (Fig. 4). Management of tumor
lysis syndrome was by prophylaxis. Laboratory TLS was observed in five patients
during dose escalation and in one patient in the third week; however, no clinical
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TLS appeared in these cases. The most common adverse effect of higher grade was
neutropenia in 40% of patients, which was handled with dose reductions, G-CSF
administration, or prophylactic antibiotic regimens. The results of this pivotal trial
led to FDA approval of venetoclax in April 2016 for the treatment of previously
treated CLL patients with the 17p deletion (Deeks 2016).

To date, limited clinical data is available regarding the sequential use of the
novel drugs or synergism of inhibitors in combinations. Various drug combinations
are currently being tested to improve response rates and with an aim for deep
remission or even cure.

Fig. 3 a Cumulative incidence of overall response and CR by independent review-committee
assessment. b Cumulative incidence of minimal residual disease-negative status in peripheral
blood for all patients and for patients achieving CR or CRi by independent review-committee
assessment. Kaplan–Meier curves for c overall survival, d progression-free survival (n = 107),
e duration of overall response for all responders by independent review-committee assessment
(n = 85), and f duration of overall response for all responders separated by response subgroups
(independently assessed). CR: complete remission; Cri: CR with incomplete recovery of blood
counts; nPR: nodular partial response (Stilgenbauer et al 2016; Huber et al. 2017)
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Fig. 4 Absolute change from baseline in peripheral absolute lymphocyte count in patients with a
baseline absolute lymphocyte count > 5 � 109 cells/L (n = 87) (a) and unidimensional nodal
diameter (n = 96) (b). Thresholds of 4 � 109 cells/L (a) and 15 mm (b) corresponded to
requirements for complete remission. Line length indicates absolute best change from baseline;
each line represents one patient, with patients arranged in descending order of baseline
measurement. Nodal measurements were computed tomography scan-derived, consisting unidi-
mensional diameters of largest target lesions for patients who had at least one follow-up computed
tomography scan on study. Response categories were assessed by an independent review
committee (Stilgenbauer et al 2016; Huber et al. 2017)
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4.3 Venetoclax in Combination Therapy for the Treatment
of CLL

Since the combination of venetoclax with rituximab enhanced the efficacy of
venetoclax in preclinical models, a phase Ib study was initiated where
relapsed/refractory CLL patients were continuously treated with venetoclax and
received a single dose of rituximab every six weeks. Primary aim of the combi-
nation study was to address the maximum tolerable dose and safety of the com-
bination, and further objectives were to assess the pharmacokinetic profile, efficacy,
overall response, and PFS (Seymour et al. 2017). Twenty-five (51%) of 49 patients
had a complete remission and 28 (57%) patients achieved undetectable bone
marrow MRD. The most common adverse effects included grade 1/2 gastroin-
testinal events and grade 3/4 neutropenia in 26 (53%) patients, similar to that of
venetoclax monotherapy. Remarkably, 42 (86%) patients responded (ORR) to the
combination, and a 2-year progression-free survival was achieved in 82% (Seymour
et al. 2017).

Most recently, the first randomized phase III data on venetoclax became avail-
able from the MURANO trial. This showed profound improvement in PFS (primary
endpoint), clinical response rate, MRD response, and OS in relapsed/refractory
CLL patients treated with venetoclax plus rituximab (VR) compared to ben-
damustine and rituximab (BR). Of the 389 patients enrolled, 27% had a del(17p13),
60% received one prior therapy, and 15% were refractory to fludarabine. At interim
analysis (median follow-up of 23.8 months), PFS was significantly prolonged for
VR compared to BR arm (median PFS not reached vs. 17 months, Fig. 5).
The ORR for VR was 93.3% compared to 68% for BR, and CR/CRi was achieved
in 26.8% versus 8.2%, respectively. MRD negativity was attained in 83.5% of cases
treated with VR compared to 23.1% treated with BR. Comparable number of fatal
AEs (5%) and Richter’s transformation (3%) was observed in both treatment arms.
The dramatic efficacy of VR treatment combined with favorable tolerability will
lead to approval of this combination therapy for relapsed/refractory CLL (Seymour
et al. 2017) (Fig. 5).

Furthermore, a prospective, open-label multicenter randomized phase 3 trial was
initiated to compare the efficacy of obinutuzumab combined with venetoclax versus
obinutuzumab with chlorambucil (Clb) in the front line treatment of CLL patients
with comorbidity (CLL14 trial of the GCLLSG). The safety run-in phase of the trial
included 12 patients who received the experimental arm (obinutuzumab with
venetoclax). The safety and efficacy of 6 weekly cycles of obinutuzumab and daily
treatment with venetoclax appeared well tolerated and showed excellent efficacy;
therefore, the randomized phase III trial is currently fully accrued, and follow-up is
ongoing (Fischer et al. 2015).

Several lines of evidence support the combination of venetoclax with other
small-molecule inhibitors in CLL. Ongoing clinical phase II trials are recruiting
participants for combination treatment of ibrutinib, venetoclax, and obinutuzumab
for first-line treatment of CLL (CLL13, GAIA trial; NCT02950051). The study
protocol compares several combinations such as standard chemotherapy (FCR/BR)
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versus rituximab with venetoclax (RVe) versus obinutuzumab with venetoclax
versus obinutuzumab with ibrutinib and venetoclax (GIVe) in previously untreated
fit patients without del(17p13) or TP53 mutation (NCT02758665). Furthermore,
the combination of venetoclax with ibrutinib (NCT02756897) is being studied for
the treatment of relapsed/refractory CLL. In the CLL-BAG trial, the sequential
regimen of bendamustine for debulking of tumor cells is followed by ABT-199 and
GA101-induction and -maintenance therapy. Interim results after the induction
phase report tremendous success with an overall response rate in 97% of treated
patients and 89% of patients were MRD-negative (NCT02401503) (Cramer et al.
2017). Even more impressive results are expected from these trials on
treatment-naïve patients as well as relapsed/refractory diseases (Table 2).

4.4 Venetoclax for the Treatment of Acute Lymphoblastic
Leukemia (ALL)

Treatment of pediatric B-cell precursor ALL (BCP-ALL) has evolved to be more
and more successful over the past decades as survival rates of patients have
improved to more than 80% (Pui et al. 2015). However, decreased tolerance to
therapy (toxicity) and minimal residual disease positivity with subsequent relapse
remain issues associated with poor outcome. As BCP-ALL is a very heterogeneous

Fig. 5 Progression-free survival of the interim analysis of the pivotal phase III MURANO trial.
The combination of venetoclax with rituximab showed a dramatic prolongation of PFS in
comparison to bendamustine and rituximab (Seymour et al. 2017)
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disease, ideal biomarkers for early stratification of patients into groups which would
potentially benefit from treatment with venetoclax are required. In particular, the
prognosis of Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph
(+) ALL) remains unfavorable. Ph(+) ALL occurs in 25% of adults and in only 3%
of pediatric ALL patients (Liu-Dumlao et al. 2012). The current treatment regimen
includes multi-chemotherapy which is complemented with the kinase inhibitors
imatinib or dasatinib. A pre-clinical trial in xenograft mice demonstrated that the
combination of dasatinib and venetoclax is synergistic and tolerable in vivo and that
the anti-leukemic effects were vastly improved (Leonard et al. 2016).

Two clinical trials are planned to study the efficacy of venetoclax monotherapy
in ALL. A phase I study to address the safety and pharmacokinetics of venetoclax
monotherapy in pediatric and young adult patients will recruit patients with
relapsed/refractory ALL (NCT03236857). Another open-label phase I
dose-escalating study will recruit participants and analyze safety and pharmacoki-
netics of venetoclax, navitoclax, and chemotherapy in relapsed acute lymphoblastic
leukemia (NCT03181126).

4.5 Treatment of Non-Hodgkin’s Lymphomas
(NHL) and Multiple Myeloma (MM) with Venetoclax

Non-Hodgkin’s lymphoma describes a group of B- and T-cell lymphomas, which
range from indolent to aggressive types. The low-grade or indolent subtypes
include follicular lymphoma (FL) and CLL, while the high-grade or aggressive
NHLs include diseases such as diffuse large B-cell lymphoma (DLBCL) and mantle
cell lymphoma (MCL). While the standard chemo-immuno therapy has improved
the outcome of patients diagnosed with aggressive non-Hodgkin’s lymphomas,
treatment after disease relapse remains challenging.

Venetoclax monotherapy is being assessed in a clinical trial for pediatric and
young patients with NHL (NCT03236857), and even further clinical trials are
planned to study venetoclax in combination (NCT03181126). A clinical phase III
trial is currently investigating in the combination of venetoclax and ibrutinib in
MCL patients (NCT03112174). An ongoing phase I single-arm study investigates
the combination of venetoclax with bendamustine and rituximab. After completion
of the treatment cycles with bendamustine, rituximab, and venetoclax, venetoclax is
continued as monotherapy for two more years. In a phase I first in human trial of
106 recruited patients with relapsed/refractory FL (29), DLBCL (34), MCL (28),
Waldenstroem macroglobulinea (4), marginal zone lymphoma (3) and DLBCL
derived from Richter´s syndrome (3), an ORR of 44% and median PFS of
6 months was achieved. 14 patients had a complete response, 33 patients
showed a partial response, and 32 patients had a stable disease. In this dose
escalation study, the MCL cases achieved durable response with 800mg while
1200mg was the effective single agent dose of venetoclax for FL and DLBCL
patients (Davids et al. 2017).
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A follow-up phase II single-arm study is currently recruiting participants for the
combination of venetoclax with obinutuzumab in relapsed/refractory DLBCL.
Here, the combination treatment is repeated for three cycles, and if complete or
partial responses are obtained, the patients will receive stem cell transplantation
(NCT02987400). Several trials aiming for the combination treatment of venetoclax
with rituximab or obinutuzumab, cyclophosphamide, etoposide, prednisone, and
others are under investigation.

Venetoclax demonstrated cell killing in multiple myeloma cell lines and primary
tumor cells (Kumar et al. 2015), and several clinical studies with venetoclax are
currently ongoing for the treatment of multiple myeloma. Relapsed/refractory
patients receive combinations of venetoclax and current standard therapy with
dexamethasone and bortezomib (NCT02755597; NCT01794507). Other trials
combine venetoclax with daratumumab, a CD38 antibody (NCT03314181). In the
monotherapy approach, 21% of patients responded to venetoclax treatment. Nota-
bly, 40% of these patients carried the t(11;14) translocation, were refractory to
bortezomib and lenalidomide, and were treated with at least four prior regimens
(Kumar et al. 2015). Due to good safety and efficacy, a phase Ib trial was initiated to
study the combination treatment of venetoclax with bortezomib and dexametha-
sone. Sixty-six heavily pretreated patients were enrolled. The overall response rate
was 66%, and the median time to progression was 9.7 months. The results were
irrespective of the t(11;14) status, with manageable adverse effects and an
acceptable safety profile (Moreau et al. 2017).

4.6 Venetoclax for Treatment of Myeloid Malignancies

Acute myeloid leukemia is an aggressive malignancy of the myeloid progenitor
cells. AML cases have variable outcome after chemotherapy due to the enormous
clinical and molecular heterogeneity. Over decades, the induction therapy of
combined anthracycline plus cytarabine cytotoxic agents has remained the standard
of treatment with little improvement in survival with the additions of novel agents.
Though the manipulation of intensity and duration of treatment modestly improved
survival incertain patient subsets, a consolidation chemotherapy often including
stem cell transplant remains necessary (Fernandez et al. 2009). Venetoclax
demonstrated high efficiency in preclinical AML models as well as synergy with
anthracyclines (Teh et al. 2017).

Venetoclax achieved remarkable results in early clinical trials in AML. The
M13-387 phase Ib trial evaluated the safety and the maximum tolerable dose of
venetoclax in treatment naïve elderly AML patients not eligible for standard
induction chemotherapy. Patients were treated in two arms, a ramp-up of veneto-
clax with decitabine or 5-azacitidine. Nineteen of 22 patients completed the first
28-day cycle with venetoclax. The response to treatment was 75% in the decitabine
and 70% in the 5-azacitidine arms (DiNardo et al. 2015). Also, venetoclax as a
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single agent in heavily pretreated AML patients resulted in an overall response rate
of 19% (Konopleva et al. 2016). Based on these results, further clinical trials were
initiated for the treatment of AML. A phase III study was initiated to assess
treatment with Venetoclax in combination with azacitidine, where patients not
eligible for intensive therapy were randomized to venetoclax with azacitidine or
placebo with azacitidine arms. Interim results present an impressive overall
response rate of 69% with a complete response (CR) of 60% in high-risk AML
patients (NCT03236857; DiNardo et al. 2015).

5 Venetoclax in Solid Tumors

As various cancers show dependency on anti-apoptotic BCL2 family members for
their survival, the use of venetoclax extends beyond that of hematologic
malignancies.

BCL2 is overexpressed in 85% of estrogen receptor-positive (ER) breast cancers.
ER was found to bind two estrogen response elements (EREs) in the coding regions
of BCL2, thereby enhancing BCL2 expression in these tumors (Perillo et al. 2000).
Preclinical data generated in ER-positive breast cancer xenografts showed vene-
toclax to be highly efficacious. Also, venetoclax was found to synergize with PI3K
and mTOR inhibitors enhancing its apoptotic effect (Vaillant et al. 2013). To
explore more effective therapeutic strategies, safety and efficiency of venetoclax
were tested in a phase Ib study in ER+ BCL2+ breast cancer patients. The results
were heterogeneous, as four patients had a partial response and five has a stable
disease with a clinical benefit rate of 69%. Venetoclax treatment of ER+ breast
cancers is further being validated in phase II clinical trials which are ongoing
(NCT02391480).

