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Preface

Chemotherapy for Leukemia: Novel Drugs and Treatment covers the most recent
progress in chemotherapy for leukemia and related diseases, including promising
studies that are still in progress.

The book consists of three parts:

—

. Molecular targeted therapy
2. Novel chemotherapeutic agents, including antimetabolite analogues
3. Therapy targeting leukemic stem cells

Every drug presented will be of great interest to hemato-oncologists. The focus
is on the drug and not treatment protocols. The book is designed to be a practical
guide for drug selection decisions, and drugs are described basically,
pharmacokinetically, and clinically by leading experts in each field.

I will be very happy if this book helps hemato-oncologists to cure, or improve the
outcomes of, leukemia patients.

I would like to thank very much the contributing authors from many countries for
providing their input despite their busy schedules and Dr. Takahiro Yamauchi for his
excellent scientific advice. Thanks are also due to Ms. Yoko Arai for the proposal to
publish this book and her editorial advice, Ms. Tamaki Yamamoto and Ms. Makie
Kambara for the editorial assistance, and Ms. Juri Hashimoto, Ms. Rie Yamagishi,
and Ms. Hitomi Takeuchi for the excellent secretarial assistance.

Finally, I owe much to my wife, children, and grandchildren, who have provided
invaluable support.

Fukui, Japan Takanori Ueda
November 2016
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An Overview

Takanori Ueda

Abstract

There has been remarkable progress in chemotherapy for leukemia and related
diseases, including promising studies that are still in progress. The contents con-
sist of three parts:

. Molecular targeted therapy
. Novel chemotherapeutic agents, including antimetabolite analogs
3. Therapy targeting leukemic stem cells

o =

In this chapter, an overview of these drugs presented in this book is briefly
described.

Keywords
Molecular targeted therapy ¢ Leukemic stem cells ® Oncogenic addiction * Ber-
Abl tyrosine kinase inhibitors

In the last 20 years, there has been remarkable progress in leukemia chemotherapy
(Table 1.1), and the factors listed below are the main reasons for the significant
improvements in patient outcomes (Fig. 1.1):

1. The development of effective and less toxic molecular targeted drugs
2. The development of other highly effective anticancer chemotherapeutic agents
3. The introduction of immunotherapy
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Vice-President, University of Fukui, 3-9-1 Bunkyo, Fukui 910-8507, Japan
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Table 1.1 Novel agents for leukemia chemotherapy

1

. Ber-Abl tyrosine kinase inhibitors (TKIs)

Imatinib

Nilotinib, dasatinib, ponatinib, and other TKIs

. New antibodies for leukemia

Rituximab for chronic lymphocytic leukemia

Alemtuzumab for chronic lymphocytic leukemia

Inotuzumab ozogamicin for acute lymphoblastic leukemia

Blinatumomab for acute lymphoblastic leukemia

Mogamulizumab, anti-chemokine receptor 4 (anti CCR4) for adult T-cell leukemia/
lymphoma

. Signaling inhibitors

Aurora-kinase inhibitors?®

FLT3 inhibitors

. Differentiating agents

Retinoic acid: all-trans-retinoic acid (ATRA) and tamibarotene

Arsenic trioxide

. New chemotherapeutic agents, including antimetabolites

Nelarabine, specifically active in T-cell neoplasms

Forodesine, specifically active in lymphoid neoplasms

Clofarabine, active for lymphoid and myeloid neoplasms

Epigenetic regulators

Isocitrate dehydrogenase (IDH) 1 and 2 inhibitor®

6.

Therapy targeting leukemic stem cells

“Not described in this book

. The identification of leukemic stem cells [1], the realization that these cells are

crucial players in leukemia drug resistance, and the development of strategies to
target this cell population

. Progress in stem cell transplantation for refractory and chemotherapy-resistant

leukemia

. Outstanding progress in supportive care for anticancer chemotherapy

Recently, about 80% of patients suffering from adult acute myeloid leukemia

achieved complete remission [2]. However, even among low-risk patients with core-
binding factor leukemias, there was a high mortality rate of 40% at 5 years from the
start of chemotherapy [3], suggesting that more than 50% of the patients in com-
plete remission had relapsed.

Many molecular targeted drugs have been introduced to leukemia chemotherapy

in an attempt to improve cure rates, and previously we proposed three categories for
clinical use [4].
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Molecular targeted drugs Intermediate-- Anticancer chemotherapeutic agents
Imatinib, ATRA, HDAC inhibitor Nelarabine, Forodesine.......
Rituximab........

Leukemic Leukemic
stem cells cells

Immunotherapy “ Stem cell
transplantation

Outstanding progress of supportive care

Fig.1.1 Recent progress of chemotherapy for leukemia

1.1 Category 1 Drugs

This category includes drugs targeting abnormal small molecules that are specific to
neoplastic cells that show typical oncogenic addiction [5]. However, only two kinds
of drugs have been shown to be effective, including imatinib and the related Bcr-Abl
tyrosine kinase inhibitors (TKIs) for chronic myeloid leukemia (CML) [6] and reti-
noids (all-trans-retinoic acid) [7], tamibarotene [8]), and arsenic trioxide [7] for
acute promyelocytic leukemia (APL).

It is important to understand not only why the drugs mentioned above are so effec-
tive for the treatment of CML and APL but also why so many drugs are ineffective.

In this regard, it is curious that other cancers with specific driver genes do not
necessarily show marked oncogenic addiction. Is the effectiveness of the targeted
CML and APL drugs based on the pharmacodynamic action of the drugs on the
specific target molecules of the disease, or might there also be other reasons why
imatinib and ATRA are so effective?

CML is relatively resistant to standard antileukemic chemotherapy, and almost
all patients who do not receive allogeneic stem cell transplantation die within
10 years from onset. However, even before the imatinib era, CML was known to be
relatively sensitive to interferon-a [9]. Donor leukocyte infusion (DLI) [10] after
allogeneic stem cell transplantation is also effective for CML. Although both treat-
ment modalities were originally expected to be highly effective for the treatment of
a broad spectrum of malignancies, this was not actually the case. The effectiveness
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of interferon-a and DLI suggests that CML is a somewhat unique disease entity
compared with other leukemias, although the reasons for the interferon-o and DLI
sensitivity have not been determined.

The pathogenesis of APL is shown to be linked to the inhibition of granulocyte differ-
entiation. Inhibition of differentiation is involved in the pathogenesis of leukemia and even
some solid cancers. However, like CML, APL is unique because of the dramatic success
of new treatment modalities, namely, differentiation induction therapy, to overcome the
PML-RARA fusion gene-mediated inhibition of differentiation of myeloid cells.
Moreover, although arsenic trioxide is remarkably effective for the treatment of APL [7],
the differentiation inducer does not have a prominent effect on other leukemias.

The success of these pioneering drugs for the treatment of CML and APL appears
to be disease specific and based on the unique molecular targets present in these
cancers, although other unique biological and/or genetic characteristics of CML and
APL are likely to be important. Interestingly, although several fascinating molecular
targeted drugs, such as aurora-kinase inhibitors, have been assessed experimentally
and clinically for the treatment of non-CML/APL leukemias, these drugs have not
had the spectacular success seen with imatinib/CML and ATRA/APL.

Thus, the strategy for the introduction of new molecular targeted drugs requires
a detailed understanding of the biological characteristics, as well as the principal
molecular aberrations of the leukemia cells in question.

As described above, CML (as a Ber-Abl disease) and APL were thought to be
typical rare cases of oncogenic addiction [5], in which inactivation of a single criti-
cal oncogene can induce cancer cells to differentiate into cells with a normal pheno-
type or to undergo apoptosis. To comprehensively understand CML and APL
pathogenesis and ultimately develop more effective targeted treatments, it is crucial
to clarify the mechanisms that drive and maintain oncogene addiction.

1.2  Category 2 Drugs

This category includes drugs that target proteins that are selectively overexpressed,
or are more active, in neoplastic cells compared with normal cells. Most molecular
targeted drugs belong to this category. For example, erlotinib [11] is a specific
inhibitor of epidermal growth factor receptor tyrosine kinase, which is abundantly
expressed in various types of neoplastic cells compared with normal cells. Similarly,
cytarabine (ara-C) is an inhibitor of DNA polymerase o and f§ (in high concentra-
tion), which is more active in neoplastic cells compared with normal cells. As these
drugs target normal cells as well as cancer cells, there may not be significant quali-
tative differences between category 2 drugs and some classical anticancer drugs.
Indeed, although classical anticancer agents are usually more toxic than molecular
targeted drugs, the latter sometimes induce specific severe side effects, such as
interstitial lung disease [12] and cytokine storm [13]. Thus, classical anticancer
agents might be a good match for at least some category 2 molecular targeted drugs
in total clinical benefit.
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Among recently developed molecular targeted drugs, FLT3 inhibitors show
promise [14], with effects similar to category 1 drugs.

1.3 Category 3 Drugs

This category of molecular targeted drugs includes monoclonal antibodies effective
for the treatment of patients with leukemia. Typical therapeutic monoclonal anti-
bodies [15, 16] cause the death of neoplastic cells by direct induction of apoptosis,
antibody-dependent cell-mediated cytotoxicity (ADCC), or complement-dependent
cytotoxicity (CDC). Monoclonal antibodies coupled to radioactive agents (ibritu-
momab tiuxetan Y-90) [17] or cytotoxic agents (inotuzumab ozogamicin) [18] are
also available. Among them, rituximab [15], alemtuzumab [16], inotuzumab ozo-
gamicin [18], blinatumomab [19], and mogamulizumab [20] are key, or promising,
agents for the treatment of patients with leukemia.

The recent progress in cancer chemotherapy is not only limited to molecular
targeted drugs; classical chemotherapeutic agents still play important roles.
Examples include the newly available antimetabolites, nelarabine [21], forodesine
[22], and clofarabine [23], which are antipurinergic agents mainly effective for lym-
phoid malignancies. The remarkable progress in supportive care, including infec-
tion control, suggests that these drugs could be safely introduced into the clinic.

As alluded to above, the borderline between molecular targeted drugs and anti-
cancer chemotherapeutic drugs is sometimes blurred. Good examples are the anti-
metabolites, azacitidine [24, 25], and decitabine [26]. Although both are cytidine
derivatives that have antineoplastic activity similar to ara-C analogs, at low doses
these drugs were recently shown to act as epigenetic regulators [27] such as HDAC
inhibitors, azacytidine, and decitabine.

1.4 Leukemic Stem Cells

It is clear that the elimination of leukemic stem cells is a key to improve outcomes
[1]. All leukemias contain leukemic stem cells, with specific characteristics depend-
ing on the type of leukemia [28]. Clinically, the most crucial characteristics of leu-
kemic stem cells are deregulated self-renewal and proliferation and a range of
chemoresistance characteristics, including a high population of dormant cells in the
niche [29, 30], multidrug resistance mechanisms [31, 32], and a high level of reac-
tive oxygen species (ROS) [33].

At present, the targets of leukemia chemotherapy are leukemic clones, and the
strategy is to prevent the emergence of resistant clones by prompt and intensive com-
bination chemotherapy. In leukemic relapse, the disease is usually refractory to mul-
tiple drugs by multifactorial mechanisms of resistance [34]. The mechanisms may be
specific for the particular multidrug combination chemotherapy and different from the
summation of the resistance mechanisms associated with single drug administration
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[35]. It is possible that this phenomenon could be overcome by high-dose chemo-
therapy or novel drugs with different modes of action and/or new targets.

If the real target is leukemic stem cells, we might not need to be as concerned
about the leukemic cells at different maturation stages. It is interesting that about
40% of low-risk leukemia patients are cured, suggesting that current treatment pro-
tocols effectively kill both leukemic cells and leukemic stem cells. On the other hand,
for relapse patients, combination chemotherapy is clearly ineffective, suggesting that
current high-intensity protocols do not eliminate leukemic stem cells. Ongoing
detailed analyses of the differences in pharmacokinetics/pharmacodynamics between
leukemic cells and leukemic stem cells will provide invaluable clues for the design
of new drugs capable of targeting and eliminating leukemic stem cell populations.

References

1. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that originates
from a primitive hematopoietic cell. Nat Med. 1997;3:730-7.

2. Ohtake S, Miyawaki S, Fujita H, Kiyoi H, Shinagawa K, Usui N, et al. Randomized study of
induction therapy comparing standard-dose idarubicin with high-dose daunorubicin in adult
patients with previously untreated acute myeloid leukemia: the JALSG AML201 Study. Blood.
2011;117:2358-65.

3. Burnett A, Wetzler M, Lowenberg B. Therapeutic advances in acute myeloid leukemia. J Clin
Oncol. 2011;29:487-94.

4. Ueda T. Update on molecular-targeted therapy in hematologic malignancies. Int J Clin Oncol.

2007;12:311-2.

. Weinstein IB. Addiction to oncogenes — the Achilles heal of cancer. Science. 2002;297:63—4.

. Apperley JF. Chronic myeloid leukaemia. Lancet. 2015;385:1447-59.

7. Lo-Coco F, Avvisati G, Vignetti M, Thiede C, Orlando SM, Iacobelli S, et al. Retinoic acid and
arsenic trioxide for acute promyelocytic leukemia. N Engl J Med. 2013;369:111-21.

8. Shinagawa K, Yanada M, Sakura T, Ueda Y, Sawa M, Miyatake J, et al. Tamibarotene as main-
tenance therapy for acute promyelocytic leukemia: results from a randomized controlled trial.
J Clin Oncol. 2014;32:3692-6.

9. Talpaz M, Kantarjian HM, McCredie K, Trujillo JM, Keating MJ, Gutterman JU. Hematologic
remission and cytogenetic improvement induced by recombinant human interferon alpha A in
chronic myelogenous leukemia. N Engl J Med. 1986;314:1065-9.

10. Kolb HJ, Schattenberg A, Goldman JM, Hertenstein B, Jacobsen N, Arcese W, et al. Graft-
versus-leukemia effect of donor lymphocyte transfusions in marrow grafted patients. Blood.
1995;86:2041-50.

11. Shepherd FA, Rodriques Pereira J, Ciuleanu T, Tan EH, Hirsh V, Thongprasert S, et al.
Erlotinib in previously treated non-small-cell lung cancer. N Engl J Med. 2005;353:123-32.

12. Ando M, Okamoto I, Yamamoto N, Takeda K, Tamura K, Seto T, et al. Predictive factors for
interstitial lung disease, antitumor response, and survival in non-small-cell lung cancer patients
treated with gefitinib. J Clin Oncol. 2006;24:2549-56.

13. Suntharalingam G, Perry MR, Ward S, Brett SJ, Castello-Cortes A, Brunner MD, et al.
Cytokine storm in a phase 1 trial of the anti-CD28 monoclonal antibody TGN1412. N Engl
J Med. 2006;355:1018-28.

14. Galanis A, Ma H, Rajkhowa T, Ramachandran A, Small D, Cortes J, et al. Crenolanib is a
potent inhibitor of FLT3 with activity against resistance-conferring point mutants. Blood.
2014;123:94-100. doi:10.1182/blood-2013-10-529313.