Small-cell lung cancer (SCLC) is a high proliferating cancer with a low doubling
time, rapid metastasis, and quick relapse after treatment. First-line chemotherapy
with platinum-based agents and etoposide remains without long-term success, and
multiple-targeted approaches using receptor tyrosine kinase (RTK) inhibitors are
being investigated. Though the RTK inhibitors were of therapeutic relevance, the
curative potential was minimal (Niederst et al. 2013). Assessment of the efficacy of
venetoclax in SCLC treatment is still in the pre-clinical phase. The expression of
BCL2 was comprehensively assessed in different lung cancer cell lines, and BCL2
inhibitors were found to synergize with anthracyclines providing a promising
strategy for treatment (Inoue-Yamauchi et al. 2017). Venetoclax was also addressed
in combination with BET inhibitor ABBV-075, since BET is known to regulate key
oncogenes as MYC, CCND2, and BCL2L1 and enhance complex formation of
pro-apoptotic BIM and BCL2 (Lam et al. 2017). The combination treatment proved
to be highly synergistic and therefore might be a possible rationale for treatment of
SCLC patients with high BCL2 expression.
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6 Toxicity and Adverse Effects Associated with BCL2
Inhibitor Treatments

6.1 Thrombocytopenia

BH3 mimetics such as ABT-767 and ABT-263 inhibit BCL2, as well as BCL-xL
and BCL-W. Since thrombocytes depend on BCL-xL for survival, treatment with
these inhibitors leads to reduction in platelets and dose-dependent thrombocy-
topenia due to direct toxic anti-platelet effects. Assessment of safety and tolerability
of navitoclax documented the prevalence of thrombocytopenia in different tumor
entities. In a clinical trial on 39 SCLC patients, 41% developed grade III–VI
thrombocytopenia upon treatment with navitoclax (Rudin et al. 2012). In a phase II
study of CLL patients, 36% of patients suffered from grad III–IV thrombocytopenia
(Kipps et al. 2015). This mode of action of these drugs on platelets was clarified to
be mediated by apoptosis cell death, as well as decreased calcium flux, reducing the
activation of platelets (Vogler et al. 2013). To circumvent severe thrombocytopenia,
the initial dose of navitoclax was kept low within the first seven days of treatment.
However, these side effects limited the clinical development of navitoclax. Vene-
toclax being a highly specific for BCL2 with lower affinity toward BCL-xL did not
induce dose-dependent thrombocytopenia.

6.2 Tumor Lysis Syndrome (TLS)

The tumor lysis syndrome is one of the major risk issues in venetoclax treatment,
owing to the very high potency of the drug. Due to the rapid response, with abrupt
onset at 6–8 h following dosing, venetoclax is prone to induce tumor lysis syn-
drome, depending on tumor mass, comorbidities (in particular renal function), and
treatment dose (Cheson et al. 2017). TLS results from rapid cell death, wherein
tumor cells release their metabolites, nucleic acids, and intracellular ions into the
blood stream, thereby potentially inducing metabolic dysfunction. The efflux of
cellular metabolites leads to a disbalance of the blood homeostasis with an increase
in uric acid, potassium, and phosphoric acid and decrease in calcium levels. If the
renal excretion is affected or delayed, an accumulation of these metabolites occurs
in blood. The incidence of TLS is increased in tumors with a high tumor burden or
high cell turnover (Cheson et al. 2017; Crombie and Davids 2017). The most
common criteria for subdivision into clinical and laboratory TLS were defined in
2004 by Cairo et al. (2004). Laboratory TLS includes at least two or more bio-
chemical variables being increased or reduced by a factor of more than 25%;
furthermore, TLS appears within three days prior or seven days after initiation of
therapy. TLS causes hyperuricemia, hyperkalemia, hyperphosphatemia, and
hypocalcemia and can lead to acute renal failure and cardiac events of
life-threatening potential. If laboratory TLS is accompanied by clinically relevant
events such as creatinine increase, seizures, or cardiac dysfunction, a clinical TLS is
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diagnosed. Prophylaxis and treatment of TLS includes hydration, diuresis, moni-
toring of electrolytes, and prevention of hypouricemia with allopurinol or ras-
buricase (Howard et al. 2011).

For treatment with venetoclax, a treatment risk stratification is implemented where
patients are grouped according to their TLS risk. Low risk for TLS is defined by small
nodal disease, a lowALS < 25 � 109/L.Medium risk includes anALS > 25 � 109/L
or a lymph node with more than 5 cm diameter. The high-risk group for TLS is a
radiological tumor > 10 cm in diameter and a ALS > 25 � 109/L (Roberts et al.
2016). Therapy with venetoclax is initiated with a low starting dose, and patients pass
through a weekly dose ramp-up from 20 to 50, 100, 200, and 400 mg to ensure safety
and tolerability. Laboratory monitoring of blood counts and clinical chemistry is
mandatory during treatment initiation, and immediate action is required in case of
relevant abnormalities. Detailed information and guidance on TLS management are
beyond the scope of this article and are available in the prescription information of
venetoclax. Meticulous adherence to the guidelines is required to deliver venetoclax
therapy safely.

7 Venetoclax Drug Interactions

7.1 Interaction with CYP3A4 Inhibitors

The routes of elimination of venetoclax were tested by administration of a 200 mg
single dose of 14C (100 µCi) venetoclax to four healthy volunteers. The recovery of
total radioactive dose (100% ± 5%) was through feces as the major route of drug
elimination. The major metabolite M27 was formed by oxidation cytochrome P450
isoform 3A4 (CYP3A4) (Choo et al. 2014; Li et al. 2016). Since various drugs such
as protease inhibitors, anti-fungal agents, macrolide antibiotics, and anti-
depressants are described to be inhibitors of CYP3A4, possibility of drug interac-
tions was tested using ketoconazole as a representative agent. Twelve NHL patients
were enrolled for a phase I, open-label study, where patients received venetoclax
and ketoconazole, the strong CYP3A4 inhibitor. Inhibition of CYP3A4 led to a
significant increase in the mean maximum observed plasma concentration Cmax
and area under the plasma concentration-time curve (AUC∞) by 2.3-fold and
6.4-fold, respectively.

Similarly, also, simultaneous treatment with venetoclax and CYP3A4 inducers
such as Rifampin led to an increase in the AUC and Cmax of venetoclax (Agarwal
et al. 2016). These studies suggest the need to avoid concomitant use of strong and
moderate inhibitors or inducers of CYP3A4 during the venetoclax ramp-up phase in
patients (Agarwal et al. 2017). Also, venetoclax dosage should be reduced by
25–50% when co-administering the CYP3A4 modulators after dose escalation.
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7.2 Interaction with P-Glycoprotein Inhibitors

Venetoclax has been described to be a substrate of P-glycoproteins (P-gp) based on
in vitro studies. Also, venetoclax was shown to inhibit P-glycoprotein at the tran-
scriptional and protein levels (Weiss et al. 2016). In a clinical trial in healthy
volunteers, the effect of venetoclax on the pharmacokinetics of digoxin, a P-gp
inhibitor was evaluated. Co-administration of digoxin and venetoclax increased
digoxin maximum observed plasma concentration (Cmax) by 35% and area under
the plasma concentration-time curve (AUC0–∞) by 9%. The study indicated that
venetoclax can increase the concentrations of P-gp substrates. The study suggested
administration of narrow therapeutic index P-gp substrates, six hours prior to
venetoclax to minimize the potential interaction.

8 Biomarkers of Resistance to Venetoclax Treatment

Biomarkers are important to predict the response and efficacy to venetoclax therapy
and for early assignment of combination or alternative treatments for effective
therapy.

Due to the high specificity of venetoclax, upregulation of alternative
anti-apoptotic is described to confer resistance to therapy. Several preclinical and
ex vivo studies analyzed the ratio between BCL2 and MCL1 which was of clinical
importance to predict venetoclax treatment response. Studies of multiple myeloma
xenografts showed that the overexpression of BCL2 and MCL1 led to resistance
toward BCL2 inhibitors treatment (Punnoose et al. 2016). Upregulation of BCL-xL
or MCL1 or both is also contributing to venetoclax resistance in lymphoma cell
lines (Tahir et al. 2017).

Functional analysis of the cell’s response to venetoclax using BH3 profiling of
primary CLL cells showed a significant association between apoptotic priming by
venetoclax ex vivo to clinical response to venetoclax. Precisely, the extent of
mitochondrial depolarization by a BIM BH3 peptide in vitro correlated with per-
centage reduction of CLL in the blood following venetoclax treatment suggesting
its use as a potential biomarker for early risk stratification (Anderson et al. 2016).

Furthermore, acquired missense mutations in the BH3 binding groove of resis-
tant cell lines were detected to interfere with drug binding capacity. Also, acquired
mutations in the pro-apoptotic BAX gene limiting its anchoring to the mitochondria
were also described to interfere with apoptosis induction by venetoclax (Fresquet
et al. 2014).
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9 Summary and Future Perspectives

The EMA and FDA approval of venetoclax, a novel, and highly specific BCL2
inhibitor already indicates its high therapeutic potential in CLL and potentially also
in various other malignancies. Venetoclax demonstrated tremendous success in
treatment of poor risk, relapsed/refractory CLL, and in the future may be revolu-
tionizing treatment of various other hematological malignancies. With precision
medicine evolving to a real-world paradigm, there is an absolute need for novel and
specific targeted therapies. The use of targeted combination therapies will further
improve the landscape of treatment options for patients who are refractory to
conventional therapies and may eventually lead to novel approaches en route
toward the cure of cancer.
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Abstract
Idelalisib (GS-1101, CAL-101, Zydelig®) is an orally bioavailable,
small-molecule inhibitor of the delta isoform (p110d) of the enzyme phospho-
inositide 3-kinase (PI3K). In contrast to the other PI3K isoforms, PI3Kd is
expressed selectively in hematopoietic cells. PI3Kd signaling is active in many
B-cell leukemias and lymphomas. By inhibiting the PI3Kd protein, idelalisib
blocks several cellular signaling pathways that maintain B-cell viability. Idelalisib
is the first PI3K inhibitor approved by the US Food and Drug Administration
(FDA). Treatment with idelalisib is indicated in relapsed/refractory chronic
lymphocytic leukemia (CLL), follicular lymphoma (FL), and small lymphocytic
lymphoma (SLL). This review presents the preclinical and clinical activity of
idelalisib with a focus on clinical studies in CLL.

Keywords
Idelalisib � Kinase inhibitor � Chronic lymphocytic leukemia (CLL) �
PI 3 Kinase

1 Introduction

The management of lymphoid malignancies has greatly evolved during the last
decade with the advent of biological, more targeted therapies (Awan and Byrd 2014;
Byrd et al. 2014a; Danilov 2013; Jahangiri et al. 2014; Jain and O’Brien 2016;
Marini et al. 2017; Molica 2017; Morabito et al. 2015; Niemann et al. 2013; Sanford
et al. 2015; Vitale et al. 2017). Since its initial description, the PI3K pathway has
been an attractive target for anticancer therapy. The PI3K pathway seems to play an
important role in the development of various solid malignancies, such as melanoma,
lung, colorectal, and breast cancers (Janku 2017). More recently, the role of the PI3K
pathway in the pathophysiology of hematological malignancies has been appreciated
(Akinleye et al. 2013; Alinari et al. 2012; Brown 2016; Burger and Okkenhaug
2014; Fruman and Rommel 2011; Gilbert 2014; Gockeritz et al. 2015; Hewett et al.
2016; Macias-Perez and Flinn 2013; Okoli et al. 2015; Pongas and Cheson 2016;
Seiler et al. 2016; Vanhaesebroeck and Khwaja 2014; Yap et al. 2015). CLL, a
malignancy of mature B lymphocytes, remains the most prevalent leukemia in
Western adult patients. Though the clinical outcome has improved considerably
through the introduction of immunochemotherapy and presumably better supportive
care, CLL treatment may be challenging, particularly as the incidence of CLL
increases with age (Rai 2015; Ysebaert et al. 2015). Therefore, new treatment
strategies to improve efficacy, survival rate, and safety profile are needed.
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The B-cell receptor (BCR) signaling pathway plays a key role in the patho-
genesis of CLL (Chiorazzi et al. 2005; Herishanu et al. 2011; ten Hacken and
Burger 2016; Duhren-von Minden et al. 2012). BCR signaling is mediated in part
by the activation of the delta isoform of phosphatidylinositol 3-kinase (PI3Kd). The
delta isoform is one of four catalytic isoforms (p110 a, b, c, and d) that differ in
their tissue expression, with PI3Kd being highly expressed in lymphoid cells
(Okkenhaug and Vanhaesebroeck 2003) and acting as the most critical isoform for
the malignant phenotype in CLL (Herman et al. 2010). It activates the serine–
threonine kinases (AKT) and mammalian target of rapamycin (mTOR) and exerts
multiple effects on cell metabolism, migration, survival, proliferation, and differ-
entiation (Fig. 1) (Bodo et al. 2013; Hoellenriegel et al. 2011; Lannutti et al. 2011;
Maffei et al. 2015; Puri and Gold 2012). Given the functional significance of the
BCR, strategies to target BCR signaling have appeared as emerging therapeutic
options (Arnason and Brown 2017; Choi and Kipps 2012; Fruman and Cantley
2014; Jerkeman et al. 2017; Jeyakumar and O’Brien 2016; Niemann and Wiestner
2013; Pula et al. 2017; ten Hacken and Burger 2014; Wiestner 2012; Wiestner

Survival, Prolifera on, Homing, Chemokine secre on, Adhesion

(Puri and Gold 2012)

Fig. 1 Pathways utilizing PI3Kd signaling. PI3Kd is a central signaling enzyme that mediates the
effects of multiple receptors on B cells. PI3Kd signaling is important for B-cell survival, migration,
and activation, functioning downstream of the B-cell antigen receptor (BCR) and its co-receptor
CD19, chemokine receptors (CXCR5), and activation/co-stimulatory receptors such as CD40 and
Toll-like receptors (TLRs). Cytokines derived from lymphoid stromal cells (BAFF, IL-6) and T
cells (IL-4) that are essential for the expansion and survival of B-cells also require PI3Kd for their
actions and bind receptors that activate PI3Kd. Akt is the major downstream target of PI3Kd. Once
phosphorylated, Akt is activated and in turn phosphorylates other downstream substrates,
including mTOR (Puri and Gold 2012)
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2014; Wiestner 2015). In fact, inhibitors of BCR signaling, especially those tar-
geting the BCR-associated kinases SYK, BTK, and PI3Ks have shown promising
clinical results (Sharman and Di Paolo 2016). Idelalisib (formerly called GS-1101
and CAL-101) is a potent, oral, selective small-molecule inhibitor of PI3Kd. Ide-
lalisib was approved by the US Food and Drug Administration in July 2014 for the
treatment of relapsed CLL, in combination with rituximab, in patients who do not
qualify for other chemotherapeutic agents, except rituximab monotherapy due to the
presence of comorbidities. Idelalisib also received an accelerated approval for
relapsed follicular lymphoma and small lymphocytic lymphoma after failing at least
two systemic therapies (Markham 2014; Miller et al. 2015; Traynor 2014; Yang
et al. 2015). The European Commission has also granted marketing authorization
for idelalisib: (1) in combination with rituximab for the treatment of adult patients
with CLL who received � 1 prior therapy or as first-line treatment in the presence
of a 17p deletion or TP53 mutation in patients unsuitable for chemo-immuno-
therapy and (2) as monotherapy in the treatment of adult patients with follicular
lymphoma refractory to two prior lines of treatment. The safety profile of idelalisib
appeared acceptable in patients with recurrent B-cell lymphomas treated for up to
4 years in the Phase I and II trials (Flinn et al. 2014; Gopal et al. 2014). The most
frequent adverse events were diarrhea, nausea, fatigue, and pyrexia. As seen with
other inhibitors of BCR signaling, in particular the BTK inhibitor ibrutinib and the
SYK inhibitor fostamatinib, idelalisib induces transient lymphocytosis resulting
from egress of CLL cells from the microenvironment. This peculiar lymphocytosis,
also referred to as “leukemic flare,” is not considered to signify disease progression
any more (Cheson et al. 2012; Fiorcari et al. 2013). However, a series of upfront
trials were terminated early because of an increased risk of fatal infections for
patients randomized to combinations containing idelalisib. Idelalisib prescribing
information includes now a black box warning for fatal and severe hepatotoxicity,
diarrhea or colitis, pneumonitis, fatal and/or serious infections, and intestinal per-
foration. An understanding of these unusual toxicities, as well as good institutional
policies for their management, will gain important as more PI3K inhibitors are
approved and become incorporated into routine practice. Many clinical studies with
idelalisib in hematological malignancies in different treatment lines and combina-
tions are ongoing. Results are summarized in this review.