15. Reff ME, Carner K, Chambers KS, Chinn PC, Leonard JE, Raab R, et al. Depletion of B cells
in vivo by a chimeric mouse human monoclonal antibody to CD20. Blood. 1994;83:435-45.

AN


http://dx.doi.org/10.1182/blood-2013-10-529313

An Overview 7

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Keating ML, Flinn I, Jain V, Binet JL, Hillmen P, Byrd J, et al. Therapeutic role of alemtu-
zumab (Campath-1H) in patients who have failed fludarabine: results of a large international
study. Blood. 2002;99:3554-61.

Matesan M, Rajendran J, Press OW, Maloney DG, Storb RF, Cassaday JM, et al.
90Y-ibritumomab tiuxetan therapy in allogeneic transplantation in B-cell lymphoma with
extensive marrow involvement and chronic lymphocytic leukemia: utility of pretransplantation
biodistribution. Nucl Med Commun. 2014;35:1132-42.

Kantarjian HM, DeAngelo DJ, Stelljes M, Martinelli G, Liedtke M, Stock W, et al. Inotuzumab
Ozogamicin versus standard therapy for acute lymphoblastic leukemia. N Engl J Med. 2016;
doi:10.1056/NEJMoal509277.

Topp MS, Gokbuget N, Stein AS, Zugmaier G, O’Brien S, Bargou RC, et al. Safety and activ-
ity of blinatumomab for adult patients with relapsed or refractory B-precursor acute lympho-
blastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 2014;15:57-66.
Ishida T, Joh T, Uike N, Yamamoto K, Utsunomiya A, Yoshida S. Defucosylated anti-CCR4
monoclonal antibody (KW-0761) for relapsed adult T-cell leukemia-lymphoma: a multicenter
phase II study. J Clin Oncol. 2012;30:837-42.

Cohen MH, Johnson JR, Massie T, Sridhara R, McGuinn Jr WD, Abraham S, et al. Approval
summary: nelarabine for the treatment of T-cell lymphoblastic leukemia/lymphoma. Clin
Cancer Res. 2006;12:5329-35.

Gandhi V, Kilpatrick JM, Plunkett W, Ayres M, Harman L, Du M, et al. A proof-of-principle
pharmacokinetic, pharmacodynamic, and clinical study with purine nucleoside phosphorylase
inhibitor immucillin-H (BCX-1777, forodesine). Blood. 2005;106:4253-60.

Kantarjian H, Gandhi V, Cortes J, Verstovsek S, Du M, Garcia-Manero G, et al. Phase 2 clini-
cal and pharmacologic study of clofarabine in patients with refractory or relapsed acute leuke-
mia. Blood. 2003;102:2379-86.

Cihak A. Biological effects of 5-azacytidine in eukaryotes. Oncology. 1974;30:405-22.

Issa JP, Kantarjian HM, Kirkpatrick P. Azacitidine. Nat Rev Drug Discov. 2005;4:275-6.
Kantarijian H, Issa JP, Rosenfeld CS, Bennett JM, DiPersio J, Klimek V, et al. Decitabine
improves patient outcomes in myelodysplastic syndromes. Cancer. 2006;106:1794-803.
Merlevede J, Droin N, Qin T, Meldi K, Yoshida K, Morabito M, et al. Mutation allele burden
remains unchanged in chronic myelomonocytic leukaemia responding to hypomethylating
agents. Nat Commun. 2016; doi:10.1038/ncomms10767.

Anderson K, Lutz C, van Delft FW, Bateman CM, Guo Y, Colman SM, et al. Genetic variega-
tion of clonal architecture and propagating cells in leukaemia. Nature. 2011;469:356-61.
Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for cancer dormancy. Nat Rev
Cancer. 2007;7:834-46.

Ishikawa F, Yoshida S, Saito Y, Hijikata H, Kitamura H, Tanaka S, et al. Chemotherapy-
resistant human AML stem cells home to and engraft within the bone-marrow endosteal
region. Nat Biotechnol. 2007;25:1315-21.

Chen CJ, Chin JE, Ueda K, Clark DP, Pastan I, Gottesman MM, et al. Internal duplication and
homology with bacterial transport proteins in the mdr1 (P-glycoprotein) gene from multidrug-
resistant human cells. Cell. 1986;47:381-9.

Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer.
2005;5:275-84.

Takubo K, Goda N, Yamada W, Iriuchishima H, Ikeda E, Kubota Y, et al. Regulation of the
HIF-1alpha level is essential for hematopoietic stem cells. Cell Stem Cell. 2010;7:391-402.
Urasaki Y, Ueda T, Nakamura T. Circumvention of daunorubicin resistance by a new tamoxi-
fen derivative, toremifene, in multidrug-resistant cell line. Jpn J Cancer Res.
1994,85:659-64.

Takemura H, Urasaki Y, Yoshida A, Fukushima T, Ueda T. Simultaneous treatment with
1-beta-D-arabinofuranosylcytosine and daunorubicin induces cross-resistance to both drugs
due to a combination-specific mechanism in HL60 cells. Cancer Res. 2001;61:172-7.


http://dx.doi.org/10.1056/NEJMoa1509277
http://dx.doi.org/10.1038/ncomms10767

Partl
Bcr-Abl Tyrosine Kinase Inhibitors (TKiIs)



Imatinib: Basic Results

Fujiko Tsukahara and Yoshiro Maru

Abstract

Chronic myeloid leukemia (CML) is a clonal hematopoietic stem cell disorder
characterized by the reciprocal translocation t(9;22), which leads to the produc-
tion of the Philadelphia (Ph) chromosome, encoding BCR-ABL tyrosine kinase.
BCR-ABL is constitutively activated and induces malignant transformation of
primitive hematopoietic cells. Imatinib mesylate (also known as STIS71,
GLEEVEC, or GLIVEC) is a 2-phenylaminopyrimidine derivative that received
FDA approval as the first mechanism-based targeted small-molecule protein
kinase inhibitor in 2001. Imatinib acts as an ATP-competitive inhibitor via inter-
action with the ABL kinase domain that results in the formation of six hydrogen
bonds and through direct inhibition of BCR-ABL kinase activity. It inhibits
BCR-ABL’s ability to transfer phosphate groups to tyrosine residues on the sub-
strate, which blocks the subsequent activation of the proliferative signals.
Although imatinib is an effective frontline therapy that has provided a remark-
able success in the treatment of CML, the resistance to the inhibitor is still an
obstacle. Quiescent leukemic stem cells are unresponsive to imatinib. BCR-
ABL-dependent and BCR-ABL-independent mechanisms of drug resistance
have been reported. To overcome imatinib resistance, the pharmacological tar-
geting of key pathways alone or in combination with tyrosine kinase inhibitor
(TKI) is being investigated.
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Imatinib ¢ Chronic myeloid leukemia * BCR-ABL

F. Tsukahara Y. Maru (<)

Department of Pharmacology, Tokyo Women’s Medical University School of Medicine,
8-1 Kawada-cho, Shinjuku-ku, Tokyo 162-8666, Japan

e-mail: maru.yoshiro@twmu.ac.jp

© Springer Nature Singapore Pte Ltd. 2017 11
T. Ueda (ed.), Chemotherapy for Leukemia, DOI 10.1007/978-981-10-3332-2_2


mailto:maru.yoshiro@twmu.ac.jp

12 F. Tsukahara and Y. Maru

2.1 Development of Imatinib

In 1845, Bennet, Craigie, and Virchow independently recognized and described a
distinct entity of white blood [1]. Virchow first used the term “leukemia” in 1857.
In 1960, two Philadelphia researchers, Nowell and Hungerford, discovered a con-
sistent chromosomal abnormality characteristic of chronic myelogenous leukemia
(CML), and this chromosome was subsequently named the Philadelphia (Ph) chro-
mosome [2]. This was the first demonstration of a chromosomal rearrangement
being consistently linked to a malignant disease. In 1967, the presence of the Ph
chromosome in the hematopoietic stem cell of CML patients was confirmed by cell
surface markers [3]. In 1973, Rowley et al. discovered that the Ph chromosome was
the product of a reciprocal translocation between the long arms of chromosomes 9
and 22 t(9;22)-(q34;q11) [4]. In 1984, the ABL gene on chromosome 9, a human
homolog of v-ABL [5, 6], and the translocation partner breakpoint cluster region
(BCR) gene on chromosome 22 were identified in the Ph chromosome [7, 8]. The
chimeric BCR-ABL gene product was found to have deregulated tyrosine kinase
activity [9]. Mice-administered transplants of the bone marrow cells infected with a
retrovirus-mediated expression of p210 BCR-ABL developed CML-like diseases
[10], and p185/p190 BCR-ABL transgenic mice developed acute leukemia [11].
Thus, BCR-ABL was found to be not only a marker but also the cause of the hema-
topoietic malignancy of CML and acute lymphocytic leukemia (ALL). Thus, target-
ing the BCR-ABL kinase was thought important in the treatment of the hematopoietic
malignancy.

In the late 1980s, investigators at Ciba-Geigy, now Novartis, originally initiated
a random screening of archived inhibitors for the protein kinase Ca and identified a
2-phenylaminopyrimidine derivative as a lead compound [12]. From this com-
pound, a series of derivatives were further synthesized, and their specificity for sev-
eral serine/threonine and tyrosine kinases was profiled. In 1996, Druker and
colleagues found that CGP57148 selectively inhibited both the growth of BCR-
ABL-expressing cells and BCR-ABL-induced tumor in mice. Colony formation of
peripheral blood or bone marrow from CML patients was also selectively inhibited
[13]. This compound was first named STIS71 and then imatinib. In 1998, phase 1
study of imatinib mesylate treatment in chronic CML patients started, and the drug
received FDA approval as the first mechanism-based targeted small-molecule pro-
tein kinase inhibitor in 2001 [14, 15] (Fig. 2.1).

2.2  Molecular Biology of CML
2.2.1 Ph Chromosome

The Ph chromosome results from a reciprocal translocation, which involves the
BCR gene on chromosome 22 at band ql1 and the ABL proto-oncogene on
chromosome 9 at band q34, t(9; 22)(q34; ql1) [4] (Fig. 2.2a). Depending on
the breakpoints in the BCR gene, there are three different forms of the BCR-ABL
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Fig.2.1 Timeline of BCR-ABL findings and development of imatinib

oncogene: pl85/p190 (m-ber breakpoint), p210 (M-ber breakpoint), and p230
(p-ber breakpoint) (Fig. 2.2b, c). p210 BCR-ABL is observed in 90% of CML,
p185/190 BCR-ABL in 20-30% of ALL, and p230 BCR-ABL in a subset of patients
with chronic neutrophilic leukemia (CNL) patients [16].

2.2.2 Structure and Intramolecular Interaction of BCR-ABL

The structure of p210 BCR-ABL is shown in Fig. 2.3a. The tyrosine kinase c-ABL
is negatively regulated by interactions between its SH3 and SH2 domains and the
distal surface of the kinase domain. The myristoyl group of c-ABL is inserted into
the hydrophobic pocket of the kinase domain to dock of the SH2 and SH3 domains
onto the kinase domain [17]. The interface between the SH3 domain and the linker
segment connecting the SH2 and the kinase domains also provides negative regula-
tion [18]. In contrast, BCR-ABL exists primarily as a dimmer or tetramer to facili-
tate trans-autophosphorylation. The N-terminal coiled-coil oligomerization domain
in the BCR sequence plays an essential role in the activation of BCR-ABL, which
is similar to ligand-induced dimerization and subsequent activation of receptor tyro-
sine kinases [19, 20]. In an activated state of BCR-ABL, the inhibition through the
SH3 domain and the linker region is released, and the SH2 domain not only binds
the N-lobe via tight interactions between 1145 and T272/Y312 but also the SH2-
binding domain in the BCR sequence as well as SH2 ligands [21] (Fig. 2.3b).

2.2.3 Signaling Pathways Downstream of BCR-ABL

The deregulated BCR-ABL activates a large number of signal transduction
pathways including Ras, signal transducer and activator of transcription-5
(STATS), phosphatidylinositol 3-kinase (PI3), Myc, RhoA-Rac, and cyclin D1,
which lead to uncontrolled proliferation and differentiation, resistance to apoptosis,
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Fig. 2.2 Philadelphia chromosome (a) and localization of the breakpoints in the ABL and BCR
genes (b) and proteins (c). a The fusion BCR-ABL gene is formed within Ph chromosome as a
result of a reciprocal translocation between chromosomes 22 and 9. b BCR has three breakpoint
cluster regions indicated as m-BCR, M-BCR, and p-BCR, for p185/190, p210, and p230 BCR-
ABL genes, respectively. The ABL gene has alternately spliced first exons Ib and Ia. An arrow-
head indicates the region of the translocation. ¢ BCR consists of the coiled-coil (C—C) domain and
aregion exhibiting serine/threonine kinase activity in the N-terminus region. Y177 is the autophos-
phorylation site crucial for binding to growth factor receptor-bound protein 2 (Grb2). The center
region contains a dbl-like domain (DH) and pleckstrin homology (PH) domains. Toward the
C-terminus is a domain with an activating function for Rac-GTPase (Rac-GAP). ABL consists of
a myristoylation (MYR) site and SH3 and SH2 domains in the N-terminus region. Y393 is the
major site of autophosphorylation within the kinase (SH1) domain. The middle region consists of
proline-rich regions (PxxP), nuclear localization signal (NLS), nuclear export signal (NES), and
DNA-binding region (DNA). The C-terminus contains G- and F-actin-binding domain (actin).
Arrowheads indicate the position of the breakpoints in the p185/190, 210, and 230 BCR-ABL
proteins, respectively
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Fig. 2.3 Structure and intramolecular interaction of BCR-ABL. a The p210 BCR-ABL protein
contains the coiled-coil (C—C) domain, Ser/Thr kinase domain, dbl-like domain (DH), and pleck-
strin homology (PH) domains from BCR, as well as the SH domains, proline-rich (PxxP), nuclear
localization signal (NLS), nuclear export signal (NES), DNA-binding (DNA), and actin-binding
domains (actin) from ABL. The tyrosine residues in the Ser/Thr (Y177) and SH1 kinase (Y393)
domains have been highlighted. b Intramolecular inhibitory folding through the interactions
between domains is shown with dotted lines, including binding between (1) the SH3 domain and
the SH2 linker, (2) the SH2 and the tyrosine kinase domains, and (3) the myristoyl group in
N-terminal ABL and the tyrosine kinase domain. The inhibitory folding in the inactive state in
c-ABL is released in BCR-ABL, allowing autophosphorylation in the activation loop at Y393 and
the interaction between (1) the SH2 domain and the N-lobe and (2) the SH2 ligands and the SH2
domain (see details in the text; Maru [22])

cell migration, and unique metabolism and defect in DNA repair in progenitor cells
[22] (Fig. 2.4).

2.3  Mechanism of BCR-ABL Inhibition by Imatinib

Imatinib acts as an ATP-competitive tyrosine kinase inhibitor (TKI) via interaction
with the ABL kinase domain. Binding of imatinib prevents BCR-ABL’s ability to
transfer a phosphate group onto tyrosine on the substrate and its subsequent activa-
tion, which blocks the transmission of proliferative signals to the nucleus, thus
inducing apoptosis in the leukemic cell [23] (Fig. 2.5).
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Fig. 2.4 Schematic representation of the downstream molecular pathways of BCR-
ABL. Dimerization of BCR-ABL via the N-terminal coiled-coil domain activates BCR-ABL
kinase leading to autophosphorylation of Y393 in ABL followed by Y177 in BCR. The phos-
phorylation of Y177 recruits Grb2, SOS (a guanine nucleotide exchanger of RAS), and Grb2-
associated-binding protein 2 (GAB2) complex. This complex activates Ras/MAPK/ERK,
phosphatidylinositol 3-kinase (PI3K)/AKT, and JAK/STAT signaling pathways. The activated
AKT induces mTOR activation, suppression of forkhead O (FOXO) transcription factor, and pro-
teosomal degradation of p27. PI3K-AKT also promotes phosphorylation of the proapoptotic pro-
tein Bad, leading to its interaction with chaperone protein 14-3-3, which in turn results in the
restriction of Bad to the cytoplasm. This attenuates Bad opposing BCL2 and BCL-XL inhibition
of apoptosis in the mitochondria. Both, through activation of JAK2, directly and indirectly, activate
STATS. JAK?2 also activates the PP2A inhibitor, SET, leading to PP2A inhibition. These down-
stream signaling pathways of BCR-ABL promote proliferation and survival and inhibit apoptosis

2.3.1 Imatinib: Chemical Structure

Imatinib is a 4-[(4-methyl-1-piperazinyl)methyl]-n-[4-methyl-3-[[4-(3-pyridinyl)-2-
pyrimidinyl]Jamino]phenyl]-benzamide monomethanesulfonate. N-methylpiperazine,
as a polar side chain, is associated with good water solubility and oral bioavailability.
The introduction of a flag-methyl group at the 6-position of the anilino phenyl ring
increases the selectivity for ABL kinase. Cellular activity is enhanced by the addition
of a 3’-pyridyl group at the 3’-position of the pyrimidine [15, 23] (Fig. 2.6).
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Fig. 2.5 Imatinib acts as an ATP-competitive inhibitor. The deregulated tyrosine kinase, BCR-
ABL, functions by transferring phosphate from ATP to tyrosine residues on the substrates, which
promotes downstream signaling pathways that lead to the stimulation of proliferation and inhibi-
tion of apoptosis. Imatinib competes with ATP at the BCR-ABL kinase domain and specifically
inhibits the downstream signaling cascade

2.3.2 Imatinib and ABL Kinase Domain Interactions

The catalytic domain of protein kinase is well-conserved and consists of the N-lobe
and the C-lobe. Imatinib functions through competitive inhibition of ATP at the
ATP-binding site of the BCR-ABL kinase domain. The Asp-Phe-Gly (DFG) motif
in the activation loop of the N-lobe, adjacent to the ATP-binding site, is very impor-
tant for the kinase’s inhibitors. The aC-helix in the C-lobe contributes to an on-off
switch related to the conformational status of “ready-to-phosphorylate substrates.”
Type I and II inhibitors are the predominant groups of targeted protein kinase inhibi-
tors [24]. The type I inhibitors recognize the active conformation of the kinase,
while imatinib, which belongs to the type II protein kinase inhibitors, recognizes the
inactive conformation of the enzyme [25]. The binding to a specific “DFG-out”
conformation of BCR-ABL contributes to the selectivity of type II inhibitors.
Imatinib interacts with 21 amino acid residues in the ABL kinase domain, forming
six hydrogen bonds (Fig. 2.6). The aromatic ring of the inhibitor also interacts with
the protein through van der Waals interactions [26].
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Fig.2.6 Imatinib and ABL kinase domain interactions. Chemical structures of imatinib and sche-
matic diagram showing the six hydrogen bonds between imatinib and the BCR-ABL kinase
domain (see details in the text)

2.3.3 Imatinib: Pharmacodynamic Properties

In vitro kinase assay showed that imatinib potently inhibits ABL kinase and its active
derivatives, BCR-ABL and v-ABL with ICs, values in the range of 0.025 pM for
autophosphorylation. Imatinib also inhibits the platelet-derived growth factor recep-
tor (PDGFR) and Steel factor receptor (c-KIT) kinases at a similar concentration. On
the contrary, a large number of other kinases including Src family kinases such as
c-Src, c-Lyn, and c-Lck and the epidermal growth factor receptor (EGFR) exhibited
at least 100-fold higher ICs, values [13, 23] (Table 2.1). According to the substrate
specificity, imatinib is not only approved for the treatment of Ph+ CML and ALL but
also for the treatment of KIT-mutant-positive gastrointestinal stromal tumor (GIST)
and myelodysplastic diseases with PDGFR gene rearrangements and hypereosino-
philic syndrome with Fip1-like-1 (FIP1L1)-PDGFRa fusion proteins [27].

2.3.4 Effects of Imatinib on CML Mouse

Imatinib inhibits tumor growth in mice injected with BCR-ABL-transformed 32D
cells and in nude mice injected with human BCR-ABL-positive KU812 cells [13,
28]. Imatinib significantly prolonged the survival of the murine bone marrow
transduction-transplantation model of CML. Although all the animals exhibited pro-
longed survival after imatinib treatment, approximately 20% died of leukemia [29].
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Table 2.1 Selectivity profile of imatinib

ICso (M)
p210 BCR-ABL 0.025"
p185 BCR-ABL 0.025"
c-ABL 0.025"
v-ABL 0.038
PDGEF receptor 0.038
c-Kit 0.41
FLT3 >10
EGF receptor > 100
Insulin receptor >10
IGF-1 receptor > 10
c-Sre > 100
c-Lyn > 100
c-Lck 9.0
JAK2 > 100"

Imatinib concentrations that cause 50% inhibition (ICse) of autophosphorylation are given
PDGF platelet-derived growth factor, FLT3 fms-related tyrosine kinase 3, EGF epidermal growth
factor, IGF-1 insulin-like growth factor-1

“ICs, was determined in immunocomplex assays (Deininger [23])

2.3.5 Mechanism of Imatinib-Induced Apoptosis

Imatinib induces apoptosis in BCR-ABL leukemic cells through upregulation of the
proapoptotic proteins Bim and Bad. Suppression of Bim expression is sufficient to
confer imatinib resistance [30-32].

2.4 Imatinib Resistance and Targeting Strategies
to Overcome the Resistance

Although 80% of patients quickly achieved a complete cytogenetic response, a
small proportion of patients in the chronic phase (CP) and a substantial proportion
in the accelerated phase (AP) and the blast phase (BP) failed to respond to imatinib.
The precise mechanism of disease progression is still uncertain, but the additional
genetic changes involving activation of the oncogenic factor and/or inactivation of
the tumor suppressor appear to cause more advanced CML-AP or CML-BP [33]
(Fig. 2.7). As CML stem cells are not addicted to BCR-ABL, imatinib failed to kill
BCR-ABL-expressing CML stem cells [34, 35]. Several mechanisms of imatinib
resistance have been reported, including BCR-ABL-dependent mechanisms
(i.e., mutations in specific amino acids within ABL kinase or overexpression of the
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Fig.2.7 Mechanism of imatinib resistance. Imatinib fails to kill BCR-ABL-expressing CML stem
cells. During treatment with imatinib, accumulation of genetic changes involving activation of the
oncogenic factor and/or inactivation of the tumor suppressor appears to induce more advanced

CML-AP or CML-BP (Maru [22])

BCR-ABL protein) and BCR-ABL-independent mechanisms (i.e., drug import or
export, additional genetic abnormalities, and the activation of alternative signaling
pathways, such as Ras/Raf/MEK kinase, STAT or Src family kinases) [36, 37]. To
overcome imatinib/TKIs resistance, several strategies are being investigated

(Fig. 2.8, Table 2.2).
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Fig. 2.8 Pharmacological targeting CML stem cells to overcome imatinib resistance. Imatinib
effectively inhibits BCR-ABL kinase activity leading to apoptosis in the more mature progenitor
cells. In contrast, the quiescent CML stem cells are less sensitive to imatinib, and furthermore
imatinib-induced autophagy eliminates defective mitochondria, a source of reactive oxygen spe-
cies, to promote cell survival. Autophagy inhibitors are under investigation alone and in combina-
tion with imatinib/TKI. Several inhibitors and activators targeting CML stem cells and bone
marrow niche are also being investigated

2.4.1 BCR-ABL-Dependent Imatinib Resistance

2.4.1.1 BCR-ABL Kinase Domain Mutations

The presence or acquisition of mutations in the BCR-ABL kinase domain has been
shown to confer variable degrees of resistance to imatinib [38]. The mutations
responsible for imatinib resistance mainly occur at seven sites: G250, Y253, E255
(in the phosphate-binding region or P-loop), T315I (in the imatinib-binding site),
M351, F359 (near the catalytic domain), and H396 (in the activation loop) [39]. The
substitution of the “gatekeeper” residue T315 with the bulkier and more hydropho-
bic isoleucine results in the loss of an important hydrogen bond between imatinib
and the kinase domain. Second-generation TKIs, dasatinib and nilotinib, are more
effective than imatinib in preventing the progression to accelerated phase and blast
crisis. These drugs are highly potent against imatinib-resistant ABL kinase muta-
tions, except T3151 mutation. The third-generation TKI, ponatinib, can inhibit
BCR-ABL with a T315I mutation [40].
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Table 2.2 Target signaling pathways and compounds to overcome imatinib resistance

Signaling

I — Target Compound Reference
Chloroquine, Hydroxychloroquine,

Autophagy autophagy [73]1 [74] [75]

Bafilomycin Al
‘Wnt/B-catenin COX , Wnt/ B-catenin, GSK3, Indomethacin, Av65, SB216763  [63] [70] [91]
Hedgehog Smoothened Cyclopamine, LDE 225 [67] [68] [69]
CXCR4/CXCL12 CXCR4 BKT140, AMD3465 [711[72]

Rapamycin, KU-0063794, BEZ235,

P13K/AKT/ mTORC1/2, PI3K [76] [77] [92] [93] [94]
mTOR PP242, 081027, GDC0941
FOXO/TGF-p  TGF-B Ly364947, SB431542 [95] [96]

AG490, TG101209, CYT387,

JAK-STAT JAK2 [507 [97] [98] [99] [100]
ONO44580, Ruxolitinib

PP2A SET, SIP, PP2A FTY20, OP449 [101] [102] [103]

PML PML Arsenic trioxide [45] [78]

SAHA, LAQ824, LBH589,

Acetylation Pan-HDAC, SIRT1 Valproic acid, tenovin-6 [57] [56] [58] [59] [61]
Eicosanoid
ALOXS, prostaglandin (PG)  Zileuton, 15d-PGJ,/A12-PGJ, [79] [104]
metabolism
Nuclear export ~ CRM1 KPT-330 [105]
Interferon (IFN)  immunomodulator IFN-a [106] [107] [108] [109]

Geldanamycin analog
Hsp90 inhibitor ~ Hsp90 [42] [43]
Non-ansamycin synthetic molecules

BCL2 family BCL2 Sabutoclax [110]

PPARY PPARy Pioglitazone [80]

2.4.1.2 Gene Amplification and Upregulation of BCR-ABL Protein

Gene amplification results in the overexpression of the BCR-ABL protein. Moreover,
the binding of imatinib to the ABL kinase domain appears to stabilize the BCR-
ABL protein [41]. Newly synthesized BCR-ABL proteins are initially stabilized by
Hsc70 and then passed on to Hsp90 and cochaperone Cdc37 to achieve maturation
or kinase activation. Hsp90 inhibitors can ubiquitinate and degrade BCR-ABL pro-
teins with or without mutations (e.g., T3151 and E255K) via an E3 ligase CHIP and
a c-Cbl-mediated proteasome machinery [41, 42]. The second generation of Hsp90
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inhibitors has entered clinical trials [43]. Protein phosphatase 2A (PP2A) agonists
can inhibit BCR-ABL kinase, also leading to degradation of the BCR-ABL protein
[44]. Arsenic trioxide (As,0;) downregulates BCR-ABL protein via an autophagic
or a proteasomal degradation mechanism [45].

2.4.2 BCR-ABL-Independent Imatinib Resistance

2.4.2.1 Alternative Signaling Pathways

The ABL kinase domain-independent scaffolding function of BCR-ABL appears to
activate pro-survival signaling pathways, leading to imatinib resistance. The Src
family kinase, Hck, is activated by BCR-ABL in a kinase-independent manner, and
the activated Hck can phosphorylate Y177 in BCR, leading to an activation of the
STATS signaling pathway [46, 47]. Y177 phosphorylation is also induced by the
reciprocal activation between JAK2 and BCR-ABL, which results in BCR-ABL
protein stability and activation of STATS, Ras, and Lyn-mediated stimulation of the
PI3K-AKT pathway [48]. Highly activated Lyn has been observed in TKI-resistant
patients [49]. Inhibition of both BCR-ABL and the Src family kinases by the sec-
ond- and third-generation TKIs is expected to overcome the Src family kinase-
dependent imatinib resistance. A non-ATP-competitive dual inhibitor for JAK2 and
BCR-ABL is effective in T3151 BCR-ABL [50].

2.4.2.2 Genetic Instability

BCR-ABL appears to induce genomic instability in CML-CP stem cells during ima-
tinib treatment, which may result from an aberrant cellular response to enhanced
DNA damage caused by higher levels of reactive oxygen species (ROS) [51]. The
inefficient repair generates not only TKI-resistant point mutations in BCR-ABL
kinase but also point mutations in other genes (e.g., p53 and Ras). BCR-ABL-
induced deregulated mechanisms of DNA repair appear to involve downregulation
of the catalytic subunit of DNA-PK, disruption of the Fanconi anemia/BRCA DNA
repair pathway, activation of Rad51 and the Werner syndrome helicase (WRN), and
inhibition of uracil DNA glycosylase UNG [52-55]. In addition, the genetic muta-
tions may tend to occur through BCR-ABL-induced alterations of epigenetic regu-
lators involving histone acetyltransferases and deacetylases (HDAC). HDAC
inhibitors enhance imatinib-induced apoptosis of CML cells [56—60]. Inhibition of
SIRT1, an NAD-dependent histone deacetylase, enhances p53 acetylation leading
to its transcriptional activity, which promotes elimination of CML stem cells fol-
lowing imatinib treatment [61].