2 Structure and Mechanisms of Action

The chemical name for idelalisib is 5-fluoro-3-phenyl-2-[(1S)-1-(9H-purin-6-
ylamino)-propyl]quinazolin-4(3H)-one (Fig. 2) (Somoza et al. 2015). It has a
molecular formula of C22H18FN7O and a molecular weight of 415.42.

Idelalisib was initially developed by ICOS as a potential treatment of inflam-
matory diseases. Later on, Calistoga Pharmaceuticals and now Gilead Sciences
(following its acquisition of Calistoga) performed preclinical testing and phase I
clinical trials with a focus on the treatment of hematological cancers.
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In vitro, Idelalisib showed high potency against PI3Kd with an IC50 value of
2.5 nM (Lannutti et al. 2011). In contrast, the IC50 values for PI3Ka, PI3Kb, and
PI3Kc were 820, 565, and 89 nM, respectively (Lannutti et al. 2011). In cell-based
assays, idelalisib blocked FceRI p110d-mediated CD63 expression in basophils
with an EC50 of 8 nM, which was 240- to 2500-fold selective for PI3Kd over the
other class I PI3K isoforms. Idelalisib has a favorable pharmacokinetic profile with
a plasma half-life of 8 h, and oral bioavailability of 39 and 79% in rats and dogs,
respectively. Using tumor cell lines and primary patient samples representing
multiple B-cell malignancies, idelalisib blocks the constitutive activation of the
p110d-dependent PI3K pathway, resulting in decreased phosphorylation of AKT
and other downstream effectors.

3 Preclinical Data

3.1 Idelalisib in CLL

Ex vivo treatment of primary CLL cells with idelalisib in various concentrations
established that

1. CLL cells express PI3Kd in abundance at both gene and protein level;
2. idelalisib can induce apoptosis in CLL cells, although responses varied;
3. the induction of apoptosis was selective for CLL cells as compared with normal

B cells or other hematopoietic cells;
4. the induction of apoptosis occurred independently of prognostic markers such as

cytogenetic abnormality or immunoglobulin heavy chain variable region heavy
chain (IGHV) mutational status;

5. the mechanism of action seemed to be associated with induction of apoptosis
through caspase activation; and

Fig. 2 Chemical structure of idelalisib (5-fluoro-3-phenyl-2-[(1S)-1-(9H-purin-6-ylamino)propyl]
quinazolin-4(3H)-one) (Somoza et al. 2015)
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6. CAL-101 antagonized CLL cell survival mechanisms by blocking the protective
effect of CD40-ligand (CD40L) and microenvironment stimuli (Herman et al.
2010).

Further experimental studies suggested that idelalisib could overcome both bone
marrow stromal cell- (BMSC-) and endothelial cell- (EC-) mediated CLL cell
protection, indicating that idelalisib inhibits BMCS- and EC-derived pro-survival
signals (Fiorcari et al. 2013). Furthermore, idelalisib can inhibit both the chemo-
taxis toward CXCL12 and CXCL13 and the migration beneath stroma cell layers,
suggesting a potential mobilization effect (Hoellenriegel et al. 2011). Furthermore,
idelalisib inhibits chemokine (such as CCL3 and CCL4) and cytokine (such as TNF
and interleukin-6) secretion mediated by BCR stimulation or nurse-like cells.
Concurrent with these findings, the sensitivity of CLL cells to other cytotoxic drugs
(such as fludarabine and bendamustine) was increased (Hoellenriegel et al. 2011;
Modi et al. 2017). Similarly, ex vivo data suggested that idelalisib could sensitize
stroma-exposed CLL cells to other agents by inhibition of stroma-CLL contact,
leading to an increase in mitochondrial apoptotic priming of CLL cells (Davids
et al. 2012). In summary, these ex vivo data suggest that idelalisib may be beneficial
in the treatment of CLL by directly inducing apoptosis and inhibiting microenvi-
ronmental interactions.

Combined inhibition of PI3Kd by idelalisib and Syk by GS-9973 in primary
peripheral blood and bone marrow CLL samples reduced CLL survival, synergis-
tically induced growth inhibition, and further disrupted chemokine signaling at
nanomolar concentrations, including in bone marrow derived and poor risk samples
(Burke et al. 2014). These data suggest increased clinical activity by simultaneous
targeting of these kinases.

3.2 Idelalisib in other Hematological Malignancies

Idelalisib yielded no activity against non-neoplastic mononuclear cells, but 26% of
CLL and 23% of B-cell acute lymphoblastic leukemia samples were sensitive to
idelalisib (Lannutti et al. 2011). In contrast, only 3% of acute myeloid leukemia and
0% of myeloproliferative neoplasm samples showed sensitivity to idelalisib, indi-
cating that idelalisib has a greater therapeutic potential for lymphoid malignancies.
In addition, idelalisib downregulated p-Akt expression in diffuse large B-cell
lymphoma (DLBCL), mantle cell lymphoma (MCL), and follicular lymphoma
(FL) cell lines, and induced a several-fold increase in the levels of apoptotic
markers, such as caspase 3 and poly(ADP-ribose) polymerase cleavage (Lannutti
et al. 2011).

High levels of p110d and p-Akt were also found in five out of five investigated
Hodgkin lymphoma (HL) cell lines. Exposure to CAL-101 not only decreased
levels of p110d and p-Akt but also disrupted tumor microenvironment-mediated
survival signals mediated by CCL5, CCL17, and CCL22 in co-cultures of HL cells
and BMSCs (Meadows et al. 2012).
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In plasma cell myeloma (PCM), in vitro experiments demonstrated that

1. All PCM cell lines were shown to express PI3Kd;
2. Idelalisib was highly selective against p110d-positive PCM cells by inducing

caspase-dependent apoptosis in dose-dependent fashion but with minimal
cytotoxicity in p110d-negative cells;

3. Idelalisib inhibited the Akt phosphorylation in p110d-positive PCM cells;
4. Idelalisib decreased PCM viability in the presence of BMSCs, and
5. Idelalisib had a synergistic effect with bortezomib, a proteasome inhibitor

approved by the FDA for the treatment of PCM and MCL (Ikeda et al. 2010).

The PI3K pathway is known to be closely involved in BCR-ABL transformation
and the tumorigenesis of chronic myeloid leukemia (CML), suggesting that PI3K
may be a potential target for CML therapy. Idelalisib inhibited proliferation of
K562 chronic myeloid leukemia cells and induced apoptosis with increased
expression of pro-apoptotic molecules such as Bad and Bax, cleavage of caspase-9,
-8, and -3, and PARP, in contrast to downregulation of anti-apoptotic protein Bcl-2
(Chen et al. 2016). In addition, combination of idelalisib with imatinib led to a
synergistic anti-proliferative effect on K562 cells, together with enhanced activity
of G1 arrest and apoptosis induction, suggesting potential application in CML
therapy.

4 Clinical Data

4.1 Clinical Trials with Idelalisib

More than 50 clinical trials have been registered with idelalisib so far (http://www.
clinicaltrials.gov). Currently, 20 trials are listed as active, the greater part of which
are phase II and III trials in hematological malignancies (Table 1). Idelalisib has
shown clinical activity and a tolerable safety profile in phase II and III trials.

4.2 Idelalisib in CLL

The initial efficacy of idelalisib in CLL was demonstrated in a phase I trial treating
patients with relapsed or refractory CLL (Brown et al. 2014). Fifty-four patients
with adverse characteristics, including bulky lymphadenopathy, extensive prior
therapy, refractory disease, unmutated IGVH, and deletion of 17p or TP53 muta-
tions, were included. 81% of patients had a nodal response. Median
progression-free survival (PFS) was 15.8 months, but at the recommended phase II
dose of 150 mg twice a day or higher, it was 32 months. The most common grade 3
adverse events included pneumonia in 20% of patients and neutropenic fever in
11% of patients (Brown et al. 2014).
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The approval of idelalisib in combination with rituximab for the treatment of
patients with relapsed CLL was based on a randomized, double-blind,
placebo-controlled phase III clinical trial (Furman et al. 2014). This clinical trial
enrolled 220 patients with relapsed CLL who required treatment and were unable to
tolerate standard chemo-immunotherapy due to coexisting medical conditions,
reduced renal function or neutropenia or thrombocytopenia resulting from myelo-
toxic effects of prior therapy with cytotoxic agents. Patients received idelalisib plus
rituximab or placebo plus rituximab until disease progression or unacceptable
toxicity. The primary endpoint was PFS. As recommended by the data and safety
monitoring board, the trial was stopped early at the pre-specified first interim
analysis because of the positive results seen with idelalisib. At 24 weeks, the PFS
rate was 93% in patients receiving idelalisib plus rituximab compared with 46% in
patients receiving placebo plus rituximab. At 12 months, the overall survival
(OS) rate in the idelalisib plus rituximab group (92%) was significantly higher than
the OS rate in the placebo plus rituximab group (80%; HR for death, 0.28; 95% CI,
0.09–0.86; p = 0.02). In the idelalisib plus rituximab group, the overall response
rate (ORR) was 81% compared with 13% in the placebo plus rituximab group
(p < 0.001). All responses were partial responses (Furman et al. 2014).

Idelalisib treatment has been associated with a dramatic lymph node response,
but eradication of disease and relapse in high-risk disease remain challenges. Ide-
lalisib in combination with rituximab and bendamustine (idelalisib BR) as com-
pared to rituximab and bendamustine (BR) was investigated in a randomized, phase
III, placebo-controlled, double-blind trial, treating patients with relapsed or
refractory CLL (Zelenetz et al. 2017). At a median follow-up of 14 months, the
median PFS was 20.8 months in the idelalisib-containing arm and 11.1 months in
the placebo arm (p < 0.0001). An increased risk of grade 3 or higher infections was

Table 1 Registered active interventional clinical trials (phase I–III) with idelalisib

Indication Phase I Phase I/II Phase II Phase III

B-cell hematological malignancies 3 1

Indolent B-cell lymphoma (FL, SLL, LPL, MZL) 1

FL, MCL 1 1

CLL, SLL 1

CLL 2 2 4

FL 1

Waldenström’s macroglobinaemia 1

MCL 1

NSCLC 1

Reference: www.clinicaltrials.gov
FL follicular lymphoma, MCL mantle cell lymphoma, SLL small lymphocytic lymphoma, LPL
lymphoplasmacytic lymphoma, MZL marginal zone lymphoma, CLL chronic lymphocytic
leukemia, NSCLC non-small cell lung cancer
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seen in the idelalisib-containing arm (39 vs. 25%). Updated efficacy data recently
demonstrated that the combination of idelalisib BR had improved overall survival
relative to BR (not reached vs. 41 months, p = 0.036) (Zelenetz et al. 2016).

The efficacy and safety of idelalisib in combination with the second-generation
anti-CD20 antibody, ofatumumab, was investigated in a randomized phase 3 trial
for previously treated CLL patients. The idelalisib plus ofatumumab combination
resulted in better PFS compared with ofatumumab alone in patients with relapsed
CLL (16.3 months vs. 8 months, adjusted hazard ratio (HR) 0.27, 95% CI 0.19–
0.39, p < 0.0001), including in those with high-risk disease. Idelalisib in combi-
nation with ofatumumab might represent a new treatment alternative for this patient
population (Jones et al. 2017).

Given the efficacy seen with idelalisib in patients with relapsed/refractory CLL,
and the activity of rituximab in treatment-naive patients, a phase II open-label study
of idelalisib in combination with rituximab in older patients with previously
untreated CLL or small lymphocytic lymphoma was performed (O’Brien et al.
2015). The ORR was 97%, including 19% complete responses. The ORR was
100% in patients with del(17p)/TP53 mutations and 97% in those with unmated
IGVH. PFS was 83% at 36 months. The most frequent adverse events (any grade)
were diarrhea (including colitis) (64%), rash (58%), pyrexia (42%), and nausea
(38%). Elevated alanine transaminase/aspartate transaminase was seen in 67% of
patients (23% grade >3). These data suggest that toxicity rates may be higher in the
front-line setting. Concurrent with this, results from a phase II clinical trial of
front-line idelalisib used in combination with the anti-CD20 monoclonal antibody
ofatumumab indicated frequent occurrence of often severe immune-mediated
transaminitis, potentially through inhibition of regulatory T cells (Lampson et al.
2016). In March 2016, Gilead closed seven randomized trials of idelalisib in B-cell
malignancies (5 in treatment-naive patients) due to an excess of infectious deaths.

Several studies are actively evaluating idelalisib in CLL in combination with,
e.g., Bcl-2 inhibitors, Btk inhibitors, CD19 or CD20 antibodies, or PD-1 inhibitors.
These include a phase II investigation of idelalisib with the Bcl-2 inhibitor vene-
toclax for patients with CLL that have relapsed or are refractory to prior therapy
with a BCR pathway inhibitor (NCT02141282). A phase II study to evaluate safety
and preliminary efficacy of the Fc-enhanced CD19 antibody MOR00208 combined
with idelalisib or venetoclax in adult patients with relapsed or refractory CLL or
SLL pretreated with a BTK inhibitor (e.g., ibrutinib) as single agent or as part of
combination therapy is also currently underway (NCT02639910). In addition, the
combination of the BTK inhibitor tirabrutinib and idelalisib with or without
obinutuzumab in adults with relapsed or refractory CLL is currently tested in a
phase II study (NCT02968563).

Otlertuzumab (TRU-016) is a novel humanized anti-CD37 protein therapeutic.
The safety and efficacy of otlertuzumab is currently evaluated in a Phase Ib trial
when administered in combination with rituximab or obinutuzumab, in combination
with idelalisib and rituximab, or in combination with ibrutinib in patients with CLL
(NCT01644253). The PD-1 inhibitor pembrolizumab it currently explored alone or
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with idelalisib or ibrutinib in patients with relapsed or refractory CLL or other
low-grade B-cell lymphomas (NCT02332980).