2.4.2.3 Stem Cells and Bone Marrow Niche

As mentioned above, imatinib is unable to eradicate quiescent CD34* CML stem
cells [34, 35]. In the hypoxic microenvironment of the hematopoietic stem cell
(HSC) niche, HIF1-a signaling supports CML stem cells persistence independent of
BCR-ABL kinase activity [62]. Wnt-B-catenin signaling leads to self-renewal in
stem cells by activating the expression of Myc and cyclin D1 [63]. Aberrant
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activation of Wnt signaling endows granulocyte-macrophage progenitor cells
(GMPs) with self-renewal capacity in CML-BC [64]. A close interplay between the
Whnt-p-catenin pathway and N-cadherin in the bone marrow mesenchymal stromal
cell also protects CML stem and progenitor cells during TKI treatment [65]. The
Hedgehog pathway is a developmental signaling pathway that also plays a role in
primitive and adult hematopoiesis [66]. BCR-ABL-induced upregulation of Smo
activates the Hedgehog pathway in CML stem cells via the Gli family of transcrip-
tional effectors. The inhibitors for the Wnt and the Hedgehog signaling pathways in
combination with imatinib are expected to eradicate CML stem cells [63, 67-70].

The bone marrow microenvironment has been implicated in the protection of
CML stem cells from imatinib-induced apoptosis. CXCL12, also called stromal
cell-derived factor-1 (SDF-1), a chemokine produced by bone marrow stromal cells,
and its receptor CXCR4 regulate HSC migration to and from the bone marrow.
BCR-ABL downregulates CXCR4 expression, leading to a defective adhesion of
CML cells to bone marrow stroma. Imatinib-induced upregulation of CXCR4 pro-
motes migration of CML cells to bone marrow stroma, which results in the survival
of quiescent CML progenitor cells [71]. CXCR4 inhibitor-induced disruption of
stroma-mediated protection enhances imatinib sensitivity [72].

Autophagy appears to act as a double-edged sword for tumor cells. Autophagy
selectively removes damaged organelles, especially dysfunctional mitochondria
that are the source of reactive oxygen species. BCR-ABL-induced activation of the
PI3K-AKT-mTOR signaling pathway inhibits autophagy, which results in high
ROS levels that induce genome instability [73, 74]. On the contrary, treatment with
imatinib induces autophagy that is associated with endoplasmic reticulum stress,
which results in stem cell survival. The combination of TKI and an autophagy
inhibitor resulted in a dramatic growth inhibition of CD34* cells from CML patients
[75]. The mTOR inhibitor, rapamycin, also decreased the viability of K562 cells
and can block cell proliferation in imatinib-resistant CML patients [76, 77].

The promyelocytic leukemia protein (PML) tumor suppressor, which acts as a
negative regulator of mTOR, plays a critical role in HSCs. As,O; induces PML
degradation and thereby inhibits maintenance of CML stem cells [78]. BCR-ABL
induced upregulation of arachidonate 5-lipoxygenase (ALOXS5), which is not inhib-
ited by imatinib, suggesting that kinase independence is essential for the induction
of CML in mice. The ALOXS inhibitor-induced depletion of CML, but not normal,
stem cells, and imatinib-induced elimination of differentiated leukemia cells could
be a good combination [79]. Glitazone-induced activation of peroxisome
proliferator-activated receptor-y (PPARy) has recently been shown to decrease
STATS expression and that of its downstream key molecules such as HIF2a and
CITED?2 in quiescent stem cells. The combination of imatinib and pioglitazone can
synergistically decrease CML stem cells [80].

2.4.2.4 Imatinib Influx or Efflux

Imatinib is a substrate of the influx transporter, organic cation transporter 1 (OCT1)
and the efflux transporters, P-glycoprotein (P-gP, ABCB1, or MDR1), and breast
cancer-related protein (BCRP or ABCG2) [81-83]. Increased efflux and decreased
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influx of imatinib may be associated with the imatinib resistance. Several studies
have shown a clinical determinant of intracellular drug levels and resistance to ima-
tinib [81]. An ABCBI1 inhibitor, cyclosporine, resensitized imatinib-resistant K562
cells to imatinib in vitro [84]. Statins also inhibited ABCB1 and ABCG2 efflux
pump activity, which resulted in potentiation of antileukemic activity of imatinib in
primary CD34* CML-CP and CML-BP cells [85].

2.5 Effects of Imatinib on Other Tyrosine Kinases

Imatinib has been shown to be able to inhibit other tyrosine kinases including
c-ABL, PDGFR, and c-Kit. Thus, imatinib may be used to treat various other tumors
caused by imatinib-specific abnormalities of PDGFR and c-Kit [86]. Imatinib also
affects energy metabolism, bone metabolism, or endocrine pathways [87]. Imatinib
appears to cause dysregulation of bone remodeling through attenuation of osteo-
clasts via inhibition of ¢c-Kit, c-fms, and PDGFR and activation of osteoblast activ-
ity via inhibition of PDGFR [88]. c-ABL participates in the regulation of the
endothelial barrier. Inhibition of c-ABL by imatinib causes a reduction of endothe-
lial permeability in response to VEGF and the inflammatory mediators, thrombin,
and histamine [89]. PDGF is involved in cardiovascular diseases, such as athero-
sclerosis, pulmonary arterial hypertension, angiogenesis, and diabetes. Inhibition of
PDGFR by imatinib may improve the cardio-metabolic dysfunctions [90].
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Imatinib: Clinical Pharmacology
and Therapeutic Results

Kazunori Ohnishi

Abstract

Imatinib has a remarkable long-term efficacy in patients with chronic myeloge-
nous leukemia (CML) in the chronic phase. Reported rates of 5-year progression-
free survival and overall survival associated with imatinib therapy (400 mg daily)
have ranged between 83-94% and 83-97%, respectively. Imatinib is generally
well tolerated, and adverse events are typically manageable. Current evidence
does not support the extensive use of high-dose imatinib (800 mg daily) as a
frontline treatment in patients with CML, and also the excessive dose reductions
to less than 300 mg imatinib should be avoided, even in patients who are intoler-
ant to 400 mg imatinib. Addition of pegylated interferon a to imatinib offers
additional benefits for CML treatment; however, its addition does not appear to
improve PFS or OS. The early molecular response (BCR-ABLI transcript level of
<10% at 3 months) is reportedly associated with improved prognosis in several
studies. Furthermore, approximately 40% of patients who exhibited sustained
deep molecular response could maintain treatment-free remission after discon-
tinuation of imatinib. Treatment-free remission is now considered to be a new
goal of tyrosine kinase inhibitor therapy in patients with CML in the chronic
phase.
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3.1 Introduction

Chronic myelogenous leukemia (CML) is a myeloproliferative neoplasm character-
ized by the reciprocal chromosomal translocation t(9:22)(q34;q11), which forms
the Philadelphia (Ph) chromosome. This translocation generates a novel fusion
gene, BCR-ABLI, the chimeric protein of which constitutively activates ABL1 tyro-
sine kinase [1]. Imatinib mesylate (formerly termed CGP 57148B and STI571;
Glivec, Novartis, Basel, Switzerland) is the first tyrosine kinase inhibitor (TKI)
associated with ABLI, c-kit, and PDGFR and was developed for CML treatment
[2]. Imatinib was approved for Ph-positive leukemia treatment in the United States
and Japan in May 2001 and November 2001, respectively [3].

Imatinib has shown a remarkable long-term efficacy in CML treatment and is
now the standard therapy for this disease. Five-year follow-up data from the
International Randomized Study of Interferon and STI571 (IRIS) on newly diag-
nosed CML in the chronic phase (CP) revealed an 87% complete cytogenetic
response (CCyR) rate as the best cumulative response [4]. The estimated 5-year
overall survival (OS) was 89%, whereas freedom from progression to accelerated
phase (AP) or blast phase (BP) was 93%.

Currently, five highly effective TKIs (first, second, and third generations) are
available, and physicians can select the appropriate agent for each patient [5].
Approximately 40% of patients who achieve deep and sustained molecular remis-
sion could maintain the same degree of response after discontinuation [6].

3.2  Definition of Responses to TKls

The definition of hematologic response (HR), cytogenetic response (CyR), and
molecular response (MR), as recommended by the European LeukemiaNet (ELN),
is shown in Table 3.1 [7]. According to the international scale (IS), molecular
response is defined as the ratio of BCR-ABLI transcripts to control transcripts [8, 9].
IS was anchored to the average BCR-ABLI expression in samples from 30 untreated
patients with CML-CP enrolled in the IRIS study, which corresponds to a molecular
level of 100%. Several genes are now widely accepted as suitable controls, includ-
ing ABLI, beta-glucuronidase (GUS), and BCR. It is recommended that a sample
has at least 10,000 ABLI or 24,000 GUS copies for minimum quality standards,
although the optimal values for BCR have not yet been established. Molecular
response is expressed as IS or the log reduction of BCR-ABLI transcript level as
shown in Fig. 3.1. A BCR-ABLI expression of <0.1% (MR?*°) corresponds to major
molecular response (MMR).
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Table 3.1 Definitions of hematologic, cytogenetic and molecular responses to TKIs

Response

‘ Definitions

Hematologic response (HR)

Complete hematologic
response (CHR)

WBC <10 x 10°/L

Platelet count <450 x 10°/L
Basophil <5%

No immature cells

Spleen nonpalpable

Cytogenetic response (CyR)

Complete cytogenetic
response (CCyR)

No Ph + metaphases

Partial cytogenetic response
(PCyR)

1-35% Ph + metaphase

Major cytogenetic response
(MCyR)

0-35% Ph + metaphase (CCyR + PCyR)

Molecular response

Major molecular response
(MMR)

BCR-ABLI transcript to control transcripts = <0.1% by
RQ-PCR (IS) or MR3? or better

MR3.0 MR4.0 MR4.5 MRS.O

3,4, 4.5, 5 log reduction in BCR-ABLI transcript from the
standard baseline

% 1S Log reduction

No. of leukemic cells Response

\ 100 /

100 0 \ /
10 1 \ / ~CHR

1 2 \ ~1010 / ~CCyR

0.1 3 \ ~10° / MR3.0 (MMR)
0.01 4 \ 108 / MR4-0

0.0032 45 MR45

0.001 5 \ o/ MR5.0

Fig.3.1 Definitions of response and molecular levels of BCR-ABLI transcripts. IS international
scale, CHR complete hematologic response, CCyR complete cytogenetic response, MR molecular
response, MMR major molecular response
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3.3 Clinical Trials of Imatinib for CML
3.3.1 Phase 1 Study for CML in CP

A phase 1 dose-escalating study of imatinib was conducted from June 1998 [3].
Imatinib was administered orally once daily to 83 patients with CML-CP who were
resistant or showed intolerance to treatment with interferon alfa (IFNa). Imatinib
was generally well tolerated, although a maximal tolerated dose was not identified
despite dose escalation from 25 to 1000 mg. The most common adverse effects
included nausea, myalgia, edema, and diarrhea. At a minimum dose of 300 mg/day,
imatinib showed cytogenetic response in 29 of the 54 patients, which included 7
patients with CCyR. Further, 400 mg daily dose inhibited the enzymatic activity of
BCR-ABLI in vivo, as demonstrated by decreased phosphorylation of CRKL, a
substrate of BCR-ABL1. Therefore, a daily dose of at least 400 mg was recom-
mended for future studies.

3.3.2 Phase 2 Studies for CML in CP,CML in AP,and CML in BP

In a phase 2 study of patients with CML-CP, a total of 532 patients with late-CP
CML who failed to respond to IFNa were treated with 400 mg of imatinib daily
[10]. Imatinib induced major cytogenetic response (MCyR) in 60% of the 454
patients and complete hematologic response (CHR) in up to 95% of the patients.
Over a median follow-up duration of 18 months, the estimated progression-free
survival (PFS) and overall survival (OS) was 89% and 95%, respectively. Further,
the estimated PFS and OS at 6 years was 61% and 76%, respectively. Incidence of
serious adverse events was <6%; hematologic toxic effects were manageable.

In a phase 2 study of imatinib, patients with newly diagnosed CML-AP or CML-BP
were treated with 400 or 600 mg imatinib daily and were evaluated for sustained hema-
tologic response (HR) lasting at least 4 weeks. Among the 181 patients with CML-AP,
the rate of HR was 82%, and the rate of sustained HR lasting at least 4 weeks was 69%
(CHR 34%) [11]. Rates of MCyR and CCyR were 24% and 17%, respectively. The
estimated PES and OS at 12 months was 59% and 74%, respectively.

In 229 patients with CML in myeloid BP, the rate of HR was 52%, and the rate of
sustained HR lasting at least 4 weeks was 31% (CHR 9%) [12]. Rates of MCyR and
CCyR were 16% and 7%, respectively. The estimated median response duration was
10 months, and the median survival was 6.9 months. Imatinib at an initial dose of
600 mg was associated with a significant improvement in therapeutic efficacy and
survival, over that observed with 400 mg dose in patients with CML-AP and CML-BP.

A Japanese phase 2 study of imatinib (600 mg daily) plus chemotherapy (JALSG
ALL202 trial) was conducted for newly diagnosed patients (n = 77) with Ph-positive
acute lymphoblastic leukemia (ALL) [13]. The primary end point was complete
remission rate. Complete remission was achieved in 96.2%, while CCyR was
achieved in 71.3% patients. The median duration of complete remission was 5.2
months. The estimated 1-year EFS and OS rates were 60% and 76.1%, respectively.
The outcomes were significantly better than those of historical controls.
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3.3.3 Outcomes of Imatinib Treatment in Newly Diagnosed
CML-CP

A prospective, multicenter, phase 3, randomized study [International Randomized
Study of Interferon and STI571 (IRIS)] involving newly diagnosed patients with
CML-CP (n = 1016) was initiated in June 2000 [14]. Patients were randomized to
two treatment arms; the imatinib (STI5S71) group received imatinib 400 mg once
daily, and patients in the IFNa + cytarabine group received IFNa (target dose: 5
million units/m? per day), and subcutaneous low-dose (20 mg/m? per day) cytara-
bine was added for 10 days every month. Patients were allowed to cross over to the
other arm in the event of a lack of response, a loss of response, or development of
intolerance to treatment. The primary end point was event-free survival (EFS).
Events were defined by the first occurrence of any of the following: death from any
cause during treatment, progression to AP or BP, or loss of CHR or MCyR.

Over a median follow-up duration of 18 months, the estimated MCyR was 87.1%
and 34.7% in the imatinib and IFN« + cytarabine groups, respectively (P < 0.001)
[14]. The estimated CCyR was 76.2% and 14.5%, respectively (P < 0.001); esti-
mated PFS at 18 months was 96.6% and 79.9%, respectively (P &lt; 0.001). Due to
the substantial superiority of imatinib detected on interim analysis, the study results
were disclosed early and most patients were crossed over to the imatinib arm.
Accordingly, this study is now effectively a long-term follow-up study of patients
who received imatinib as the initial therapy. After a median follow-up of 60 months,
382 (69%) of the 553 patients randomized to the imatinib arm remained on ima-
tinib, and only 16 (3%) of the 553 patients randomized to IFNa + cytarabine arm
remained on the same regimen [4].

In the imatinib group, the cumulative response rate of CCyR at 12 and 60 months
was 69% and 87%, respectively. CyR rate and disease progression showed a signifi-
cant association with Sokal risk. However, once a CCyR was achieved, it appeared
to prevent disease progression even in patients with a higher Sokal risk. The esti-
mated rates of EFS and survival without progression to AP/BP at 60 months were
83% and 93%, respectively. The estimated rates of survival without AP/BP at 60
months were 100% in patients who achieved CCyR with MMR at 12 months and
95% in those who achieved CCyR without MMR (P = 0.007). Annual rates for all
events as well as those of progression to AP/BP declined over time with imatinib
therapy. The estimated OS at 60 months was 89%; when the analysis was censored
for deaths unrelated to CML, OS rate was estimated to be 95% (Fig. 3.2).

In the most recent update of the IRIS trial, the estimated OS at 8 years was 85%
[15]. MMR increased from 24% at 6 months to 39% at 12 months and to a best rate
of 86% at 8 years, in a total of 98 patients who were sequentially monitored for
BCR-ABLI transcript.

In a phase 2 study involving 204 patients with newly diagnosed CML-CP at the
Hammersmith Hospital in the United Kingdom, the cumulative incidence of CCyR
and MMR at 5 years was 82.7% and 50.1%, respectively [16]. The estimated 5-year
OS and PFS was 83.2% and 82.7%, respectively. Twenty-five percent of patients
had discontinued imatinib treatment because of unsatisfactory response and/or tox-
icity by 5 years of treatment. Patients who achieved CCyR at 1 year had a better PFS
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Fig.3.2 Overall survival in imatinib group in the IRIS trial at a median follow-up of 5 years, on
an intention to treat analysis. The estimated 5-year OS (blue line) was 89%, and the estimated
5-year OS with deaths associated with only CML (red line) was 95% in imatinib group (Adapted
from Druker et al. [4]. Copyright © 2006 Massachusetts Medical Society. All rights reserved)

and OS than those who failed to reach CCyR; however, achievement of MMR
appeared to confer no further advantage.

A prospective multicenter phase 2 study (CML202 trial) of imatinib therapy in
newly diagnosed patients with CML-CP was performed in Japan Adult Leukemia
Study Group (JALSG) [17]. Over a median follow-up of 65 months, the estimated
7-year OS and EFS in 481 evaluable patients were 93% and 87%, respectively.
Cumulative incidence of MMR at 18 months and 7 years from the start of imatinib
was 39% and 79%, respectively. Figure 3.3 represents the survivals of newly diag-
nosed patients with CML before and after imatinib era in JALSG studies [17-19].

In newly diagnosed patients with CML-CP treated with 400 mg imatinib, the
reported rates of CCyR and MMR at 1 year ranged from 49% to 77% and from 18%
to 58%, respectively [7]. Over a minimum duration of 5 years, PFS ranged between
83% and 94%, and OS ranged between 83% and 97% (Table 3.2). The proportion
of patients who continued to receive imatinib treatment at 3—5 years from initiation
ranged between 63% and 79%, while 50% were continuing treatment after 8 years.
However, differences in the definition of PFS and EFS used in these studies should
be taken into account while comparing the long-term outcomes in these studies. In
some studies, data on patients who were taken off therapy for reasons other than
progression were censored. Kantarjian et al. proposed that any instance of toxicity
or death from any cause, on or off therapy, should be counted as an event to calcu-
late EFS and PFS [20].
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Fig.3.3 Therapeutic advances in newly diagnosed patients with CML-CP based on JALSG stud-
ies. This chart illustrates the survivals of adult patients with newly diagnosed CML-CP who were
prospectively enrolled in JALSG studies from 1988 to 2006. From 1988 to 1991, 170 patients were
enrolled in a phase 3 study that was conducted to compare the effect of IFN« with that of busulfan.
The estimated 7-year rates of OS were 36% in IFNa group (n = 85, green line) and 23% in busulfan
group (n =85, black line), respectively (Adapted from Ohnishi et al. [18]). From 1995 to 1999, 257
patients were enrolled in a prospective study to investigate the optimal indication of SCT. The
estimated 6-year OS (blue line) of patients younger than 50 years who received allo-SCT was 81%
(n = 82) (Adapted from Ohnishi et al. [19]). From 2002 to 2006, 489 patients were enrolled in
CML202 trial to examine the efficacy of imatinib therapy. The estimated 7-year OS (red line) was
93% (Adapted from Ohnishi et al. [17])

Table 3.2 Long-term outcomes of first-line treatment of imatinib for newly diagnosed patients
with CML-CP in clinical studies

Imatinib | No.of | CCyR % | MMR % At
Study/source | dose, mg | patients | Bestrate | Bestrate | OS % |PFS % |EFS % |year
IRIS [4, 15] 400 553 83 86 85 92 81 8
Hammersmith | 400 204 83 50 83 83 81° 5
hospital [16]
JALSG 400° 481 90 79 93 93 87 7
CML202 [17]

“Event as defined in the IRIS trial: 81%; event as defined as the probability of stable cytogenetic

response: 63%

"The mean daily dose during the first 24 months of treatment: = >360 mg (n = 294), 270-359 mg

(n =90) and less than 270 mg (n = 67)
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3.4 Adverse Events

The most common adverse events of imatinib 400 mg reported from the IRIS trial
[4] and the Japanese CML202 trial [17] were edema (peripheral and periorbital
edema) (60% and 49%), muscle cramps (49% and 17%), diarrhea (45% and 16%),
nausea (50% and 22%), musculoskeletal pain (47% and 21%), rash (40% and 40%),
fatigue (39% and 24%), and headache (37% and 8%), respectively. Incidence of
grade 3 or 4 adverse events in both trials was neutropenia (17%, 18%), thrombocy-
topenia (9%, 12%), anemia (4%, 6%), and elevated liver enzymes (5%, 4%), respec-
tively. Several types of vascular adverse events have been reported in patients
receiving second- or third-generation BCR-ABL1 TKIs [21]. However, imatinib
exhibits a favorable long-term safety profile. The vascular safety of imatinib therapy
is well documented and occurrence of congestive heart failure has been rare (1.7%)
[22]. Newly occurring or worsening grade 3 or 4 hematologic or biochemical
adverse events were infrequent both after 2 and 4 years of treatment. Imatinib is
generally well tolerated; most adverse events were grade 1 or 2 in severity and
tended to be most frequent in the first year of treatment. Discontinuation of imatinib
for drug-related adverse events was required in <4% of patients over a median fol-
low-up duration of 60 months.

3.5 Dosinglssue

The recommended starting dose of imatinib for patients with CML-CP is 400 mg/
day, while that for patients with CML-AP or BP is 600 mg/day. Efficacy evaluation
of imatinib 800 mg/day was performed in a phase 3, randomized study (TOPS
trial). Newly diagnosed patients with CML-CP were treated with either 800 mg/
day or 400 mg/day of imatinib [23, 24]. The primary end point was MMR at 12
months. MMR rates were similar in both treatment arms at 12 months (51.6% vs.
50.2%; P = 0.77) and 42 months (75.8% vs. 79.0%; P = 0.48). Further, no signifi-
cant between-group difference was observed with respect to EFS, PFS, or
OS. However, patients who tolerated more than 600 mg/day of imatinib showed a
higher response rate.

In the ELN study, 216 patients with newly diagnosed CML at high Sokal risk
were randomly assigned to receive imatinib 800 or 400 mg/day for at least 1 year
[25]. The primary end point of CCyR at 12 months was comparable between the
two treatment arms, as were the OS, PFS, and EFS. In the high-dose arm, the median
average daily dose was 720 mg (range: 350—800 mg).

In a phase 2 study (TIDEL trial) of higher-dose imatinib, patients with newly
diagnosed CML-CP initiated on imatinib 600 mg/day were shifted to 800 mg/day,
if the prespecified response criteria were not met [26]. The primary end points were
MMR, MCyR, and CCyR at 2 years. Both TIDEL trial and IRIS trial showed com-
parable MMR rates at 12 months (47% and 40%, respectively). However, the MMR
at 24 months was higher in TIDEL trial (73% vs. 55% in the IRIS trial). Superior
response in patients who were able to tolerate imatinib at 600 mg suggests that early
dose intensity may be critical to achieve optimal response in CML-CP.
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Overall, the current body of evidence alone does not justify extensive use of
higher-dose imatinib (800 mg daily) as a frontline therapy in patients with
CML-CP. Indeed, treatment adherence appears to be more important than initiation
of treatment at a higher dose.

Subgroup analyses of a Japanese phase 2 study (CML202 trial) were performed
according to the mean daily dose during the first 24 months of treatment: >360 mg
(400 mg group; n =294), 270-359 mg (300 mg group; n = 90) and <270 mg (200 mg
group; n = 67). This was because imatinib dosage was reduced in many patients due
mainly to adverse events [17]. No significant between-group differences were
observed in OS and EFS between the 300- and 400-mg groups. These results indicate
that long-term outcomes in small, elderly, and/or female patients who received 300 mg
imatinib daily were similar to those who received 400 mg/day. However, cumulative
rates of cytogenetic (92% vs. 98%; P = 0.018) or molecular response (78% vs. 87%,
P =0.017) at 7 years in the 300-mg group were inferior to those in the 400-mg group.
Further, survival and efficacy was markedly inferior in the 200-mg group. Therefore,
excessive dose reduction (<300 mg/day) should be avoided even in patients who are
intolerant to imatinib 400 mg/day or in those who have a small body size.

3.6 Imatinib and Interferon « Combination

IFNa can induce sustained cytogenetic response in some patients with CML-CP
[27]. Furthermore, Essers et al. reported that acute stimulation with IFNa activates
dormant hematopoietic stem cells, while chronic stimulation leads to their exhaus-
tion [28]. In a German CML Study IV, a randomized 5-arm trial designed to opti-
mize imatinib therapy, 465 patients were randomized to imatinib alone or imatinib
plus IFNa 2a or 2b [29]. Imatinib + IFN« failed to show superiority over imatinib
monotherapy with respect to MMR and 3-year OS.

In a French phase 3 study (SPIRIT trial), 636 newly diagnosed patients with
CML-CP were randomly assigned to receive imatinib (400 mg daily) alone, imatinib
(400 mg) plus cytarabine or pegylated interferon (peginterferon) a-2a (90 pg weekly),
or imatinib 600 mg daily alone [30]. The primary end points were EFS, PFS, and
OS. At 12 months, the rate of molecular response was significantly higher in the
imatinib + peginterferon a-2a group than that in imatinib 400 mg alone group (30%
vs. 14%; P =0.001). However, the combination was associated with substantial toxic
effect, because of which peginterferon o was discontinued in 46% of the patients.

The Nordic randomized phase 2 study compared imatinib (400 mg daily) mono-
therapy with imatinib plus peginterferon a-2b (50 pg weekly) after imatinib induc-
tion in patients with CML-CP with low and intermediate Sokal risk [31]. The primary
end point of MMR rate at 12 months was significantly higher in the former group,
when compared with imatinib-alone group (82% vs. 54%, P = 0.002). Peginterferon
a-2b was discontinued in 61% of patients in the combination arm. Therefore, the
combination of peginterferon o with imatinib, despite the increase in associated tox-
icity, seems to enhance deep molecular response rates and should offer more possi-
bilities for TKI therapy. These results suggested that addition of peginterferon-a
added value to imatinib treatment but were not associated with superior PFS or OS.
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3.7  Pharmacokinetics of Imatinib Therapy

Oral bioavailability of imatinib is 98%, and its half-life is approximately 20 h.
Therefore, imatinib is administered orally in a once daily regime in patients with
CML. Imatinib is metabolized mainly by CYP3A4 isoenzyme. The pharmacokinet-
ics of imatinib tends to show considerable interpatient variability [32]. The mean
plasma trough level of imatinib at day 28 was slightly higher in females than that in
males (1078 = 515 ng/mL vs. 921 + 531 ng/mL). A weak correlation of imatinib
trough levels with body weight, body surface area, and the age of patients was
observable. However, Larson et al. suggested that effects of these factors on ima-
tinib trough levels are not likely to be clinically significant due to the large interpa-
tient variability in plasma trough concentrations.

The imatinib trough levels were significantly higher in patients who achieved
CCyR than those who did not (mean, 1009 ng/mL vs. 812 ng/mL, P = 0.01). Thus,
an imatinib trough level of >1000 ng/mL appears to be important for achievement of
CcyR. Picard et al., too, reported a threshold of 1002 ng/mL to achieve MMR [33].

3.8 Prognostic Factors

Predictive variables for risk of progression and probability of drug discontinua-
tion are required for patients with CML. Three prognostic classifications are cur-
rently available, and two of these (the Sokal score and the Euro [Hasford] score)
have been used in studies of TKIs [34, 35]. However, the Sokal score was devel-
oped for patients treated with conventional chemotherapy, while the Euro score
was based on IFNa therapy. In the European Treatment and Outcome Study for
CML (EUTOS), a new prognostic risk score based on a study of 2060 imatinib-
treated patients was developed to predict the probability of achieving CCyR
within 18 months (Table 3.3) [36]. The EUTOS score relies on the percentage of

Table 3.3 Risk scores for CML-CP

Risk definition by
Risk score | Calculation calculation
Sokal Exp 0.0116 x (age — 43.4) + 0.0345 x (spleen — Low risk: < 0.8

score [34] | 7.51) + 0.188 x [(platelet count/700)* — 0.563] + Intermediate risk: 0.8—1.2
0.0887 x (blast cells — 2.10) High risk: >1.2

Euro 0.666 when age = >50 year + (0.042 x spleen) + Low risk: = <780
(Hasford) 1.0956 when platelet count > 1500 x 10°/L + Intermediate risk: 781—1480
score [35] (0.0584 x blast cells) + 0.20399 when basophils Hich risk: >14

>3 % + (0.0413 x eosinophils) x 100 igh risk: >1480

EUTOS (7 x basophils) + (4 x spleen) Low risk: = <87
score [36] High risk: >87

Age is in years. Spleen is in centimeters below the costal margin (maximum distance). Blast cells,
eosinophils, and basophils are in percents of peripheral blood differential
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basophils and spleen size to differentiate high-risk from low-risk patients. Other
variables (age, platelet count, blast cells, and eosinophils) used in the previous
classifications were later shown not to affect the response to imatinib. The EUTOS
score predicted that 34% of high-risk patients would fail to achieve a CCyR in 18
months and also predicted a significant difference in PFS (82% for high-risk vs.
90% for low-risk patients, P = 0.006).

In the German CML Study IV, the relationship between comorbidities at diagno-
sis and overall prognosis were assessed using the Charlson Comorbidity Index
(CCI) [37]. Age was associated with a higher CCI score in 863 patients, while
comorbidities had an impact on OS. However, comorbidities had no negative effect
on response rates and progression to advanced phases. Therefore, OS may not be
appropriate for assessment of outcome measures for TKI therapy in CML-CP.

As biological variables, translocation type (standard and variant), additional
chromosomal alteration (del der 9, trisomy 8, isochromosome 17, additional loss
of material from 22q, and double Ph), transcript type, and baseline BCR-ABLI
kinase domain mutations have been reported. Regarding the leukemic stem cell
burden, Mustjoki et al. reported a correlation between the proportion of Ph-positive
cells in CD34* CD38" fraction at diagnosis and the cytogenetic and molecular
response [38].

Novel biological prognostic biomarkers for clonal evolution of CML have been
identified by use of gene expression profiles, whole exome sequencing, and protein-
level profiling.