4.3 Idelalisib in Relapsed Small Lymphocytic Lymphoma

Idelalisib is indicated for the treatment of patients with relapsed small lymphocytic
lymphoma (SLL), the nodal form of CLL, who have received at least two prior
systemic therapies. Accelerated approval was granted for this indication based on
ORR. The safety and efficacy of idelalisib in patients with relapsed SLL were
explicitly evaluated in the DELTA clinical trial (Gopal et al. 2014). Overall, 26
patients with relapsed SLL received 150 mg of idelalisib orally twice daily until
evidence of disease progression or unacceptable toxicity. The study’s primary end
point was Independent Review Committee-assessed ORR. Among these 26 patients
with relapsed SLL, the ORR was 58% (95% CI, 37–77%), and all responses were
partial responses (Gopal et al. 2014). An improvement in survival or disease-related
symptoms has not yet been established for idelalisib in relapsed SLL.

4.4 Idelalisib in Relapsed Follicular Lymphoma

In relapsed follicular lymphoma (FL), idelalisib was approved under the accelerated
approval program based on ORR data. Idelalisib is indicated for the treatment of
patients with relapsed FL who received at least two prior systemic therapies.

The safety and efficacy of idelalisib in patients with relapsed FL were evaluated
in the DELTA clinical trial, a single-arm, multicenter clinical trial that included 72
patients with relapsed FL who had received at least two prior treatments (Gopal
et al. 2014). The primary endpoint was Independent Review Committee-assessed
ORR. Among the 72 patients with relapsed FL who received idelalisib, the ORR
was 54% (95% CI, 42–66%), including 6 complete responses (8%) and 33 partial
responses (46%).

To better characterize the efficacy and safety of idelalisib treatment for patients
with refractory FL, a subsequent subgroup analysis of patients enrolled in this study
was performed (Salles et al. 2017). The ORR was 55.6% (n = 40/72; 95% CI 43.4–
67.3; p < 0.001 for testing against the null hypothesis) in patients with FL overall
and did not differ when stratified by FL grade. Idelalisib was effective across
evaluated patient categories, regardless of the number of prior therapies, refrac-
toriness to previous regimens, bulky disease, and age. Median PFS with idelalisib
was 11.0 months (95% CI, 8.0–14.0) overall. At the time of data cutoff, median OS
had not been reached. At 24 months, OS was estimated to be 69.8%, and all
patients achieving a CR had survived. In these heavily pretreated patients with
relapsed/refractory FL, idelalisib monotherapy demonstrated an acceptable and
manageable safety profile. Diarrhea, colitis, and transaminase elevations were
generally manageable with dose interruption/reduction or drug discontinuation. In
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conclusion, these data suggest that patients with high-risk FL may benefit from a
targeted therapy such as idelalisib (Salles et al. 2017).

Similarly, a multicenter UK-wide compassionate use program evaluating the
efficacy of idelalisib monotherapy in relapsed, refractory FL (n = 79), showed an
ORR of 57% (CR/unconfirmed CR 15%; PR 42%) in 65 assessable cases. The
median PFS was 7.1 months (95% CI 5.0–9.1 months) and median OS was not
reached. This is the only real-world series outlining the efficacy and survival of
idelalisib-treated relapsed and refractory FL (Eyre et al. 2017).

Idelalisib treatment in patients with high-risk follicular lymphoma and early
relapse after initial chemo-immunotherapy induced an ORR of 56.8% (21 out of 37)
with 5 complete responses (13.5%) and 16 partial responses (43.2%). These results
are the first to describe the efficacy and safety of idelalisib in patients with FL
relapsing early following first-line chemo-immunotherapy and suggest that idelal-
isib may provide a viable therapeutic option for patients with double-refractory FL
with early relapse after initial therapy (Gopal et al. 2017b).

4.5 Idelalisib in Other Indolent and Aggressive
B-Cell Lymphomas

The efficacy of idelalisib monotherapy was first reported in a phase I dose-ranging
study of 64 patients with previously treated indolent B-cell lymphomas (FL n = 38;
SLL n = 11; marginal zone lymphoma (MZL) n = 6; lymphoplasmacytic lym-
phoma (LPL) n = 9) (Flinn et al. 2014). Patients had received a median of 4 prior
therapies, and 58% were refractory to the last prior therapy. The ORR was 47%
(n = 30) in the total study population and 59% in patients treated with continuous
higher doses. Responding patients had a rapid reduction in lymphadenopathy with a
median time to response of 1.3 months. Because the median PFS was longer in
patients treated with higher dose continuous therapy (16.8 months; range: 1–
37 months) than in patients receiving lower doses or intermittent therapy
(3.7 months; range: 0.5–33 months), idelalisib doses of >150 mg twice daily were
identified for further study.

In a phase I study of idelalisib in patients with relapsed and refractory MCL, the
ORR was 16 of 40 patients (40%), with CR in 2 of 40 patients (5%). Median DOR
was 2.7 months, and 1-year PFS was 22%, providing proof of concept that tar-
geting PI3Kd is a viable strategy in MCL (Kahl et al. 2014).

To evaluate the safety and activity of idelalisib in combination with
immunotherapy, chemotherapy, or both, 79 patients with relapsed/refractory
indolent B-cell lymphoma were enrolled in a phase I study in three treatment
groups based on investigators preference: (1) idelalisib + rituximab, (2) idelalis-
ib + bendamustine, or (3) idelalisib + rituximab + bendamustine (de Vos et al.
2016). Lymphoma subtypes included FL (59 patients, 74.7%), SLL (15 patients,
19.0%), and MZL (5 patients, 6.3%). The ORR for the idelalisib + rituximab,
idelalisib + bendamustine, and idelalisib + rituximab + bendamustine groups were
75, 88, and 79%, respectively. The median PFS was 37.1 months overall:
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29.7 months for idelalisib + rituximab, 32.8 for idelalisib and bendamustine, and
37.1 months for idelalisib + rituximab + bendamustine. The most common grade
� 3 adverse events and laboratory abnormalities were neutropenia (41%), pneu-
monia (19%), transaminase elevations (16%), diarrhea/colitis (15%), and rash (9%).
The safety and efficacy reflected in these early data, however, stand in contrast with
later observations of significant toxicity in subsequent phase 3 trials in frontline
CLL and less heavily pretreated indolent B-cell lymphoma patients. These findings
highlight the limitations of phase I trial data in the assessment of new regimens.
Therefore, the safety of novel combinations should be proven in phase III trials
before adoption in clinical practice.

Similarly, a phase II study evaluating the safety and effectivity of the combi-
nation of idelalisib and the Syk inhibitor entospletinib in patients with relapsed or
refractory CLL or non-Hodgkin lymphoma including MCL and DLBCL was ter-
minated early due to an unexpectedly high rate of pneumonitis in 18% of patients
(severe in 11 of 12 cases) (Barr et al. 2016), whereas the combination of idelalisib
and the selective Syk inhibitor GS-9973 has shown promising synergistic pre-
clinical activity (Burke et al. 2014).

The safety and tolerability of idelalisib, lenalidomide, and rituximab was
investigated in phase I trials in patients with relapsed and refractory MCL and FL
(Smith et al. 2017). The primary endpoint of safety and tolerability was not met due
to unexpected dose-limiting toxicities coinciding with rituximab. Both studies were
amended to remove rituximab, but two of three additional patients developed grade
3 rashes and one had grade 3 AST elevation. Both trials were then permanently
closed.

Recently, results of a phase II study of idelalisib for relapsed and refractory
classical Hodgkin’s lymphoma (HL) were presented (Gopal et al. 2017a).
Twenty-five patients who had previously received a median of five therapies,
including 18 (72%) with failed autologous stem cell transplant and 23 (92%) with
failed brentuximab vedotin, were enrolled in the study. Idelalisib was tolerable and
had modest single-agent activity in these heavily pretreated patients with an ORR of
20% and a median PFS of 2.3 months. Rational combinations with other novel
agents may improve response rate and duration of response.

4.6 Idelalisib in Merkel-Cell Carcinoma

Aberrant activation of the PI3K pathway may be a potential therapeutic target in
Merkel-cell carcinoma. Indeed, activation of the PI3K pathway was detected both
in Merkel-cell polyomavirus-negative tumor tissues and in tumor cells (Nardi et al.
2012; Shao et al. 2013). In a recent case report, a patient with metastatic Merkel-cell
carcinoma showing high expression of PI3Kd in the tumor cells was treated with
idelalisib, resulting in a rapid and complete response. Unfortunately, the patient
died from other causes before long-term response could be measured (Shiver et al.
2015). Although the cause of high expression of PI3Kd in Merkel-cell carcinoma is

254 K. Zirlik and H. Veelken



unclear, the efficacy of idelalisib provides evidence that targeting of PI3Kd in
Merkel-cell carcinoma is warranted.

5 Toxicity

Selective inhibition of the PI3Kd isoform be idelalisib minimizes adverse events
(AEs) from inhibition of other PI3K signaling pathways involved in normal
function of the healthy cells. Overall, idelalisib was fairly well tolerated (Falchi
et al. 2016) with the most common AEs in patients receiving idelalisib and ritux-
imab being pyrexia, fatigue, nausea, and diarrhea (Keating 2015). Therapy inter-
ruption occurred in 3.6% of patients across all studies with 1.3% requiring a dose
reduction (Coutre et al. 2015). In the pivotal phase III study, AEs led to treatment
discontinuation in 8% of the patients; majority of which were due to gastrointestinal
and skin toxicities (Furman et al. 2014).

However, following the initial trials investigating the use of idelalisib in relapsed
and refractory CLL, a series of upfront trials were terminated secondary to the
observation of increased risk of death related to infection for patients randomized to
combinations containing idelalisib. This experience was communicated to health-
care professionals via an FDA alert, and a black box warning for fatal hepatoxicity,
severe diarrhea or colitis, pneumonitis, serious infections and intestinal perforation
is now included in the idelalisib product insert (http://www.fda.gov/Drugs/
DrugSafety/ucm490618.htm). The majority of deaths was due to bacterial sepsis
sometimes associated with neutropenia, but pneumocystis jiroveci pneumonia
(PJP) and cytomegalovirus (CMV) infections were also seen, leading to the rec-
ommendation that patients receiving idelalisib should be on PJP prophylaxis and
should be monitored regularly for the development of CMV infection.

In addition to the increased rate of death related to infection, increased likely
autoimmune toxicity related to lymphocytic infiltrates was observed in the upfront
setting. In a phase II study investigating the combination of idelalisib and ofatu-
mumab as upfront therapy for CLL, 19 out of 24 patients (79%) experienced a
grade 1 or higher elevation in transaminases and 13 patients (54%) experienced
grade 3 or higher transaminitis (Lampson et al. 2016). The development of
transaminitis occurred before the initiation of ofatumumab, at a median time of
28 days. A lymphocytic infiltrate was seen on liver biopsy specimens taken from 2
patients with transaminitis. A decrease in peripheral blood regulatory T cells was
seen in patients experiencing toxicity on therapy, which is consistent with an
immune-mediated mechanism. All cases of transaminitis resolved either with drug
hold or the initiation of immunosuppression, or both. Significant risk factors for the
development of hepatotoxicity were younger age and mutated IGHV (Lampson
et al. 2016). Histopathological examination during idelalisib-associated diarrhea
or colitis in relapsed patients revealed similar findings with a mixed appearance
with both apoptotic and ischemic and inflammatory features (Louie et al. 2015;
Weidner et al. 2015).
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One potential mechanism for the development of the hepatic lymphocytic
infiltrate is the effects of PI3K inhibition on regulatory T cells (Tregs). PI3K activity
has been shown to be critical to Treg development and function. Initial studies with
PI3K-deficient mice demonstrated decreased numbers of Tregs and decreased Treg
function (Oak et al. 2006; Patton et al. 2006). Furthermore, Tregs from mice with a
kinase-dead mutant p110d PI3K have inferior suppressive capacity relative to
wild-type Tregs (Patton et al. 2011). Given the increased risk of infection and risk
of death related to infection coupled with significant idelalisib-mediated liver,
colonic (Hammami et al. 2017), and pulmonary injury (Barr et al. 2016; Gupta and
Li 2016; Haustraete et al. 2016), the use of idelalisib continues to be adapted to
these risks (Greenwell et al. 2017).

An expert panel of hematologists and one gastroenterologist has provided further
guidance for the management of idelalisib treatment-emergent diarrhea/colitis
(Coutre et al. 2015). Based on anecdotal effectiveness, the panel recommended that
once infectious source has been ruled out, budesonide or steroid (oral or intra-
venous) therapy should be initiated and continued until diarrhea resolves. Any
patient presenting with pulmonary symptoms should be evaluated for pneumonitis.
Additional warnings and precautions from the US prescribing information include
severe cutaneous reactions (Gabriel et al. 2017; Huilaja et al. 2017), anaphylaxis,
neutropenia, and embryo-fetal toxicity.

6 Drug Interactions

Idelalisib and its major inactive metabolite GS-563117 are implicated in the inhi-
bition or induction of various CYP isoenzymes or transporters (Jin et al. 2015;
Liewer and Huddleston 2015).

Midazolam (CYP3A substrate) exposure was significantly increased by the
co-administration of idelalisib, reflecting inhibition of CYP3A by GS-563117 (Jin
et al. 2015). A drug interaction between idelalisib and diazepam, also a CYP3A4
substrate, resulted in altered mental status and respiratory failure resulting in hos-
pitalization. After discontinuation of both agents, the patient recovered quickly
(Bossaer and Chakraborty 2017). Therefore, co-administration of idelalisib with
CYP3A substrates should be avoided.

Both idelalisib and GS-563117 exposure were significantly reduced by
co-administration of the potent CYP3A inducer rifampicin (Jin et al. 2015). The US
prescribing information states that co-administration of idelalisib with strong
CYP3A inducers such as rifampicin, phenytoin, hypericum (St John’s wort), or
carbamazepine should be avoided.

In contrast, idelalisib exposure was increased by co-administration of the strong
CYP3A inhibitor ketoconazole. Monitoring for signs of idelalisib toxicity is rec-
ommended in patients receiving concomitant therapy with strong CYP3A inhibi-
tors. The EU summary of product characteristics recommends caution when
co-administering idelalisib and CYP2C8 substrates with a narrow therapeutic index
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(e.g., paclitaxel) or substrates of CYP2C9, CYP2C19, CYP2B6 or UGT with a
narrow therapeutic index (e.g., warfarin, phenytoin).

7 Biomarkers

With changing treatment paradigms, particularly the use of oral targeted therapies,
the value of predictive and prognostic factors to determine treatment choice are
shifting. Traditional risk factors, including disease stage and lymphocyte doubling
time, are becoming less relevant for treatment selection, and the predictive value of
cytogenetic and molecular markers on response to treatment with novel agents is
being redefined based on the outcomes of recent trials.