Radich et al. identified 3000 genes that showed a significant association with the
disease phase on DNA microarray analysis [39]. Their findings suggest the progres-
sion of CP CML to advanced phase CML as a two-step process. Patients with gene
expression patterns of advanced disease may benefit from more aggressive thera-
pies. Recently, targeted deep sequencing has been performed in Ph-positive clones,
and mutations of ASXLI, DNMT3A, RUNXI, and TET2 have been identified [40].
These BCR-ABLI-independent gene mutations in patients with CML may be impor-
tant cofactors in the clonal evolution of CML.

3.9 Monitoring the Response to Treatment of TKis

Monitoring the response to imatinib requires absolute and differential blood counts,
cytogenetic tests, and molecular testing for BCR-ABLI transcript level and for ABLI
tyrosine kinase domain mutations [7]. According to ELN recommendations for
imatinib therapy, blood counts and differentials are required frequently during the
first 3 months until CHR has been confirmed. Cytogenetic testing is required at 3
and 6 months, every 6 months thereafter until confirmation of CCyR, and every 12
months thereafter. Real-time quantitative polymerase chain reaction (RQ-PCR) for
assessment of BCR-ABLI transcript levels is recommended every 3 months until
MMR has been achieved and confirmed and, at least, every 6 months thereafter
(Table 3.4).
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Before investigation of the causes of imatinib failure, potential issues with treat-
ment compliance and drug interactions should be ruled out. BCR-ABLI kinase
domain point mutations are detectable in about 50% of patients who experience
treatment failure and in those showing progression on direct sequencing (a sensitiv-
ity of 10-20%). Currently, the mutations can be identified with more sensitive
techniques.

3.10 Prognosis Based on Response

Prognosis according to the response to imatinib is assessed by correlations between
molecular response to imatinib and progression-free survival (PES) or overall sur-
vival (OS), based on the landmark analyses of imatinib therapy (Table 3.4). The
most widely used time points are 3, 6, and 12 months [7, 9, 41].

The early molecular response (EMR) is typically used to indicate BCR-ABLI
transcript level after 3 months of therapy. Marin et al. reported first that BCR-ABLI
expression <9.84% IS at 3 months was associated with a higher probability of
8-year PFS and OS in patients with CML-CP treated with imatinib (Fig. 3.4) [42].
Branford et al. reported significantly superior outcomes among patients with BCR-
ABLI <10% IS at 3 months. Furthermore, patients with BCR-ABLI halving time
of >76 days among those with BCR-ABLI >10% IS at 3 months achieved signifi-
cantly inferior outcomes as compared to that in patients with BCR-ABLI halving
time <76 days [43]. Similarly, in a subgroup analysis of the German CML IV study
dataset, a half-log reduction in BCR-ABLI transcripts at 3 months was identified as

. 0,8 4 e
=3
3|
S 064
2
s
S 0.4
g —— BCR-ABL1 <9.84% IS
& P<0.001
024 e BCR-ABL1 >9.84% IS
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0 1 2 3 4 5 6 7 8

Time since start of imatinib therapy (years)

Fig.3.4 Landmark analysis of overall survival with imatinib 400 mg therapy on the basis of BCR-
ABLI level at 3 months at the Hammersmith hospital. The estimated 8-year OS was 93.3% in
patients with BCR-ABLI transcript level <9.84% at 3 months (red line) and 56.9% in patients with
BCR-ABLI level transcript level >9.84% at 3 months (blue line), (P < 0.001). (Adapted from Marin
et al. [42]. Reprinted with permission. © (2012) American Society of Clinical Oncology. All rights
reserved)
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Fig.3.5 Landmark analysis of progression-free survival on the basis of cytogenetic response to
imatinib at 1 year at the Hammersmith hospital. The patients who had achieved CCyR (red line)
had a better 5-year PFS than those who had not (blue line) (96% vs 74%; P = 0.007) and also better
OS. Achieving MMR conferred no further advantage (Adapted from de Lavallade et al. [16].
Reprinted with permission. © (2006) American Society of Clinical Oncology. All rights reserved)

the most accurate predictor of 5-year OS [44]. EMR was reported also to be
prognostically critical in several sub-analyses in the imatinib arm in the compara-
tive studies of second-generation TKI. Therefore, the ELN recommendations and
the National Comprehensive Cancer Network (NCCN) guidelines for CML have
defined BCR-ABLI =<10% IS at 3 months as indicative of optimal. However, these
results were not based on the prospective intervention studies but on subgroup
analyses of each trial. Furthermore, Kim et al. showed that achieving MMR at 6
months overcame the EMR failure at 3 months [45]. Therefore, a single measure-
ment of BCR-ABLI transcripts level at 3 months is not sufficient to define failure
that may merit a change of treatment, whereas two tests (at 3 and 6 months) are
more supportive of the need to change the treatment [7, 41]. MMR (BCR-ABLI
<0.1% IS) at 12 months has been associated with PES and OS in several prospec-
tive studies of TKIs; ELN, too, recommends MMR at 12 months as an optimal
indicator [7]. However, the NCCN guidelines employ use of CCyR (0.1% to <1%
BCR-ABLI 1S) as an optimal measure of response at 12 months, based on several
studies that suggest MMR not to be of prognostic significance in patients who
achieve CCyR at 12 months (Fig. 3.5) [16]. On the other hand, since the achieve-
ment of MMR at 18 months was significantly associated with EFS compared to
patients with >0.1 to <1% BCR-ABLI 1S [46], the NCCN guidelines recommend
<0.1% BCR-ABLI IS at 18 months.
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3.11 Resistance to Imatinib

Development of resistance to imatinib is multifactorial [47, 48]. Imatinib is admin-
istered orally. Therefore, metabolism of imatinib is influenced by absorption in the
gastrointestinal tract, by enzymatic inactivation, plasma-protein binding, and cel-
lular drug influx and efflux. In the leukemic cells, gene amplification of BCR-ABLI,
mutations of ABLI tyrosine kinase domain, and clonal evolution are involved in the
evolution of resistance. Quiescent leukemic stem cells may remain even if deep
molecular response was achieved, and more than half of patients relapsed after dis-
continuation of imatinib.

CYP3A4 is mainly responsible for imatinib metabolism. Therefore, drug interac-
tion should be considered in clinical practice. Imatinib binds to serum protein by
89-96%, mainly to albumin, and also to alpha-1 acid glycoprotein (AGP). However,
AGP is now considered unlikely as the cause of imatinib resistance because the
amount of imatinib bound to AGP is much lower than that bound to albumin.
Regarding drug transporters, overexpression of ATP-binding cassette subfamily B
member | (ABCB1) linked to imatinib efflux and lower expression of human organic
cation transporter-1 (hOCT-1) linked to imatinib influx are also thought to be poten-
tially linked to mechanism of development of resistance to imatinib [49, 50].
However, the role of drug transporters in clinical resistance requires confirmation.

Primary cytogenetic resistance to imatinib is reported in 15-25% of newly diag-
nosed patients with CML-CP. Overexpression of BCR-ABL1 was shown to cause
resistance. However, BCR-ABL-1 gene amplification or increased BCR-ABLI
expression are less frequently involved. Mutations in BCR-ABLI tyrosine kinase
domain are reported as the most common mechanism of secondary resistance to
imatinib [47]. Mutations in ATP-binding loop (P-loop) are reported to be associated
with poor response to imatinib therapy. The presence of T315I mutation (the gate
keeper position) was reported as the highest resistance to imatinib. Among BCR-
ABLI mutations resistant to imatinib, 43% were less sensitive mutations to the
second-generation TKIs, including 14% with T3151 [51].

Several recent studies have shown that adherence to imatinib was a significant
determinant of therapeutic response. Noens et al. found that one third of 169 patients
were considered to be nonadherent to imatinib and that treatment adherence was
associated with high rates of optimal response and CCyR [52]. In another study,
adherence (<90% or >90%) was strongly associated with the 6-year probability of
MMR (28.4% vs. 94.5%, respectively; P < 0.0001) and that of complete molecular
response (CMR) (0% vs. 43.8%, respectively; P = 0.002) [53]. In this study, the
multivariate analysis identified adherence and hOCT1 expression level were the
only independent predictors of achievement of MMR. Further, poor adherence to
imatinib therapy was an important factor that contributed to cytogenetic relapse and
treatment failure.
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3.12 Treatment-Free Remission

Studies have shown that some patients that exhibit a deep and sustained molecular
response to imatinib may discontinue TKI therapy without molecular relapse. In the
prospective, multicenter, non-randomized Stop Imatinib (STIM) study, imatinib
treatment was discontinued in CML patients who showed a sustained CMR (MR3?
or better and undetectable transcripts on quantitative RT-PCR) for at least 2 years [6].
Molecular relapse was defined as detection of BCR-ABLI transcripts on quantitative
RT-PCR with loss of MR3Y. At 12 months after discontinuation, the probability of
persistent CMR among these 69 patients was 41%. All patients who relapsed
responded to reintroduction of imatinib. In the updated analysis of STIM study, the
overall probability of sustained CMR at 6 and 60 months was 43% and 38%, and
low-intermediate Sokal risk and longer duration of imatinib therapy were predictive
of improved prognosis after discontinuation [54].

A multicenter observational study (A-STIM [According to Stop Imatinib]) was
conducted to evaluate persistence of MMR in 80 patients with CML-CP who had
stopped imatinib after prolonged CMR (same definition as in the STIM study) [55].
Molecular relapse was defined as loss of MMR (>0.1% BCR-ABLI 1S). The esti-
mated cumulative incidence of MMR loss was 35% and 36% at 12 and 24 months,
respectively. Cumulative incidence of molecular relapse (based on STIM definition)
was 51% and 54% at 12 and 24 months, respectively (Fig. 3.6). Median time to
second CMR was estimated at 7.3 months in re-treated patients. Fluctuation of
BCR-ABLI transcript levels below the MMR threshold was observed in 31% of
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Fig.3.6 Cumulative incidence of molecular relapse after imatinib discontinuation in patients with
CML-CP in A-STIM trial. Cumulative incidence of molecular relapse using STIM definition (blue
line) was 51% at 12 months and 54% at 24 months. Cumulative incidence of molecular relapse of
MMR loss (red line) was 35% at 12 months and 36% at 24 months (Adapted from Rousselot et al.
[55]. Reprinted with permission. © (2014) American Society of Clinical Oncology. All rights
reserved)
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patients after imatinib discontinuation. Patients previously treated with IFNa
showed a trend toward a lower rate of MMR loss by 24 months as compared to that
in patients treated with first-line imatinib (28.8% vs. 44.7%; P = 0.061).

In an Australian prospective TWISTER study, 40 patients with CML-CP who
had sustained CMR (MR*®) on imatinib for at least 2 years were discontinued for
imatinib [56]. Molecular relapse was defined as loss of MMR. At 24 months, the
actual estimate of sustained MMR rate was 47.1%. In the 21 patients who were
treated with IFNa before imatinib, a shorter duration of IFN«a treatment before ima-
tinib was significantly associated with risk of relapse.

In a Japanese retrospective study, 50 patients who had discontinued imatinib for
at least 6 months were evaluated [57]. Sustained CMR rate after discontinuation
of imatinib was estimated to be 47%. Imatinib dose intensity and prior IFNo admin-
istration were independent predictors of molecular recurrence within 12 months on
multivariate analysis.

Thus, treatment-free remission (TFR) is now considered as an appropriate end
point in studies of CML therapy because significant difference in OS has not been
observed in recent clinical trials. All discontinuation studies showed that most
recurrences occur within the first 6 months of discontinuation. It is conceivable that
the time to recurrence would correlate with the amount of residual CML and that
long-term TKI therapy may exhaust the CML clone.

3.13 Mathematical Models of Dynamics of CML

Molecular monitoring of leukemic cell burden during imatinib therapy for CML
showed a biphasic decline of BCR-ABLI transcript levels and a rapid relapse upon
treatment discontinuation. Two mathematical models have been proposed. Michor
et al. used a four-compartment model to explain the kinetics of the molecular
response to imatinib, with the assumption that imatinib has no substantial effect on
leukemic stem cells [58]. The dynamics of their mathematical model are as follows:
Leukemic stem cells expand exponentially at a slow rate. Imatinib reduces the rate
at which leukemic stem cells produce progenitors. Hence, the abundance of leuke-
mic progenitors declines once treatment is initiated. Similarly, imatinib reduces the
rate at which leukemic progenitors produce differentiated cells. The abundance of
differentiated leukemic cells shows a biphasic decline. On discontinuation of ima-
tinib, the leukemic cells proliferate rapidly because the leukemic stem cells are not
depleted. Resistant leukemic stem cells might expand faster than original leukemic
stem cells.

Roeder et al. applied a self-organizing stem cell concept to BCR-ABLI-positive
CML [59]. This model assumes that imatinib treatment modulates the competitive
properties of BCR-ABLI-positive cells, i.e., imatinib selectively inhibits prolifera-
tion of BCR-ABLI-positive cells and causes degradation of proliferating stem cells.
The model predicts that the malignant cell population can indeed be eradicated by
continuous long-term imatinib administration, if no resistance occurs.
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3.14 Guidelines for CML

ELN recommendations and the NCCN guidelines are widely used for treatment of
CML [7, 41]. According to ELN recommendations, the responses are categorized as
“optimal” or “failure” as follows [7]: Optimal response is associated with the best
long-term outcome, wherein there is no indication for a change in that treatment.
Failure implies that the patient should receive a different treatment to limit the risk
of progression. Failures are distinguished as either primary (failure to achieve a
given response at a given time) or secondary (loss of response). Between optimal
and failure, there is an intermediate zone, previously referred to as “suboptimal”
and now designated as “warning.” Warning implies that the characteristics of the
disease and the response to treatment require more frequent monitoring to permit
timely changes in therapy to prevent treatment failure.

The criteria for categorization of the response to imatinib and other TKIs as the
first-line treatment are summarized in Table 3.4. First of all, phase 3 studies compar-
ing imatinib with second-generation TKIs (nilotinib and dasatinib) have shown a
superiority of second-generation TKIs with significant differences in response but
not with respect to outcomes. Therefore, both imatinib and second-generation TKIs
are recommended as first-line treatments. Secondly, in evaluation of response, the
value of molecular response after 12 months of treatment are controversial, there-
fore, there are the differences between the ELN and the NCCN recommendations.
Furthermore, if TFR is accepted as the goal of TKI therapy, these evaluations will
be changed appropriately. Thirdly, the guidelines currently recommend that a patient
with CML who is responding optimally to TKI continues indefinitely treatment at
the standard recommended dose. Discontinuation of TKI therapy outside of a clinical
trial should be considered in the selected patients under the strict molecular
monitoring.

For patients with newly diagnosed CML-AP, imatinib (600 mg daily) or
second-generation TKIs are recommended. Allogeneic hematopoietic stem cell
transplantation should be considered based on the response to TKIs. For patients
with newly diagnosed CML-BP or those with Ph-positive ALL, high dose of
imatinib (800 mg daily) or second-generation TKIs combined with appropriate
chemotherapy, followed by allogeneic hematopoietic stem cell transplantation is
recommended.