A number of biomarkers have been developed in CLL that fulfill the definition of
prognostic factors, while conversely, few biomarkers meet the definition of pre-
dictive biomarkers. The presence of a deletion of chromosome 17p (del17p) and
mutated TP53 represents the most relevant disease characteristics that guide the
choice of therapy in patients with CLL. Both del17p and mutated TP53 are asso-
ciated with poor response to chemotherapy-based regimens, short PFS, and poor
OS, independently of IGHV mutation status (Hallek et al. 2010). Recent trials have
demonstrated activity of novel targeted agents in patients with del17p/TP53-mutant
CLL (Furman et al. 2014; Byrd et al. 2014b). These results have significantly
changed outcomes for this subgroup for whom previous options to increase the
duration of response were largely limited to stem cell transplant in eligible patients.
Because leukemic clones may evolve, del17p and TP53 mutations analyses should
be repeated at each disease progression requiring treatment. BCR inhibitors ibru-
tinib and idelalisib are considered the preferred first-line therapy for patients with
del17p/TP53-mutant CLL and are a category 1 recommendation for patients with
CLL without del17p/TP53 mutation who are frail, or are � 65 years of age, or
younger with significant comorbidities, according to the National Comprehensive
Cancer Network (NCCN) guidelines on CLL.

Patients with mutated IGHV genes receiving chemo-immunotherapy often
maintain disease remission in the long term and almost all IGHV unmutated CLL
patients are projected to progress after chemo-immunotherapy (Fischer et al. 2016).
In contrast, upon treatment with ibrutinib or idelalisib, the PFS of IGHV unmutated
patients is similar to that of IGHV mutated cases (Furman et al. 2014; Burger et al.
2015). Accordingly, the most recent guidelines support IGHV mutations analysis as
desirable at the time of treatment requirements.

Ibrutinib and idelalisib overcome the relevance of biomarkers reflecting patients’
frailty. In the relapsed–refractory setting, patient’s age does not affect ibrutinib or
idelalisib safety and efficacy (Furman et al. 2014; Byrd et al. 2014b). Though
guideline recommendations are lacking and the level of evidence is low, comor-
bidities support the choice of one novel agents among the others when multiple
options are available. Most of the recent trials stratify patient inclusion criteria
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according to the cumulative illness rating scale (CIRS) with a cutoff of 6 to define
fit and less fit patients (Eichhorst et al. 2016).

Regarding prognostic factors, identified to be significantly associated with CLL
outcome, more recently, an international collaboration developed a comprehensive
CLL-International Prognostic Index (IPI) (2016). The CLL-IPI score is based on
five robust and widely used prognostic biomarkers (age, clinical stage, 17p13
deletion and/or TP53 mutation, IGHV mutations status, and b2-microglobulin
levels) and incorporates both clinical and biological CLL aspects. Based on these
biomarkers, a prognostic index was derived that identified four risk groups with
significantly different survival at 5 years. The CLL-IPI score was developed in
patients diagnosed in the chemo+/− immunotherapy era. The significant impact of
novel targeted agents on patients’ survival and the mitigation of historical prog-
nostic factors when these drugs are used prompt the reevaluation and validation of
the clinical usefulness of CLL prognostic scores in cohort of patients treated with
the new drugs.

8 Summary and Perspectives

Idelalisib, the first FDA-approved PI3Kd inhibitor, is an important addition to
treatment options for patients with B-cell lymphomas. Its use is approved as single
agent for patients with FL or SLL relapsed after 2 prior regimens and in combi-
nation with rituximab for patients with relapsed CLL for whom single-agent
rituximab would be an appropriate therapy. Idelalisib has shown impressive clinical
activity both as a single agent and in combination therapy, even in high-risk sub-
types of indolent B-cell lymphoma, and is usually well tolerated. PI3Kd inhibition
appears to antagonize both intrinsic and extrinsic cell survival signals, decreases the
survival of CLL cells directly, and abrogates cellular interactions between CLL
cells and components of the tissue microenvironment that normally sustain leu-
kemia and lymphoma cells in a protective niche.

Recent clinical trial data have demonstrated increased risk of death secondary to
infections when idelalisib is used frontline. In addition, idelalisib has been shown to
promote the development of immune-mediated colitis, hepatitis, and pneumonitis.
Additional research is needed to better understand the mechanisms underlying the
off-target toxicities, whether they can be predicted by features of the disease or the
patient’s genetics, and how they can be minimized. Ongoing clinical studies are
evaluating idelalisib in combination studies to potentially expand its utility in B-cell
malignancies and solid tumors.

In addition, PI3Kd also plays a critical role in the activation, proliferation, and
tissue homing of self-reactive B cells that contribute to autoimmune diseases, in
particular innate-like B-cell populations such as marginal zone (MZ) B cells and
B-1 cells that have been strongly linked to autoimmunity. Inhibitors of PI3Kd,
either alone or in combination with B-cell depletion, showed activity in treating
autoimmune diseases such as lupus, rheumatoid arthritis, and type 1 diabetes (Puri
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and Gold 2012). Further research is needed to determine if PI3K inhibitors specific
for other isoforms are effective against autoimmune diseases; however, PI3Kd
inhibitors may represent also a promising therapeutic approach for treating these
diseases (Foster et al. 2012; Vyas and Vohora 2017).
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Abstract
Carfilzomib (CFZ) is a potent, second-generation proteasome inhibitor (PI), with
significant activity as a single agent and in combination with other antimyeloma
agents in patients with relapsed or refractory multiple myeloma (RRMM). CFZ
binds selectively and irreversibly to its target and leads to antiproliferative and
proapoptotic effects on cancer cells. This irreversible inhibition is dose- and
time-dependent in vitro and in vivo. CFZ as monotherapy and in combination
with other antimyeloma agents (e.g., as CFZ and dexamethasone [Kd]) achieved
very good responses, progression-free survival (PFS) and overall survival (OS).
In several ongoing studies, CFZ is being investigated in triplet and quadruplet
schedules of CFZ, lenalidomide and dexamethasone (KRd), CFZ, cyclophos-
phamide, dexamethasone (KCd) and with antibodies, like elotuzumab or
daratumumab. The multitude of completed and ongoing studies confirmed a
tolerable safety profile of CFZ, a significantly lower incidence of neuropathy
compared to bortezomib (BTZ) and a slightly higher incidence of cardiotoxicity,
which is closely observed and precautions taken to avoid them as best as
possible. In July 2012, the US Food and Drug Administration (FDA) approved
CFZ as a single agent for RRMM patients with disease progression after two
prior therapies, including BTZ and immunomodulatory drugs (IMiDs). The
combination of KRd and Kd followed, being approved by both FDA and
European Medicines Agency (EMA) in 2015 and 2016, respectively. Moreover,
CFZ is being evaluated in patients with newly diagnosed MM (NDMM), in
high-risk smoldering MM and for maintenance approaches.

Keywords
Novel proteasome inhibitor � Irreversible � Carfilzomib � Relapsed/refractory
disease � Multiple myeloma

1 Introduction

Multiple myeloma (MM) is characterized by proliferation of monoclonal plasma
cells (PCs) in the bone marrow (BM) and accounts for approximately 10% of
hematological malignancies (Rajkumar and Kumar 2016). The treatment of MM has
substantially changed in the last decade due to the introduction of novel agents
(NA) with new specific target structures against malignant cells. Among
immunomodulatory drugs (IMiD), novel immunotherapies, including antibodies
and various others (such as histone deacetylase inhibitors [HDACi]), proteasome
inhibitors (PIs) play a pivotal role in the treatment of MM today.

Proteasomes are present in all eukaryotic cells. They degrade proteins and
influence multiple cellular processes, including proliferation and DNA repair, so
that their inhibition leads to cell cycle arrest and apoptosis. Unique immunopro-
teasomes exist in cells of immune or hematopoietic origin, where the catalytic sites
differ from the constitutive proteasomes. Both constitutive and immunoproteasomes
are expressed in MM cells and are targeted by PIs (Kortuem and Stewart 2013).
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After the introduction of the first PI bortezomib (BTZ/V), second- and
third-generation PIs have been developed, aiming to be potentially more efficacious
and less toxic, including an improved polyneuropathy (PNP) side effect profile.
Carfilzomib (CFZ/K) is a potent, selective, and irreversible second-generation PI,
which granted approval for the treatment of relapsed/refractory MM (RRMM).
The US Food and Drug Administration (FDA) approved CFZ monotherapy in
RRMM patients in 2012. Moreover, the combination of CFZ, lenalidomide and
dexamethasone (KRd) and CFZ and dexamethasone (Kd) followed, being approved
by both FDA and European Medicines Agency (EMA) in 2015 and 2016,
respectively.

In several clinical studies, CFZ has shown substantial antitumor activity in
hematological malignancies, while exhibiting a well-tolerated side effect profile:
The ENDEAVOR study compared Kd versus BTZ plus dexamethasone (Vd) and
determined a longer progression-free survival (PFS) and lower risk of painful PNP
with Kd (Dimopoulos et al. 2016). In the ASPIRE study, superiority of KRd vs. Rd,
with unprecedented PFS differences in RRMM, was shown, and study results have
recently been updated (Stewart et al. 2017). However, cardiac toxicity has been
observed in a small proportion of patients, leading to the determination of potential
risks and precautions that have been defined as relevant to observe to prudently use
CFZ (Rajkumar and Kumar 2016). CFZ guideline papers are under way to guide
these decisions and to conduct best surveillance and co-medication in different CFZ
regimens (S. Bringhen, personal communication, 2018).

2 Structure and Mechanism of Action

CFZ, formerly known as PR-171 (Khan and Stewart 2011; Stewart 2012), is a PI
that irreversibly interacts with the proteasome (Khan and Stewart 2011). Since it
belongs to the epoxyketone-based PIs, CFZ is structurally and functionally distinct
from BTZ (Khan and Stewart 2011; Demo et al. 2007). Due to the irreversible
binding of CFZ, the response is more sustained than with the reversible BTZ (Demo
et al. 2007) and the proteasome activity is decreased to less than 20%. Only by a
new synthesis of the proteasome subunits and a new compilation it is possible to
restore this irreversible binding (Kuhn et al. 2007). This CFZ property leads to
minimal off-target inhibition to other proteases (Khan and Stewart 2011).

The proteasome itself is a multicatalytic protease complex (Fig. 1), that is
responsible for the ubiquitin-dependent turnover of cellular proteins (Ciechanover
2005; Dalton 2004; Kisselev and Goldberg 2001). The inhibition of the proteasome
leads to an accumulation of proteins in the cell guiding the cell into apoptosis
(Adams 2004). Two units form the 26S proteasome, the 19S and the 20S units. This
20S unit consists of four stacked rings, two a-rings and two b-rings, of each seven
subunits (a1–a7; b1–b7). The inner two b-subunit rings encode for three major
catalytic activities, the caspase-like (C-L) proteolytic activity (b1), the trypsin-like
(T-L) (b2), and the chymotrypsin-like (CT-L) proteolytic activity (b7) (Kisselev and
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Goldberg 2005; Kuhn et al. 2009). Hematologically derived tumor cells express a
variant 20S core, the i20S, making it an ideal target for PIs in the treatment of
hematological cancers (Parlati et al. 2009). Since the CT-L activity is the rate
limiting step of the proteolysis, it is the primary target for this drug class (Rock
et al. 1994). The approval of BTZ led to the validation of the ubiquitin–proteasome
pathway as a target for cancer therapy (Demo et al. 2007).

The epoxyketone-based CFZ is a potent and highly selective inhibitor of the
CT-L catalytic subunit of the i20S proteasome or so-called immunoproteasome
(Kuhn et al. 2007; O’Connor et al. 2009). The inhibition has an antiproliferative and
proapoptotic effect on the cancer cell. The high selectivity of CFZ eliminates the
potential off-target activity with other cellular proteases (Demo et al. 2007; Kuhn
et al. 2007; Parlati et al. 2009). The epoxyketone structure (Fig. 2) leads to this

Fig. 1 Structure of the 26S proteasome and immunoproteasome with the three different catalytic
sites. In cells from hematopoietic origin different factors like interferon (IFN)-c and tumor necrosis
factor (TNF)-a lead to the synthesis of the immunoproteasome. The arrangement of the three
different catalytic sites is displayed between the proteasome and the immunoproteasome. Adapted
from Kubiczkova et al. (2014), Kisselev and Goldberg (2001), Ciechanover (2005)
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Fig. 2 Chemical structure of carfilzomib, an epoxyketone-based irreversible proteasome inhibitor
(Kubiczkova et al. 2014)
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special characteristic of CFZ, due to the specificity of the NH2-terminal threonine
residue of the kinase ending in the inhibition of the enzyme activity (Kuhn et al.
2007).

By binding to the proteasome, CFZ forms a unique six-atom ring structure with
the b5-subunit that leads to an intramolecular cyclization and morpholino adduction
(Kisselev and Goldberg 2001; Ruschak et al. 2011). This process is a two-step
mechanism composed of the nucleophilic attack of the oxygen from the hydroxyl
group of threonine 1 (Thr1) to carbon of the epoxyketone leading to the formation
of a hemiacetal. In the second steps, the a-amino nitrogen of Thr1 nucleophilically
attacks the C2 carbon–epoxide ring, as a result this forms the morpholine adduct
(Kisselev and Goldberg 2001; Ruschak et al. 2011).

The blockage of the proteasome induces several external and internal apoptotic
cascades in the cell, like the elevation of the Caspases-3, 7, 8, 9. Additionally, the
activation of c-Jun N-terminal kinase (JNK), the mitochondrial membrane depo-
larization, and a cytochrome c release is associated with programmed cell death.
Furthermore, the accumulation of non-functional proteins and an increased level of
NOXA induce ER stress connected with a decreased level of phosphorylated
eukaryotic initiation factor 2 (eIF2) (Kuhn et al. 2007; Parlati et al. 2009). CFZ also
promotes mesenchymal stem cell (MSC) differentiation into osteoclasts, similar to
BTZ (Hu et al. 2013).

With no increased toxicity, CFZ can induce apoptosis in BTZ-naïve and pre-
treated MM cells (Demo et al. 2007; Kuhn et al. 2007). Other mechanisms are also
important for the toxicity of PIs, like dissociation half-life, pharmacokinetic, and
pharmacodynamics (Table 1). Since CFZ as an epoxyketone PI has a significantly
milder impact on the neuromusculatory system, this has been postulated as one
reason for CFZ’s lower neurotoxicity (Tsakiri et al. 2013).

Table 1 Characteristics and key features of carfilzomib

Pharmacodynamics

Active moiety Proteasome
target

Key cellular effects Binding

Tetrapeptide
epoxyketone

CT-L
subunit

Caspase-3, 7, 8, 9; JNK,
eIF2, NOXA

Irreversible (N-terminal
to threonine)

Application notes

Dosage Half-life (min) Application

20–56 mg/m2 <30 Intravenous

CT-L—chymotrypsin-like, eIF2—eukaryotic Initiation Factor 2, JNK—c-Jun N-terminal kinase,
NOXA PMAIP1—phorbol-12-myristate-13-acetate-induced protein 1, mg—milligram; m—meter
Adapted from Kuhn et al. (2007), Tsakiri et al. (2013), Kubiczkova et al. (2014)
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3 Preclinical Data

The most exclusively expressed mammalian cytosolic 26S proteasome consists of
two regulatory 19S cap subunits and one 20S core particle including two outer a-
rings and two inner b-rings with three catalytically active sites (chymotrypsin-,
trypsin-, and caspase-like proteolytic sites). Hence, the proteasomal ubiquitin-
dependent proteolysis plays a crucial role in cellular homeostasis, particularly in
excessively paraprotein-expressing MM cells (Kisselev et al. 2012). The
epoxyketone class PI CFZ is a potent and highly selective, covalent inhibitor of the
chymotrypsin-like (CT-L) activity within the 20S core subunit (Khan and Stewart
2011), leads to cellular protein accumulation and finally induces apoptosis.
Moreover, CFZ demonstrated to overcome BTZ resistance in MM patient-derived
cell culture models and worked synergistically in combination with dexamethasone
in vitro (Kuhn et al. 2007). Additionally, CFZ, different to BTZ, can overcome BM
stroma protection by inhibiting phosphorylated C-X-C chemokine receptor type 4
(pCXCR-4) and can cause downregulation of the cell surface marker CD138 in
myeloma cells in vitro (Waldschmidt et al. 2017). In mice and monkeys, two
consecutive intravenous (IV) boluses within 24 h (e.g., 1, 2; 8, 9; 15, 16; of a
28-day cycle) could demonstrate reduction of tumor growth and did cumulatively
inhibit proteasomal activity, while a once-weekly schedule allowed proteasome
recovery (Demo et al. 2007).

4 Clinical Data

CFZ is a second-generation PI that received approval for the treatment of RRMM
patients, who have received at least two prior therapies, including BTZ and one
IMiD. CFZ is active as a single agent and in combination with others antimyeloma
agents.

4.1 Relapsed and Refractory MM (RRMM)

4.1.1 Single-Agent CFZ—Phase I/II Studies
The efficacy of CFZ in heavily pretreated, RRMM has been evaluated in a number
of phase II trials. PX-171-003 was a multicenter, open-label, single-arm, phase II
study. This registration trial led to FDA approval of CFZ in RRMM: 266 patients
with prior exposure to BTZ and IMiDs were enrolled in this study. The median
number of prior therapy lines was 5. CFZ was administered IV two consecutive
days each week for three weeks in the 28-day treatment cycle. Patient received
20 mg/m2 at a daily dose in cycle 1, and 27 mg/m2 in subsequent cycles, until
disease progression, unacceptable toxicity, or for a maximum of 12 cycles. The
overall response rate (ORR) was 23.7%, with a median duration of response of
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7.8 months. PFS and OS in response evaluable patients (n = 257) were 3.7 and
15.6 months, respectively. The therapy was generally well tolerated; 190 patients
discontinued treatment due to progressive disease (59%) or AEs (12%). Dose
reduction due to adverse events (AEs) was required in 17.7%. Drug-related AEs of
all grades were most frequently fatigue (37%), nausea (3%), and thrombocytopenia
(Jagannath et al. 2012; Siegel et al. 2012).

Vij et al. performed other clinical CFZ trials: The PX-171-004 trial enrolled 129
BTZ-naïve patients and 35 patients with prior BTZ treatment. In the first phase of
the trial, CFZ was administrated in cohort 1 (94 patients) with 20 mg/m2 IV on days
1, 2, 8, 9, 15, 16, every 28 days for up to 12 cycles. In the second phase of the
study, 67 patients who tolerated 20 mg/m2 CFZ during cycle 1 received an esca-
lated dose of 27 mg/m2 beginning in cycle 2. ORR in the BTZ-naïve cohort was
47.6%, while in the BTZ-pretreated cohort was 17.1%. In the BTZ-naïve cohort, the
clinical benefit rate (CBR) was 61.9% after 6 CFZ-cycles (Vij et al. 2012b);
whereas in BTZ-pretreated patients 31.4%. The median duration of response
(DOR) was >10.6 months (Vij et al. 2012a). No differences in tolerability between
both cohorts were observed. The most common reported AEs were
non-hematological and included fatigue, nausea, dyspnea, which were primar-
ily � grade 2. Grade 3/4 events were less common and included thrombocytopenia,
neutropenia, and lymphopenia, while PNP was rarely observed. No dose modifi-
cation was required in patients with baseline renal function impairment. Both
PX-171-003 and PX-171-004 studies demonstrated that CFZ was tolerable and
active in RRMM, suggested a more rewarding activity in patients with lesser
pretreatment (as has been univocally shown for other antimyeloma agents) and the
PX-171-004 trial confirmed a dose–response relationship with single-agent CFZ
(20 vs. 27 mg/m2) (Jakubowiak 2014).

The open-label, multicenter phase II study PX-171-005 was designed to assess
the influence of renal impairment (RI) on CFZ’s pharmacokinetics (PK) in RRMM.
Badros et al. (2013) enrolled 50 patients with varying degrees of renal function,
ranging from normal to long-term dialysis patients. Patients received CFZ via IV
infusion over 2–10 min on days 1, 2, 8, 9, 15, 16 of 28-day cycles for up to
12 cycles. The starting dose was 15 mg/m2 in cycle 1. If tolerated, the CFZ dose
was increased to 20 mg/m2 in cycle 2 and to 27 mg/m2 in cycle 3 and subsequent
cycles. The results demonstrated a similar duration of drug exposure and clearance
regardless of renal function with a similar rate of proteasomal ChT-L activity
inhibition. Toxicities were similar between groups, and the incidence of AEs was
independent of renal status. No dose modification was required. Therefore, CFZ
was proposed as an appropriate treatment also in patients with severe RI, albeit
admittedly, this phase II trial was small, which limits the general applicability of
this subgroup analysis.

4.1.2 CFZ in Combination with Dexamethasone (Kd)—Phase I/II
Study

In 2016, Berenson et al. presented results of the phase I/II, multicenter, single-arm,
dose-escalation CHAMPION-1 study. This was the first clinical trial, which
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evaluated the safety and efficacy of once-weekly Kd in RRMM. CFZ was
administered as a 30-min IV infusion on days 1, 8, and 15 of a 28-day cycle: 27
patients were enrolled in the phase I, dose-escalation study and received CFZ at
20 mg/m2 on cycle 1 day 1. Subsequent doses were escalated in a standard 3 + 3
dose-escalation schema to 45, 56, 70, or 88 mg/m2, to determine the maximum
tolerated dose (MTD). In the phase 2 portion, 89 patients received CFZ at the MTD
of the same schedule as in the phase 1 portion. All patients received additional
dexamethasone with 40 mg (IV or orally) on days 1, 8, 15, and 22 for the first 8
cycles, whereas this was omitted on day 22 from cycle 9 and onward. Investigators
observed no dose-limiting toxicities (DLT) across the 45, 56, and 70 mg/m2

cohorts. The MTD of CFZ was therefore determined as 70 mg/m2. The median PFS
in 104 patients treated with the MTD was 12.6 months, the ORR was 77%, and 48
patients achieved �VGPR. The frequency of any grade and � grade 3 AEs was
similar or lower than those reported in the Kd group of the phase III ENDEAVOR
study (Berenson et al. 2016). This regime is evaluated in the phase III ARROW
study, which compares the efficacy and safety of once-weekly 20/70 mg/m2 Kd
versus twice-weekly 20/27 mg/m2 Kd in RRMM.

4.1.3 CFZ in Combination with Immunomodulatory Drugs
(IMiDs)—Phase Ib/II Study

In June 2008, Wang et al. started the phase Ib/II study PX-171-006 to evaluate CFZ
in combination with standard-dose lenalidomide (25 mg/d, days 1–21) and
low-dose dexamethasone (40 mg once weekly) (KRd) in RRMM. CFZ was initi-
ated at 15 mg/m2 and was escalated to a maximal dose of 27 mg/m2: 84 patients
were treated in 28-day cycles; of those 62% within the maximum planned dose
(MPD) cohort. The ORR was 69% and median PFS was 11.8 months. ORR,
duration of response (DOR), and PFS in the MPD cohort were even better with
76.9%, 22.1, and 15.4 months, respectively. The AEs led to dose reduction in 7.7%
and to treatment discontinuation in 19.2% of patients. Frequent hematological AEs
of any grade were lymphopenia, neutropenia, and anemia, and common
non-hematological AEs like fatigue and diarrhea. Grade 3/4 events were generally
hematological and included lymphopenia (48.1%), neutropenia (32.7%), throm-
bocytopenia (19.2%), and anemia (19.2%) (Wang et al. 2013a). Results of this trial
demonstrated that KRd was well tolerated and highly active in RRMM.

Therefore, Shah et al. (2015) designed an open-label, multicenter, phase I study
of CFZ, pomalidomide, and dexamethasone. All 32 patients had been refractory to
prior lenalidomide, and almost all were also BTZ-refractory. They received CFZ
20/27 mg/m2 over 30 min on days 1, 2, 8, 9, 15, 16, pomalidomide 4 mg once daily
on days 1–21 and dexamethasone 40 mg on days 1, 8, 15, and 22, every 28 days
for the first 6 cycles. After termination of 6 cycles, maintenance therapy with CFZ
on days 1, 2, 15, and 16 and pomalidomide on days 1–21 was continued. Patients
received a median of 7 cycles. The ORR was 50% and the median PFS 7.2 months.
Maintenance in cycle 7 was performed in 17 patients. Of the 32 enrolled patients, 8
required dose reduction and 7 treatment discontinuation due to AEs.
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4.1.4 CFZ in Combination with Cyclophosphamide
and Dexamethasone (KCd)—Phase II Study

Yong et al. (2017) presented at the American Society of Hematology Meeting 2017
results of the phase II MUK five study. The aim of this study was to compare the
activity and safety of 6 cycles of CFZ versus 8 cycle of BTZ in triplet combination
with cyclophosphamide and dexamethasone (KCd vs. VCd). A total of 300 patients
at first relapse, or refractory to no more than 1 previous line of therapy, were
randomized, 201 to KCd and 99 to VCd group. Participants in the KCd arm
received CFZ 20/36 mg/m2 biweekly (weeks 1–3) as IV infusion in the 28-day
cycle, in the VCd arm BTZ 1.3 mg/m2 was administered biweekly (weeks 1 and 2)
subcutaneously in 21-day cycles. Both groups received cyclophosphamide 500 mg
and dexamethasone 40 mg orally weekly. Patients in the KCd group with at least
stable disease after 6 cycles of therapy were randomized to receive maintenance
CFZ or no further treatment, patients in the VCd group did not receive maintenance.
In the KCd arm, 81.6% of patients received all 6 treatment cycles, versus 53.5%
with 8 completed cycles in the VCd arm. KCd group achieved significant higher
major response (�VGPR) at 24 weeks (40.2 vs. 31.9% for VCd). The OS for KCd
and VCd was 84 and 68.1%, respectively. Treatment emergent neuropathy occurred
more often in the VCd arm (56.3 vs. 21.4% with KCd). The incidence of � grade 3
neuropathy or � grade 2 neuropathy with pain was lower in the KCd group (1.5 vs.
19.8% with VCd). Cardiac SAEs were reported in 4.2% of patients in the KCd arm
(vs. 1.4% VCd arm), neurological SAEs occurred more frequently in the VCd arm
(8.1 vs. 0.7%). The results of this study showed that patients in the KCd arm
achieved better OS, the regimen was generally well tolerated, and the incidence of
neuropathy was significant lower than in the VCd arm.

4.1.5 Phase III CFZ Combination Trials: KRd (ASPIRE), KD
(ENDEAVOR), and CFZ Alone (FOCUS)

Due to the promising results of KRd in phase I and II trials, Stewart et al. started a
randomized, open-label, multicenter, phase III study in July 2010, which led to
FDA approval of KRd in RRMM. This ASPIRE study was designed to compare the
combination of KRd versus Rd. The investigators enrolled 792 RRMM patients
who had previously received 1–3 prior lines, the median being 2 in both groups,
with 66% having received prior BTZ- and 20% R-regimens. CFZ was administrated
as a 10-min infusion on days 1, 2, 8, 9, 15, and 16 of cycles 1–12 (starting dose
20 mg/m2 on days 1 and 2 of cycle 1 and 27 mg/m2 thereafter) and on days 1, 2, 15,
and 16 during cycles 13 through 18. Patients in both groups received 25 mg
lenalidomide on days 1–21 and 40 mg dexamethasone on days 1, 8, 15, and 22 of a
28-days cycle until disease progression. The primary study endpoint was PFS in the
intent-to-treat population. Secondary endpoints included OS, ORR, DOR, quality of
life, and safety. The KRd group demonstrated significantly longer PFS (median
26.3 months) compared to Rd (17.6 months). The median OS was also shown to be
improved (Stewart et al. 2017). The ORR was 87.1% with KRd versus 66.7% with
Rd, including CRs or better in 31.8 versus 9.3%, respectively. The median DOR
with KRd versus Rd was 28.6 versus 21.2 months, respectively. KRd-patient in
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the <70-year age subgroup reported improved health-related quality of life
(HRQOL) in comparison to the Rd control group. No significant differences were
observed between the KRd and Rd groups in the >70-year age subgroup (Stewart
et al. 2016). Over 18 months, the global health status/quality of life (GHS-QoL)
was greater in patients in the KRd than those in the Rd arm. Patients in the KRd
group experienced a longer time to GHS/QoL deterioration than the Rd group, with
the median time to deterioration (� 5 points) of 10.3 versus 4.8 months, respec-
tively. Dyspnea (2.8 vs. 1.8%), cardiac failure (3.8 vs. 1.8%), ischemic heart disease
(3.3 vs. 2.1%), hypertension (4.3 vs. 1.8%), and acute renal failure (3.3 vs. 3.1%)
occurred more often with KRd. There was no difference between KRd und Rd
groups in the incidence of PNP (17.1 vs. 17%, respectively). Treatment discon-
tinuation due to AEs appeared in 15% with KRd versus 17.7% with Rd. The
findings of the ASPIRE study demonstrated that KRd resulted in significantly
improved ORR, PFS, and OS in RRMM patients. KRd also showed a favorable
benefit-risk profile compared with Rd, irrespective of previous treatment (Stewart
et al. 2015; Dimopoulos et al. 2017b, c).