3.15 Conclusion

In conclusion, imatinib therapy has markedly improved outcomes for patients with
CML-CP. Survival of patients who continue on imatinib is comparable to that of the
general population. Currently, five highly effective TKIs are available; a third-
generation TKI, ponatinib has been shown to be effective against resistant muta-
tions including T315I, although vascular adverse events are a key limitation.
Evidence from two randomized trials of imatinib versus second-generation TKIs
justify placing nilotinib and dasatinib in the frontline setting but do not justify the
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exclusion of imatinib. Furthermore, the long-term safety of imatinib therapy has
been established; therefore, imatinib is still used as a first-line TKI.

Recent studies have shown that in a subset of patients showing sustained molecu-

lar response to imatinib, TKI therapy may be discontinued without the risk of
molecular relapse. Thus, TFR is considered as an appropriate end point.
Socioeconomic factors may vary widely with patients in clinical practice. Especially,
drug prices of TKIs are too high, and patients are more likely to be nonadherent to
TKIs. It is critical to reduce treatment costs for TKI therapies.
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Dasatinib, Nilotinib, Bosutinib, Ponatinib, 4
and Other TKis

Shinya Kimura

Abstract

ABL tyrosine kinase inhibitor (TKI) imatinib mesylate has led to a marked
change in the treatment of chronic myeloid leukemia (CML). However, resis-
tance and intolerance to imatinib are frequently reported, particularly in patients
with advanced-stage disease; this leads to around 30% of CML patients discon-
tinuing imatinib treatment. Point mutations within the ABL kinase domain, which
interfere with imatinib binding, are the most critical cause of imatinib resistance.
To overcome this, the second-generation ATP-competing ABL TKIs such as
dasatinib, nilotinib, bosutinib, and bafetinib have been developed. Despite prom-
ising clinical results of these, a common mutation, T315I, is not effectively tar-
geted by any of the second-generation ABL TKIs. Therefore, a third-generation
ABL TKI, ponatinib, was developed and shows good clinical efficacy against
CML cells harboring the T315I mutation. Thus, treatments for CML are pro-
gressing rapidly, and further evolution is expected.
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4.1 Introduction

Binding of adenosine triphosphate (ATP) to the ATP-binding pocket within the
ABL kinase domain is essential for activation of the chimeric BCR-ABL protein;
this process underlies the pathogenesis of CML. Imatinib mesylate (Fig. 4.1a) is a
tyrosine kinase inhibitor (TKI) that binds to the ATP-binding pocket within the
ABL kinase domain, thereby competitively inhibiting the binding of ATP. As such,
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Fig.4.1 Chemical structures of ABL tyrosine kinases. a Imatinib mesylate, b dasatinib, ¢ nilo-
tinib, d bosutinib, e bafetinib, f ponatinib
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imatinib mesylate has led to a marked change in the treatment of chronic myeloid
leukemia (CML) [1]. However, resistance and intolerance to imatinib are frequently
reported, particularly in patients with advanced-stage disease [2, 3]; this leads to
around 30% of CML patients discontinuing imatinib treatment [4].

Point mutations within the ABL kinase domain, which interfere with imatinib
binding, are the most critical cause of imatinib resistance [5, 6]. To overcome this,
four second-generation ATP-competing ABL TKIs, dasatinib [7], nilotinib [8],
bosutinib [9], and bafetinib [10], have been developed. Studies show that dasatinib
and nilotinib are more effective than imatinib when used to treat naive CML patients
in the chronic phase (CP) of the disease [11, 12]. Despite promising clinical results,
a common mutation, T315I, is not effectively targeted by any of the
second-generation ABL TKIs [13]. Therefore, a third-generation ABL TKI, pona-
tinib, was developed and shows good clinical efficacy against CML cells harboring
the T3151 mutation [14]. Thus, treatments for CML are progressing rapidly, and
further evolution is expected.

TKIs are classified as Type I (imatinib, nilotinib, bafetinib, and ponatinib), which
completely occupy the ATP-binding pocket, and Type II (dasatinib and bosutinib),
which partially occupy the ATP-binding pocket (Fig. 4.2) [15]. Type I ABL TKIs
bind to the kinase domain of ABL only when the domain adopts an inactive or
“closed” conformation. Conversely, Type II ABL TKIs bind to the kinase domain of
ABL when the domain adopts the active or “open” conformation [16]. For this rea-
son, Type IT ABL TKIs are generally more potent, but less specific, than Type I
ABL TKIs.

4.2 Second-Generation ABL TKis
4.2.1 Dasatinib (Sprycel®)

4.2.1.1 Structure and Preclinical Studies

The chemical formula of dasatinib (Fig. 4.1b) is C,,H,CIN70,S, and its molecular
weight is 488 g/mol. The International Union of Pure and Applied Chemistry
(IUPAC) name for dasatinib is N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-
hydroxyethyl)piperazin-1-yl]-2-methylpyrimidin-4-yl]amino]-1,3-thiazole-5-
carboxamide. Dasatinib was developed as a SRC family kinase (SFK) inhibitor. Its
affinity for the ABL kinase domain is 325-fold higher than that of imatinib; this was
achieved by modifying the piperazinyl ethanol based on thiazole [7]. Imatinib forms
six hydrogen bonds with the ATP-binding pocket, while dasatinib forms only two.
Also, dasatinib inhibits more than 50 tyrosine kinases, including BCR-ABL, all
nine SFKs (SRC, LCK, LYN, FGR, YES, FYN, HCK, BLK, and FRK), ¢-KIT,
EPHA2, and PDGFR-p, suggesting that its specificity is relatively low. Although
dasatinib is effective against most mutated BCR-ABLs, its effect on BCR-ABL
harboring T315I/A, F317 L/V, V299 L, Q252H, and E255K/V mutations is limited
(Fig. 4.3) [7, 17, 18].
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Type II

nilotinib dasatinib

Fig.4.2 Structure of ABL complexed with imatinib, nilotinib, and dasatinib. a Crystal structures
of ABL kinase complexed with imatinib (green), nilotinib (red), and dasatinib (blue). Residues
from the nucleotide-binding loop (P-loop) and activation loop (A-loop) are omitted from the sur-
face calculation to improve clarity. b Comparison of the different binding modes of imatinib (left),
nilotinib (middle), and dasatinib (right). The positions of the P-loop (red) and A-loop (magenta)
vary according to whether the kinase is in an active conformation [in which the P-loop adopts an
extended conformation and the N-terminal end of the activation loop adopts a “DFG-in” confor-
mation (right)] or an inactive conformation [in which the P-loop is bent over the inhibitor and the
N-terminal end of the activation loop adopts a “DFG-out” conformation (left and middle)]. Imatinib
and nilotinib block the kinase in an inactive conformation. The green helix is helix C, which often
moves between the active and inactive states (Adapted and modified from 15)

4.2.1.2 Pharmacokinetics

The T, (the time at which the maximum serum concentration, Cy,,, is observed) of
dasatinib is estimated to be approximately 0.5 h. Both dasatinib and the total radio-
activity plasma concentration decrease rapidly, with an elimination half-life (7,,) of
less than 4 h [19]. Because the T, of dasatinib is very short, the initial recommen-
dation is that it be administered in twice-daily (bis in die; BID) doses. However, a
once-daily (quaque die; QD) dose of 100 mg is as effective as 70 mg BID and has
fewer adverse effects [20]. Thus, dasatinib is usually administered to adults with
chronic phase CML (CML-CP) at a dose of 100 mg QD. This suggests that
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ICsofold increase (WT = 1)
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Fig.4.3 1Cj, values for bosutinib, imatinib, dasatinib, and nilotinib against 18 mutated forms of
BCR/ABL expressed in Ba/F3-transfected cells. ICs, relative concentration that inhibits 50%; WT
wild type, P-loop phosphate-binding loop, ATP adenosine triphosphate, SH2 Src homology 2,
A-loop activation loop (Adapted from 18)

inhibiting ABL kinase for only several hours per day is enough to prevent CML
progression and that constitutive suppression of multiple kinases might induce a
greater number of adverse effects [20]. We also showed that a 2 h exposure of CML
cells to another second-generation ABL TKI, bafetinib, was enough to inhibit pro-
liferation [21].

With respect to its interaction with other agents, a previous study showed that
dose-adjusted area under the concentration-time curve (AUC) for dasatinib over the
first 4 h of a 12 h dosage interval (AUCy,4) in patients taking an H, receptor
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antagonist or proton pomp inhibitor (PPI) was significantly lower than that in
patients not taking an acid suppressant [22]. Also, CYP3A4 inhibitors may increase
the levels of dasatinib in the system. Thus, clinicians should consider reducing the
dose of dasatinib if a patient is also taking CYP3A4 inhibitors. By contrast, CYP3A4
inducers may reduce the systemic levels of dasatinib. Thus, it may be necessary to
increase the dose when CYP3A4 inducers are used simultaneously [23].

4.2.1.3 Clinical Effects

A phase 2 clinical trial in which 387 imatinib-resistant/intolerant patients with
CML-CP received 70 mg of dasatinib BID (140 mg/day) was performed, and a
complete cytogenetic response [CCyR: a state in which the Philadelphia (Ph) chro-
mosome was not detected] was achieved in 49% of cases [24].

Another clinical trial [the dasatinib versus imatinib study in treatment-naive
CML patients (DASISION) trial] examined the use of first-line dasatinib immedi-
ately after a diagnosis of CML. Dasatinib (100 mg QD) or imatinib (400 mg QD)
was administered to previously untreated patients with CML-CP: a CCyR was
observed in 77% and 66% of cases, respectively, after 12 months. Also, a major
molecular response [MMR: a >3 log reduction in BCR-ABL mRNA levels as mea-
sured by real-time quantitative PCR (RQ-PCR)] was observed in 46% and 28% of
cases, respectively. The time to MMR was significantly shorter in the dasatinib
group (Table 4.1a) [11].

Dasatinib is indicated not only for CML but also for Ph chromosome-positive
acute lymphoblastic leukemia (Ph*ALL). Patients with newly diagnosed Ph*ALL
received dasatinib induction therapy for 84 days, which is combined with steroids

Table 4.1 Clinical effects of first-line dasatinib and nilotinib

a. Dassision (dasatinib) b. ENESTnd (nilotinib)
Imatinib | Dasatinib Imatinib | Nilotinib | Nilotinib
400 mg | 100 mg 400 mg 300 mg | 400 mg
QD QD QD BID BID
CCyR CCyR
3M |31% 54%
6M |59% 73% 6M | 45% 67% 63%
IM |67% 78%
12M | 72% 83% 12M | 65% 80% 78%
MMR MMR
3M  |0.40% 8% 3M | 1.00% 9% 5%
6M |8% 27% 6M | 12% 33% 30%
IM | 18% 39% IM | 18% 43% 38%
12M |28% 46% 12M | 22% 44% 43%
Progression 3.50% 1.90% Progres- 4% <1% <1%
to AP/BP sion to
AP/BP

CCyR complete cytogenetic response, MMR major molecular response, AP accelerated phase, BP
blastic phase, QD once a day, BID twice a day



4 Dasatinib, Nilotinib, Bosutinib, Ponatinib, and Other TKls 61

for the first 32 days and intrathecal chemotherapy. At 20 months, overall survival
was 69.2%, and disease-free survival was 51.1%. In adults with Ph*ALL, induction
treatment with dasatinib plus steroids leads to a complete hematologic response
(CHR) in virtually all patients irrespective of age, with good compliance, no deaths,
and a rapid debulking of the neoplastic clone [25]. When 34 patients with relapsed
Ph*ALL or CML-lymphoid blast crisis (CML-LB) were treated with a combination
of dasatinib and hyper-CVAD, 84% achieved CCyR after one cycle of therapy.
Overall, 42% of patients achieved a complete molecular response (CMR: defined as
bcr-abl mRNA negativity as measured by RQ-PCR), and 35% had a MMR [26].

Imatinib does not prevent central nervous system (CNS) relapse due to poor
penetration through the blood-brain barrier [27]. Although dasatinib is a substrate
of P glycoprotein (as is imatinib) [28], the high potency of dasatinib means that
residual concentrations in the CNS are sufficient to prevent the proliferation of
CML cells. Thus, dasatinib has therapeutic potential for the management of intra-
cranial leukemic disease and shows substantial clinical activity in patients who
experience CNS relapse while receiving imatinib therapy [29].

4.2.1.4 Adverse Effects

Pleural effusion and thrombocytopenia are observed slightly more frequently, and
edema, gastrointestinal symptoms, muscle-related symptoms, and rash are observed
less frequently, with dasatinib than with imatinib [11]. Dasatinib-induced platelet
dysfunction can cause clinically significant bleeding [30]. Adverse effects such as
colitis and pleuritis are common and are preceded by large granular lymphocyte
(LGL) lymphocytosis [31]. Recent reports of pulmonary arterial hypertension in
those taking dasatinib have raised concerns about the long-term sequelae of drugs
that may need to be administered for decades [32].

4.2.1.5 Indications and Usage

Dasatinib is indicated for the treatment of adult patients with newly diagnosed
CML-CP, for adults with all phases of CML[-CP/accelerated (AP)/blastic phase
(BP)] showing resistance or intolerance to prior therapy (including imatinib), and
for adults with Ph*ALL showing resistance or intolerance to prior therapy. A dose
of 100 mg QD is recommended for CML-CP patients, whereas 140 mg QD is rec-
ommended for patients with CML-AP/BP or Ph*ALL. Dasatinib is administered
orally, either with or without food.

4.2.1.6 Immunoeffects
A subset of patients treated with dasatinib show an increased number of LGL, and
the outcome is reported to be more favorable in such patients [33]. Generally, the
greater the dose of dasatinib, the higher the incidence of LGL lymphocytosis. This
is thought to be due to direct stimulation of LGL proliferation or to inhibition of
LGL-suppressing regulatory T cells (Tregs) by dasatinib [34]; however, the mecha-
nistic details are unclear.

Dasatinib induces a rapid, dose-dependent, and substantial mobilization of non-
leukemic lymphocytes and monocytes in the blood, peaking 1-2 h after oral intake;
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the blood counts closely mirror the plasma concentration of the drug. A previous
study showed preferential mobilization of natural killer (NK), NKT, B, and y&* T
cells, coupled with more effective transmigration of leukocytes through an endothe-
lial cell layer, along with improved NK cell cytotoxicity [35].

4.2.1.7 Stop Studies

Only one dasatinib stop study [the dasatinib discontinue (DADI) trial] has been
published [36]. Dasatinib treatment subsequent to imatinib was discontinued after
confirmation of a stable deep molecular response (DMR; defined as ber-abl mRNA
negativity as measured by RQ-PCR) for more than 1 year. At a median follow-up of
20 months after discontinuation, the estimated treatment-free remission (TFR) rates
were 49% at 6 months and 48% at 12 months (Fig. 4.4a). The TFR rate at 12 months
was significantly poorer in imatinib-resistant patients (8%) than in other patients
(58%) (p =0.0001) (Fig. 4.4b). The high NK cell and low y&* T cell and CD4* Tregs
(CD25*CD127"") counts observed before discontinuation were significantly corre-
lated with successful discontinuation of therapy. All molecularly relapsed patients
returned to DMR within 6 months after the reintroduction of dasatinib. These find-
ings suggested that discontinuation of dasatinib after sustained DMR for more than
1 year is feasible, particularly in patients without a prior history of imatinib
resistance.