In January 2016, Dimopoulos et al. presented results of the randomized,
open-label, multicenter ENDEAVOR study, which compared Kd versus Vd in
RRMM patients, who had received 1–3 previous therapies. Prior treatments could
include BTZ, if patients achieved at least a partial response (PR) upon PI-treatment
before relapse or progression. A total of 929 patients were enrolled and stratified by
previous PIs, prior lines of therapy, ISS stage, and route of BTZ delivery, if ran-
domized to Vd. CFZ was given as a 30-min infusion on days 1, 2, 8, 9, 15, and 16
of 28-day cycles (20 mg/m2 d1 and 2 of cycle 1; 56 mg/m2 thereafter). BTZ was
administrated as IV bolus or subcutaneously, with a dose of 1.3 mg/m2 on days 1,
4, 8, and 11 of 21-days cycle. Patients received 20 mg dexamethasone on days 1, 2,
8, 9, 15, 16, 22, 23 in the Kd group and on days 1, 2, 4, 5, 8, 9, 11, 12 in the VD
group. Patients were treated until progression, withdrawal of consent or unac-
ceptable toxicity. In the first interim analysis, the ORR was significantly higher with
Kd versus Vd (77 vs. 63%, respectively), including VGPR or better in 54% with Kd
and 29% with Vd. The PFS also favored Kd versus Vd (median 18.7 vs.
9.4 months, respectively). The median DOR was 21.3 months for Kd and
10.4 months for Vd. These results translated into prolonged OS (Kd: 47.6 vs. Vd:
40 months) and suggested that therapy with the selective, irreversible PI CFZ may
induce higher responses, PFS and OS in RRMM than with BTZ. Of note, signif-
icantly higher GHS-QoL was reported in the CFZ group, albeit 99% of patients in
both groups had any grade AEs. The incidence of grade 2 or worsened PNP was
significantly higher in the Vd than Kd group (35 vs. 7%, respectively). The most
frequent � grade 3 AEs, which led to treatment discontinuation in the Kd group
were cardiac failure, decrease in ejection fraction, asthenia, and acute renal failure
and with Vd PNP, fatigue, dyspnea, and diarrhea. The median time to discontin-
uation in the Kd group was 6.8 and 4.3 months in the Vd group. Dose reduction
due to AEs was necessary in 32% of patients in the Kd group and in 50% in the Vd
group. The results of the study demonstrated that Kd versus Vd led to significantly
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and clinically meaningful improvements in OS, PFS, and objective response in
RRMM (Dimopoulos et al. 2016, 2017a).

Hajek et al. (2012) presented results of the randomized, phase III, open-label,
multicenter study FOCUS (PX-171-011), which investigated CFZ monotherapy
versus low-dose corticosteroids with optional cyclophosphamide. A total of 315
patients were enrolled into this study and comprised the intent-to-treat population.
The median number of 5 prior regimens was extensive. The median treatment
duration was higher in the CFZ than in the control group (16.3 vs. 10.7 weeks,
respectively). Median PFS in the CFZ group was 3.7 months compared with
3.3 months in the control group. Patients in the control group started next anti-
myeloma therapy earlier than in the CFZ group. The median ORR in the CFZ group
was 19.1 versus 11.4% in the control group. Moreover, the number of patients
achieving minimal response or better was higher with CFZ than in the control
population (31.2 vs. 20.8%, respectively). Incidence of treatment-related AEs was
similar in both groups. Findings of this FOCUS study confirmed the safety profile
of CFZ and suggested that CFZ in advanced and highly pretreated MM patients
needs combination partners.

4.2 Newly Diagnosed Multiple Myeloma (NDMM)

CFZ as monotherapy and in combination with other antimyeloma agents has been
investigated in newly diagnosed MM (NDMM) patients in several ongoing and
completed studies:

CYKLONE is a phase Ib/II study designed to investigate CFZ in 64
transplant-eligible NDMM patients. Patients were treated with the 4-agent combi-
nation of CFZ (days 1, 2, 8, 9, 15, 16), 300 mg/m2 cyclophosphamide (days 1, 8,
15), 100 mg thalidomide (days 1–28), and 40 mg dexamethasone (days 1, 8, 15,
22) in 28-day cycles. CFZ was dose-escalated at 4 dose levels to determine the
MTD, which was 20/36 mg/m2. Those 59% of patients treated at the MTD in the
phase II part achieved a VGPR or better. In the overall population, the ORR was
91% and 44 patients achieved �VGPR. Mikheal et al. demonstrated that the
CYKLONE combination led to rapid and deep responses with limited neuropathy,
cardiac or pulmonary toxicity in NDMM patients (Mikhael et al. 2015).

Bringhen et al. (2014) assessed the safety and efficacy of CFZ in combination
with cyclophosphamide and dexamethasone (KCd) in NDMM patients � 65 years
of age and ineligible for autologous stem cell transplantation (ASCT) in a multi-
center, open-label phase II trial. Investigators enrolled 58 patients, who received
KCd for up to 9 cycles, followed by maintenance with CFZ until progression or
intolerance. Patients received oral cyclophosphamide 300 mg/m2 and dexametha-
sone 40 mg on days 1, 8, and 15; CFZ (20/36 mg/m2) was administrated as 30-min
infusions on days 1, 2, 8, 9, 15, 16. In the maintenance phase, patients were treated
with 36 mg/m2 CFZ on days 1, 2, 15, 16 every 28 days. Response was prompt and
showed improvement over time. After a median of 9 cycles of KCd, 71% of
patients achieved �VGPR. After a median follow-up of 18 months, the 2-year
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PFS and OS were 76 and 87%, respectively. The rate of � grade 3 AEs was low,
and the most common toxicities were neutropenia (20%), anemia (11%), and car-
diopulmonary events (7%). This KCd regime showed a good safety profile and high
efficacy with prominent CR rates, also in elderly patients.

Bringhen and colleague also presented results of weekly CFZ, combined with
cyclophosphamide and dexamethasone. Patients were treated with CFZ on days 1,
8, and 15 of a 28-day cycle. A total of 63 patients were enrolled in the phase I and
phase II of the study, 54 of them received recommended phase 2 dose 70 mg/m2. At
least very good PR was achieved in 36 (66%) of these 54 patients. The frequency of
hematological and non-hematological AEs was similar to, or lower, than reported in
previous study with twice-weekly CFZ (Bringhen et al. 2017).

Currently, a comparative trial of KRd versus KCD in younger patients, eligible
for ASCT, is being performed by the GIMEMA (Italian) study group, preliminary
results suggesting similar efficacy and toxicity for both induction schedules (Gay
et al. 2017).

Several triplet and quadruplet schedules of KRD, KCD, e.g., with both anti-
bodies elotuzumab and daratumumab, are being assessed in phase II/III clinical
trials (e.g., DSMM; GMMG). The results of these studies are eagerly expected.

5 Toxicity

Most common side effects of CFZ reported in trials have been anemia, dyspnea,
diarrhea, nausea, and fatigue. In the comparative analysis of 4 sequential phase II
trials (PX-171-003-A0, PX-171-003-A1, PX-171-004, and PX-171-005) in 526
patients receiving single-agent CFZ at doses ranging from 15 to 27 mg/m2, most
common hematological toxicities (grade � 3) were thrombocytopenia (23.4%),
anemia (22.4%), lymphopenia (18.1%), and neutropenia (10.3%).
Non-hematological toxicities were generally grade 1/2, although grade 3/4 grade
toxicities did include pneumonia (10.5%), cardiac failure (9.5%), fatigue (7.6%),
and RI (7.2%) (Harvey 2014; Muchtar et al. 2016). CFZ may bear the risk of
cardiac toxicity, predominantly in patients with pre-existing cardiac impairment.
Probably it is a direct result of reduced proteasome activity in the cardiac myocytes
(Li and Wang 2011). Cardiovascular events were likewise reported in BTZ patients.
Thus, this effect was particularly compared in the ENDEAVOR study, which
demonstrated a higher frequency of any cardiac events of any grade in the Kd
versus Vd group (12 vs. 4%). The most commonly reported cardiovascular events
were new onset or worsening congestive heart failure, arrhythmia (mostly of low
grade), myocardial infarction, pulmonary hypertension, sudden cardiac death, and
an asymptomatic decrease in left ventricular ejection fraction (LVEF). Echocar-
diography, cardiac magnetic resonance imaging (MRI), or longer term blood
pressure monitoring are recommended in patients with risk factors for cardiac
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events. Patients who developed cardiac toxicity should be regularly monitored
regarding blood pressure, LVEF, heart rate, cardiac ischemia, dyspnea, and volume
overload.

Infusion-related reactions (IRR) occurred following CFZ administration
in >10% of patients. Within the first 24–48 h of CFZ application, IRR were
reported and characterized by a constellation of symptoms, including fever, rigor,
chills, arthralgia, myalgia, facial flushing, facial edema, vomiting, weakness, dys-
pnea, hypotension, syncope, chest tightness, and angina. IRR under CFZ may be
prevented or allayed with dexamethasone prophylaxis. The toxicity profile of CFZ
is intensively investigated in many phase I, II, and III studies. CFZ is generally
considered well-tolerated, with a manageable toxicity profile for most patients
(Table 2).

Table 2 Management of adverse events (AEs) in MM patients receiving CFZ

Toxicity Recommended action

Hematological toxicity
Neutropenia (grade 3/4)
Thrombocytopenia (grade 4)

• Withhold dose
• If fully recovered before next scheduled dose,
continue at same dose level
• Thrombocytopenia: If the patient recovers to

grade 3 thrombocytopenia, reduce dose by one dose
level
• Neutropenia: If the patient recovers to grade 2

neutropenia, reduce dose by one dose level
• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

Cardiac toxicity
Grade 3 or 4, new onset or worsening of
• congestive heart failure
• decreased left ventricular function
• or myocardial ischemia

• Withhold until resolved or returned to baseline,
stop fluid administration

• After resolution, consider restarting CFZ at 1 dose
level reduction (KRd:
27 mg/m2!20 mg/m2!15 mg/m2, Kd:
56 mg/m2!45 mg/m2 36 mg/m2!27 mg/m2)
based on a benefit/risk assessment

• Resuming therapy: Follow-up EKG and biomarker
monitoring (BNP or NT-pro-BNP) are
recommended

• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

Pulmonary hypertension or
Peripheral neuropathy (grad 3/4)

• Withhold until resolved or returned to baseline
• Restart at the dose used prior to the event or
reduced dose at the discretion of the physicians

• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

Pulmonary complications
(grade 3/4) or
Other grade 3/4 non-hematological
toxicities

• Withhold until resolved or returned to baseline
• Consider restarting at the next scheduled treatment
with one dose level reduction

• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

(continued)
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6 Drug Interactions

CFZ is characterized by a high systemic clearance and a short half-life period in
patients with solid tumors (t1/2). It is mainly metabolized via peptidase cleavage and
epoxide hydrolysis (Yang et al. 2011). In vitro studies demonstrated that CFZ did
not induce effects on human CYP 1A2 and CYP 3A4 in cultured fresh human
hepatocytes. Cytochrome P450-mediated metabolism plays a marginal role in
elimination of CFZ. The open-label, phase I, non-randomized, clinical drug inter-
action study enrolled 18 patients with solid tumors: 17 of them received at least 1
dose of CFZ and 67% (n = 12) completed a full cycle of administration. Repeated
administration of CFZ (on day 1 + 16) did not result in significant interactions with
midazolam via pharmacokinetics. The results of this study demonstrate that CFZ
can be administered with other medications that are substrates of CYP3A4 (Wang
et al. 2013b). It is unknown if CFZ is an inducer of CYP1A2, 2C8, 2C9, 2C19, and
2B6. Caution should be observed when combined with products which are sub-
strates of these enzymes, including oral contraceptives (Onyx Pharmaceuticals
2012).

7 Biomarkers

Valid biomarkers that are predictive of response to therapy, survival and AEs are
clinically relevant. Bhutani et al. showed that CXCR4 modulation after one day of
CFZ monotherapy was predictive of early clinical response to KRd. Patients who

Table 2 (continued)

Toxicity Recommended action

Hepatic toxicity
Grade 3/4 elevation of transaminases,
bilirubin or other liver abnormalities

• Withhold until resolved or returned to baseline
• After resolution, consider if restarting CFZ is
appropriate

• If appropriate, reinitiate at the reduced dose with
frequent monitoring of liver function

• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

Renal toxicity
Serum creatinine � 2x baseline

• Withhold until renal function has recovered to
Grade 1 or to baseline and monitor renal function

• If attributable to CFZ, restart at the next scheduled
treatment at a reduced dose

• If not attributable to CFZ, restart at the dose used
prior to the event

• If tolerated, the reduced dose may be escalated to
the previous dose at the discretion of the physician

Adapted from Harvey (2014), Ludwig et al. (2017)

278 M. Engelhardt et al.



responded to CFZ at 24 h with a decrease or no change in CXCR4 expression in
PCs showed early clinical response in cycles 1–3 compared to those who had an
increase in CXCR4 expression (Bhutani et al. 2014). Moreover, an increased
expression of tight junction protein (TJP1) could be observed during the adaptive
response mediating CFZ resistance in the LP-1/CFZ cell line (Riz and Hawley
2017). A strong association between higher immunoglobulin expression and sen-
sitivity of CFZ was noted. Combined IGH and Fc gamma receptor 2B (FCGR2B)
expression constitutes a retrospective validated biomarker that classifies CFZ
response with 70% sensitivity and 94% specificity (Tuch et al. 2014). Also the
difference between involved and uninvolved serum heavy-light chains (HLC) after
2 cycles of KRd was suggested as an independent predictor of early CR, as well as
minimal residual disease (MRD) among high-risk smoldering myeloma (SMM) and
NDMM patients treated with KRd. Normalization of the HLC ratio after 2 cycles of
KRd appeared significantly associated with obtained nCR/CR/sCR (Bhutani et al.
2013). The 19S proteasome levels were predictive of response and survival. In
patients receiving combination therapy with KRd, higher pretreatment 19S pro-
teasome levels correlated with deeper clinical response to treatment. Additionally,
higher pretreatment proteasome levels were predictive of improved duration of
response and PFS (Korde et al. 2014). Furthermore, Jonsson et al. (2015) suggested
early change in tumor size based on M-protein modeling as an early biomarker for
survival in MM following exposure to single-agent CFZ. Four circulating
micro-RNAs (miRNAs) were identified to be related to different PFS in patients
treated with KRd. MiR-103a and miR-199 were associated with deceased risk of
PFS, whereas miR-278 and miR-99 were associated with increased risk for pro-
gression. Cardiovascular events are known complications to CFZ and eagerly
explored to be predicted in MM patients. Matrix metalloproteinase-1 (MMP-1) has
been suggested as a potential biomarker for patients at risk for cardiovascular events
when treated with CFZ. MM patients who developed cardiovascular events had
37% lower MMP-1 compared to those without (Lendvai et al. 2015). Albeit these
biomarkers are further explored, their routine clinical use is inapt (Table 3).

Table 3 Biomarkers for response, PFS/OS, and cardiovascular events

Response PFS/OS CV events

19S proteasome levels ECTS MMP-1

CXCR4 modulation miRNAs (miR-99, -199, -103a, and -378)

TJP-1

IGH & FCGR2B-expression

HLC

PFS—progression-free survival, OS—overall survival, CV—cardiovascular, CXCR4—
CXC-chemokine receptor type 4, TJP-1—tight junction protein-1, IGH—immunoglobulin
heavy chain, FCGR2B—low-affinity immunoglobulin gamma Fc region receptor II-b, HLC—
serum heavy-light chain, ECTS—early change in tumor size, miRNA—microRNA, RNA—
ribonucleic acid, MMP-1—matrix metalloproteinase-1
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8 Summary and Perspective

CFZ is a potent PI and important component of antimyeloma treatment in a variety
of regimens, including Kd, KRd, and KCd. CFZ has also been investigated with
other IMiDs, such as pomalidomide and thalidomide, with different alkylators (e.g.,
CFZ-Bendamustine-Dex) and antibodies like daratumumab or elotuzumab in
clinical trials. Due to its substantial efficacy and good tolerability, it is used in
doublet, triplet, and quadruplet combinations, both in younger and older,
ASCT-eligible and -ineligible patients. CFZ is considered a potent relapse option in
MM patients who have relapsed after and/or are refractory to both BTZ and IMiD.
The findings from ongoing phase II and multiple phase III studies will help to
determine optional dosing regimens and to establish the position of CFZ in relapse,
first- and subsequent-line therapy and maintenance approaches in even more depth
in the near future.
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Abstract
The Bruton’s tyrosine kinase (BTK) is an essential in the B-cell receptor
(BCR) signaling pathway which was identified as crucial in the pathogenesis of
B-cell malignancies. Ibrutinib, a first-in-class BTK inhibitor, has been approved
for the treatment of distinct B-cell malignancies. To overcome off-target
side effects of and emerging resistances to ibrutinib, more selective
second-generation BTK inhibitors were developed. Acalabrutinib is a novel
second-generation BTK inhibitor and has shown promising safety and efficacy
profiles in phase 1/2 clinical trials in patients with relapsed CLL and pretreated
MCL. Recently, acalabrutinib was approved by the FDA for treatment of adult
patients with MCL who received at least one prior therapy. However, clinical
trials on a direct comparison between ibrutinib and acalabrutinib and on
combination treatment options with other agents as CD20 antibodies are
warranted.

Keywords
Acalabrutinib � Bruton’s tyrosine kinase � Hematologic malignancies

1 Introduction

B-cell receptor (BCR) signaling pathway has been identified to play an important
role in the pathogenesis and progression of B-cell malignancies (Bojarczuk et al.
2015). As Bruton’s tyrosine kinase (BTK) is an essential kinase in the BCR sig-
naling pathway, ibrutinib, a first-in-class BTK inhibitor, has been approved for the
treatment of chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL),
marginal zone lymphoma and Waldenstrom’s macroglobulinemia (WM) (Thomp-
son and Burger 2017; Agency EM 2017; Martin et al. 2016; Kapoor et al. 2017;
Noy et al. 2017). More specific second-generation BTK inhibitors were developed
to overcome off-target side effects of and emerging resistances to ibrutinib (Wu
et al. 2016). Herein, the mechanism of action, preclinical and clinical data,
including toxicity profile and drug interactions of the novel second-generation BTK
inhibitor, acalabrutinib (also known as ACP-196), are summarized.

2 Structure and Mechanism of Action

The molecular formula of acalabrutinib is C26H23N7O2, the chemical name
4-{8-Amino-3-[(2S)-1-(2-butynoyl)-2-pyrrolidinyl]imidazo[1,5-a]pyrazin-1-yl}-N-
(2-pyridinyl)benzamide, and the molar mass 465.507 g/mol (AstraZeneca 2017).
The chemical structure is shown in Fig. 1.
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Acalabrutinib and its active metabolite, ACP-5862, bind covalently to a cysteine
residue (Cys481) in the adenosine triphosphate- (ATP-) binding pocket of BTK via
a reactive butynamide group thereby acting as an irreversible small-molecule
inhibitor of BTK (Barf et al. 2017; Wu et al. 2016). Acalabrutinib was demon-
strated to inhibit BTK with a half maximal inhibitory concentration (IC50) of
5.1 ± 1.0 nM in the immobilized metal ion affinity-based fluorescence polarization
(IMAP) assay (Barf et al. 2017; Byrd et al. 2016). In vitro, increasing concentra-
tions of acalabrutinib led to a dose-dependent inhibition of the BCR signaling
pathway in primary human CLL cells (Byrd et al. 2016).

In order to determine the selectivity of acalabrutinib, inhibitory assays on
kinases with a cysteine residue in the same position as BTK were performed.
Herein, acalabrutinib showed almost no inhibitory activity on epidermal growth
factor receptor (EGFR), IL2-inducible T-cell kinase (ITK) and tyrosine-protein
kinase Tec (TEC) (Barf et al. 2017; Byrd et al. 2016; Patel et al. 2017). These
findings indicated a higher selectivity of acalabrutinib over ibrutinib with reduced
off-target side effects. In this regard, ibrutinib but not acalabrutinib treatment
resulted in a reduced platelet–vessel wall interaction compared to healthy controls
in a humanized mouse model of thrombosis. These results demonstrated that
acalabrutinib did not inhibit platelet activity, probably due to its improved selec-
tively (Byrd et al. 2016).

3 Preclinical Data

Preclinical in vivo data on single-agent activity of acalabrutinib were obtained from
mouse and canine animal models.

Herman et al. demonstrated acalabrutinib to be a potent inhibitor of BTK in two
murine models of human CLL: the human NSG (NOD-Scid-IL2Rgcnull) primary
CLL xenograft model and the Eµ-TCL-1 adoptive transfer model. In both mouse
models, acalabrutinib treatment had on-target effects including decreased activation
of key signaling molecules such as BTK, phospholipase C-c2 (PLCc2), ribosomal

Fig. 1 Chemical structure of acalabrutinib. The figure was used in agreement with the Wikimedia
Commons License
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protein S6, and extracellular signal regulated kinase (ERK). Moreover, a significant
inhibition of CLL cell proliferation, reduced tumor burden, and increased survival
were observed (Herman et al. 2017).

In a model of spontaneously occurring canine lymphoma, a B-cell malignancy
similar to human diffuse large B-cell lymphoma, Harrington et al. proved activity of
acalabrutinib. In particular, upon treatment at dosages of 2.5–20 mg/kg every 12 or
24 h an overall response rate (ORR) of 25% and a median progression-free survival
(PFS) of 22.5 days have been observed (Harrington et al. 2016).

These preclinical studies provided detailed insights into the mechanism of action
of acalabrutinib and paved the way for subsequent clinical trials.

4 Clinical Data

The safety and efficacy of single-agent acalabrutinib was evaluated in phase 1/2
clinical trials in relapsed CLL and previously pretreated MCL.

In an uncontrolled multicenter study (NCT02029443) acalabrutinib was
administered orally at a dose of 100–400 mg once daily (phase 1 dose escalation)
and 100 mg twice daily (phase 2) to 61 patients with relapsed CLL (median of three
previous therapies). Among the recruited patients, 75% had an unmutated
immunoglobulin variable-region heavy-chain gene, 31% a chromosome 17p13.1
deletion, and 29% a chromosome 11q22.3 deletion. The median age was 62 (range
44–84) years. Compared to once-daily dosing, the twice-daily application improved
the kinase occupancy allowing continues BTK inhibition without increasing toxic
effects. The ORR was 95%, including 10% of patients with partial response
(PR) with lymphocytosis and 85% with a PR, after a median follow-up of
14.3 months. Stable disease (SD) was observed in the remaining 5% of patients. In
patients with a chromosome 17p13.1 deletion, the ORR was 100%. Only one
patient, with a chromosome 17p13.1 deletion, experienced disease progression
during therapy. Interestingly, at progression a C481S mutation in BTK (major
clone) and a L845F mutation in PLCc2 (minor clone) was found in this patient.
Overall, acalabrutinib showed promising efficacy in relapsed CLL (Byrd et al.
2016). Based on these data, a subsequent phase 3 clinical trial comparing acal-
abrutinib versus ibrutinib in pretreated patients with high-risk CLL has been ini-
tiated (NCT02477696). Further clinical trials evaluating acalabrutinib in
combination with other agents in CLL are ongoing (Table 1).

In another phase 2 open-label, single-arm clinical trial (ACE-LY-004,
NCT02213926) acalabrutinib was administered at a dosage of 100 mg twice daily
until progression. 124 patients with relapsed/refractory MCL (median of two pre-
vious treatments, including 18% of patients with prior stem cell transplant) were
included. Previous BTK treatment was defined as an exclusion criterion. The
median age was 68 (range 42–90) years. 44 and 17% of patients had intermediate or
high risk with regard to MCL International Prognostic Index (MIPI), respectively.
At a median follow-up of 15.2 months, the ORR was 80%, with a 40% complete
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response (CR) and 40% PR rate (AstraZeneca 2017b). These data demonstrated the
potential impact of acalabrutinib in treatment of relapsed/refractory MCL and led to
an accelerated Food and Drug Administration (FDA) approval of Calquence®

(acalabrutinib) for treatment of adult patients with MCL who received at least one
prior therapy (FDA 2017).

5 Toxicity

Side effects of acalabrutinib were reported in the two previously described phase
1/2 clinical trials.

The most common non-hematological side effects described in the
acalabrutinib/relapsed CLL trial (NCT02029443) were headache (43%), diarrhea
(39%), weight gain (26%), pyrexia (23%), upper respiratory tract infection (23%),
hypertension (20%) and nausea (20%). Severe (grade � 3) diarrhea, weight gain,
pyrexia, fatigue, hypertension, and arthralgia were rare (2–7%). Grade 1–2 pete-
chiae were reported in 16% of patients, grade � 3 anemia and neutropenia in 2%
of patients, respectively. Overall, no dose-limiting toxicities in the phase 1 part of
the trial and no cases of atrial fibrillation (common during ibrutinib treatment) were
observed (Byrd et al. 2016).

In the acalabrutinib/pretreated MCL study (ACE-LY-004, NCT02213926)
anemia (46%), thrombocytopenia (44%), headache (39%), neutropenia (36%),
diarrhea (31%), fatigue (28%), myalgia (21%), bruising (21%), nausea (19%), and
rash (18%) were common side effects. Grade � 3 non-hematological events
included diarrhea, headache, abdominal pain as well as vomiting and were also rare
(2–3%). Grade � 3 anemia, thrombocytopenia and neutropenia were observed in
10, 12, and 15% of patients, respectively. Dose-adjustment and treatment discon-
tinuation was reported in 2 and 7% of patients (AstraZeneca 2017a, b).

6 Drug Interactions

Acalabrutinib is predominantly metabolized by CYP3A enzymes in the liver.
Therefore, plasma concentrations and side effects were elevated when administered
in combination with moderate and strong CYP3A inhibitors such as itraconazole,
erythromycin, fluconazole, or diltiazem. On the other hand, co-administration of
CYP3A inducers, like rifampicin, resulted in reduced plasma concentration. Fur-
thermore, solubility of acalabrutinib was affected by the pH. Thus, co-administration
with antacida and proton pump inhibitors decreased absorption. In combination with
CYP3A inhibitors, CYP3A inducers or gastric acid-reducing agents dose adjust-
ments and/or separate dosing are recommended (AstraZeneca 2017).
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7 Biomarkers

So far, no predictive or prognostic biomarkers were reported for acalabrutinib.

8 Summary and Perspective

Acalabrutinib is a novel second-generation BTK inhibitor with improved selectivity
compared to the first-in-class BTK inhibitor ibrutinib. Acalabrutinib showed
promising safety and efficacy profiles in phase 1/2 clinical trials in patients with
relapsed CLL and pretreated MCL. In contrast to ibrutinib, so far no cases of atrial
fibrillation have been reported during treatment with acalabrutinib. Recently,
acalabrutinib was approved by the FDA for treatment of adult patients with MCL
who received at least one prior therapy. However, clinical trials and a direct
comparison between ibrutinib and acalabrutinib are warranted to reveal the supe-
riority and possible resistance mechanisms of acalabrutinib. Currently, several
phase 1, 2, and 3 clinical trials on acalabrutinib single-agent activity and combi-
nations with other agents in hematologic malignancies (Table 1) and solid tumors
(Table 2) are ongoing. As indicated in preclinical studies, combinations of acal-
abrutinib with other agents as CD20 antibodies, phosphoinositide 3 (PI3) kinase
and BCL-2 inhibitors will likely increase rates and duration of response (Patel et al.
2017; Niemann et al. 2017; Golay et al. 2017; Deng et al. 2017) Finally, additional
selective BTK inhibitors, as ONO/GS-4059, CC-292, BGB-3111, are currently

Table 2 Acalabrutinib trials in solid tumorsa

Phase Agents Diseases NCT No Status

1b/2 Acalabrutinib Glioblastoma
multiforme

NCT02586857 Recruiting

2 Acalabrutinib + Pembrolizumab
versus Acalabrutinib

Ovarian cancer NCT02537444 Active, not
recruiting

2 Acalabrutinib + Pembrolizumab
versus Pembrolizumab

Non-small lung
cancer

NCT02448303 Active, not
recruiting

2 Acalabrutinib + Pembrolizumab Head and neck
squamous cell
carcinoma

NCT02454179 Active, not
recruiting

2 Acalabrutinib + Pembrolizumab Metastatic urothelial
carcinoma

NCT02351739 Active, not
recruiting

2 Acalabrutinib + Pembrolizumab
versus Acalabrutinib

Metastatic pancreatic
cancer

NCT02362048 Active, not
recruiting

2 Acalabrutinib + Nab-paclitaxel Metastatic pancreatic
cancer

NCT02570711 Terminated

2 Acalabrutinib + Methotrexate
versus Methotrexate + Placebo

Rheumatoid arthritis NCT02387762 Completed

aAs registered at ClinicalTrials.gov. (2017)
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tested in B-cell malignancy models and early phase clinical trials (Thompson and
Burger 2017; Robak and Robak 2017; Vidal-Crespo et al. 2017; Wu et al. 2017;
Walter et al. 2016).
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