4.2.2 Nilotinib (Tasigna®)

4.2.2.1 Structure and Preclinical Studies

The chemical formula of nilotinib (Fig. 4.1c) is CsH»F;N,O, and its molecular weight
is 530 g/mol. The TUPAC name is 4-methyl-N-[3-(4-methyl-1H-imidazol -1-yl)-5-
(trifluoromethyl)phenyl]-3-[(4-pyridin-3-ylpyrimidin-2-yl)amino]benzamide.
Structural modification of imatinib (to generate nilotinib) led to a 30-fold increase in
anti-CML activity. Nilotinib forms four hydrogen bonds with the ATP-binding pocket,
and it suppresses ABL, PDGFR, and c-KIT activity, but not SFK activity. The affinity
of imatinib for PDGFR and c-KIT is stronger than that for ABL, whereas the affinity
of nilotinib for ABL is stronger than that for other kinases. Thus, nilotinib has higher
specificity for ABL than imatinib and other TKIs, including dasatinib and bosutinib
[8]. Although nilotinib is effective against most forms of mutated ABL (except T3151),
its effects against ABL harboring E255K/V, Y253F/H, Q252H, and F359 V are limited
(Fig. 4.3) [8, 17, 18].

4.2.2.2 Pharmacokinetics

The T, of nilotinib is 3 h, and the T, following multiple daily dosing is approxi-
mately 17 h, which is much longer than that of dasatinib. One important issue with
nilotinib is that the type and quantity of food affect its absorption. When adminis-
tered after a high-fat meal, the AUC of nilotinib in CML patients increases by 50%
[37].
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Nilotinib is a competitive inhibitor of cytochromes CYP3A4, CYP2C8, CYP2C9,
and CYP2D6 [38]. Single-dose or repeated-dose administration of nilotinib results
in weak and moderate inhibition of CYP3A, respectively [39]. Thus, care must be
taken when it is administered in combination with other agents that affect CYPs. In
addition, PPIs cause a modest reduction in the rate and extent of nilotinib absorption
[40]. With respect to transporters, OCT-1-mediated influx may be a key determinant
of the molecular response to imatinib; however, it is unlikely to impact cellular
uptake and patient responses [41].

4.2.2.3 Clinical Effects

In a phase 2 open-label study, 400 mg of nilotinib was administered BID to patients
with CML-CP after imatinib failure or intolerance. At 6 months, the rate of major
cytogenetic response (McyR, Ph <35%) was 48% and that of CCyR was 31%.
Nilotinib was effective in patients harboring BCR-ABL mutations associated with
imatinib resistance (except T315]) and also in patients with a resistance mechanism
that was independent of BCR-ABL mutations [42].

Another study reviewed the outcome of 420 patients with CML post-imatinib
failure (resistance-recurrence in 374; toxicity in 46). The estimated 3 year survival
rates were 72% in 88 patients who progressed to the chronic phase, 30% in 130
patients who progressed to the AP, 7% in 156 patients who progressed to the BP, and
75% in 37 CP patients who were imatinib intolerant [43].

The Efficacy and Safety in Clinical Trials — Newly Diagnosed Patients
(ENESTnd) study examined patients with previously untreated CML-CP. Patients
received nilotinib at 300 or 400 mg BID or imatinib at 400 mg QD. After 12 months,
the MMR rate was 44% in the nilotinib 300 mg BID group, 43% in the nilotinib
400 mg BID group, and 22% in the imatinib group (Table 4.1b) [12].

Another study reported that, after a priming procedure with peginterferon a-2a
(90 pg per week for 1 month), CML patients received peginterferon a-2a (45 pg per
week) combined with nilotinib (600 mg daily) up until 24 months after interferon
initiation. At 12 months, 17% of patients had achieved more than 4.5 log reduction
of BCR-ABL mRNA determined RQ-PCR (MR4.5). Despite substantial toxicity,
most patients remained on the study drugs for more than 1 year [44].

Imatinib and dasatinib have been registered for the treatment of Ph* ALL. Nilotinib
has also been tested as a second-line drug and can offer an alternative to patients
who fail to respond to a first-line drug [45]. The combination of nilotinib and high-
dose cytotoxic drugs is feasible, achieving a high cumulative CMR and hematologic
relapse-free survival rates [46].

4.2.2.4 Adverse Effects

In a phase 2 trial involving imatinib-resistant/imatinib-intolerant CML-CP patients,
grade 3 or higher side effects, including thrombocytopenia, neutropenia, and
increased levels of bilirubin and lipase, were observed. Cross-intolerance with ima-
tinib was rare [42]. The ENESTnd study revealed no significant difference between
imatinib and nilotinib in terms of safety. Rash, headache, and mild increases in liver
and pancreatic enzyme levels were observed slightly more frequently in patients
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receiving nilotinib, but edema, muscle convulsions, and neutropenia were observed
less frequently [12].

Recent reports show that nilotinib may be associated with an increased risk of
vascular adverse events, including peripheral artery occlusive disease (PAOD) [47,
48]. Despite this, the risk of developing PAOD while on TKI therapy is unclear, and
causality has not been established. A retrospective cohort analysis examined the
rates of PAOD in CML-CP patients treated with imatinib or nilotinib or with non-
tyrosine kinase-based therapy. Nilotinib was associated with higher rates of PAOD
than imatinib [49]. Although the underlying mechanisms remain unknown, patients
should be screened for PAOD and other vascular risk factors such as diabetes mel-
litus prior to starting nilotinib and again during therapy.

4.2.2.5 Indication and Usage

Nilotinib is indicated for the treatment of adult patients with newly diagnosed
CML-CP and for the treatment of CML-CP/AP in adults resistant or intolerant to
prior therapies, including imatinib. Nilotinib should be taken BID at approximately
12 h intervals and on an empty stomach. No food should be consumed for at least
2 h before and for at least 1 h after the drug is taken. Newly diagnosed CML-CP
patients should receive 300 mg BID nilotinib, and those with resistant or intolerant
CML-CP/AP should receive 400 mg BID.

4.2.2.6 Immunoeffects

Nilotinib inhibits the proliferation and suppressive capacity of Tregs in a dose-
dependent manner. However, the production of cytokines by Tregs and CD4*CD25~
T cells is only inhibited at high concentrations of nilotinib (i.e., doses exceeding the
mean therapeutic serum concentration of the drug). Nilotinib does not hamper Tregs
function at clinically relevant doses [50].

4.2.2.7 Stop Studies
Several nilotinib stop studies, such as ENEStop [51], ENESTFreedom [52], and
NILSt [53], are ongoing.

4.2.3 Bosutinib (Bosulif®)

4.2.3.1 Structure and Preclinical Studies

The chemical formula of bosutinib (Fig. 4.1d) is C,sH,9CL,N;O;, and its molecular
weight is 530 g/mol. The TUPAC name is 4-[(2,4-dichloro-5-methoxyphenyl)
amino]-6-methoxy-7-[3-(4-methylpiperazin-1-yl)propoxy] quinolone-3-carbonitrile.
The affinity of bosutinib for ABL is about 50-fold higher than that of imatinib, and
it shows characteristically weak inhibitory activity against c-KIT and PDGFR,
which can sometimes cause adverse effects in patients treated with imatinib. The
affinity of bosutinib for ABL is weaker than that of dasatinib, while that of bosutinib
for SFKs (including SRC, LYN, HCK, and FYN) is almost ten times higher than
that of dasatinib. However, bosutinib has only a very weak inhibitory effect on other
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SFKs, including YES, LCK, FGR, and BLK [9]. A conserved water-mediated
hydrogen bond network defines the kinase selectivity of bosutinib [54].

Although bosutinib is effective against most mutant BCR-ABLs (except T3151),
its effects against BCR-ABL harboring E255K/V or V299 L are limited (Fig. 4.3)
[9, 18, 55].

4.2.3.2 Pharmacokinetics

A study showed that treatment with single and multiple doses of bosutinib resulted
in slow absorption, with a median time to 7,,,, of 4-6 h and a T}, from 13 to 22 h
[56]. Preliminary assessments showed that the C,,,,, increased by ~2.52-fold and the
AUC by ~2.28-fold when bosutinib (200 mg) was administered with food rather
than under fasting conditions; administration of 400 mg of bosutinib with food
increased the AUC by ~1.5-fold. Under fed conditions, bosutinib exposure was lin-
ear, and the dose was proportional, and the C,,, increased by ~1.5-fold. The T,
supports a once-daily dosing regimen [57].

Bosutinib interacts with potent CYP3A4 inhibitors [58]; thus, care is needed
when it is used in combination with other agents that affect CYPs. Bosutinib absorp-
tion may be reduced when coadministered with lansoprazole or other PPIs. Caution
should be used in such cases as subtherapeutic exposure to bosutinib may limit its
clinical antitumor activity; short-acting antacids are recommended instead of PPIs
[58].

Nilotinib and dasatinib are high-affinity substrates for ABCG2, which mediates
cancer cell resistance to these compounds. Both nilotinib and dasatinib interact with
ABCB1; however, this leads to resistance against dasatinib alone. Neither ABCB1
nor ABCG2 induced resistance to bosutinib. At relatively higher concentrations,
both TKIs inhibit both transporters [28].

4.2.3.3 Clinical Effects

The safety and efficacy of bosutinib have been assessed in a phase 1/2 study that
enrolled 288 CML patients that were resistant or intolerant to imatinib [59]; later,
another 119 CML-CP patients that were resistant or intolerant to nilotinib or dasat-
inib were enrolled after these agents had been approved [60]. The dose escalation
phase of this trial determined that the recommended phase 2 dose of bosutinib was
500 mg QD. During the phase 2 portion of this trial (median follow-up, 24 months),
86% of CP patients achieved CHR and 53% achieved McyR. A phase 1/2, nonran-
domized clinical trial revealed similar responses across all BCR-ABL kinase
domain mutations when compared with wild-type BCR-ABL, with the exception of
the highly resistant T315I mutation. Patients with the bosutinib-resistant V299 L
mutation were not included in the study [59].

Another study examined the long-term efficacy and safety of bosutinib (500 mg/
day) in adults with imatinib-resistant/intolerant CML-CP. The cumulative McyR
rate was 59%, and the Kaplan-Meier probability of maintaining McyR at 4 years
was 75%. The cumulative incidence of nontreatment progression/death at 4 years
was 19%. Significant baseline predictors of both McyR and CCyR at 3 and 6 months
included a prior cytogenetic response to imatinib, baseline McyR, prior interferon
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therapy, <6 months’ duration from diagnosis to initiation of imatinib treatment, and
no interferon treatment prior to imatinib [61].

The efficacy of bosutinib for patients treated with bosutinib as a fourth-line drug
has also been reported. The probability of either maintaining or improving the
CCyR response was 56.6%, and 36.7% of patients achieved or maintained their
baseline MMR. Even in patients without baseline CCyR, the probability of obtain-
ing CCyR, MMR, and MR4.5 was 13%, 11%, and 14%, respectively. Bosutinib
appears to be an appropriate treatment option for patients who are resistant or intol-
erant to first-, second-, and third-line TKIs [62]. When bosutinib was used as a
third-line drug to treat Japanese CML patients, the cumulative McyR rate by week
24 was 18%, and the cumulative MMR rate was 18%:; no transformations occurred
[63].

The Bosutinib Efficacy and Safety in Newly Diagnosed CML (BELA) trial
involved patients with previously untreated CML-CP. The cumulative MMR rates in
the BELA trial were 59% for bosutinib and 49% for imatinib [64].

4.2.3.4 Adverse Effects

The most common treatment-emergent adverse event is mild/moderate, typically
self-limiting, diarrhea. Grade 3/4 non-hematologic adverse events (>2% of patients)
included elevated ALT levels (10% of patients), diarrhea (9%), rash (9%), and vom-
iting (3%) [59]. The BELA study revealed that certain gastrointestinal adverse
events were more common with bosutinib than with imatinib (e.g., diarrhea and
vomiting), as were elevated alanine aminotransferase and aspartate aminotransfer-
ase levels and pyrexia. Edema, musculoskeletal problems, increased creatine phos-
phokinase levels, and leukopenia were significantly less common in patients
receiving bosutinib. Diarrhea was typically transient, mostly grade 1/2, and occurred
early during treatment; however, it was manageable with antidiarrheal medication.
The higher rates of elevated aminotransferase in patients receiving bosutinib were
managed by altering the dose and/or the prescription of concomitant medication
[65].

A meta-analysis based on ten randomized clinical trials revealed that dasatinib,
nilotinib, and ponatinib increased the risk of vascular occlusive events in patients
with CML when compared with imatinib. There was no significant difference
between bosutinib and imatinib [66].

4.2.3.5 Indication and Usage

Bosutinib is indicated for the treatment of adult patients with all-phase CML(-CP/
AP/BC) that is resistant or intolerant to prior therapy. The recommended dose of
bosutinib is 500 mg QD to be taken with food. Dose escalation to 600 mg QD
should be considered for patients who do not reach CHR by week 8 or CCyR by
week 12 and do not have grade 3 or greater adverse reactions. Dose reduction to
200 mg QD is recommended for patients with hepatic impairment (at baseline).

4.2.3.6 Immunoeffects
Unlike dasatinib, bosutinib does not induce LGL expansion [35].
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4.2.3.7 Stop Studies
Several stop studies using combinations of second-generation ABL TKIs are ongo-
ing. However, to my knowledge, no stop study has focused only on bosutinib.

4.2.4 Bafetinib (Formerly INNO-406)

Bafetinib (Fig. 4.1e) was developed preclinically in Japan, and phase 1 has been
completed successfully in CML patients that are resistant/intolerant to other TKIs.
Since bafetinib has not yet been approved, it will be discussed only briefly here.
Bafetinib simultaneously inhibits ABL and LYN, and its activity against ABL is
about 55-fold greater than that of imatinib. While it is also effective against most
mutants, it has no effect on the T3151 mutant [10, 17]. A phase 1 trial revealed few
serious adverse effects, and the drug was effective for some dasatinib-resistant
patients [67]. Interestingly, bafetinib may also be effective in patients with
Parkinson’s disease [68].

4.3 Third-Generation ABL TKls
4.3.1 Ponatinib (Iclusig®)

4.3.1.1 Structure and Preclinical Studies

The chemical formula of ponatinib (Fig. 4.1f) is C,0H,;F3N¢O, and its molecular
weight is 533 g/mol. The IUPAC name is 3-(2-imidazo[ 1,2-b]pyridazin-3-ylethynyl)
-4-methyl-N-[4-[(4-methylpiperazin-1-yl)methyl]-3-(trifluoromethyl)phenyl]ben-
zamide. Ponatinib was designed using a computational and structure-based drug
design platform, and it inhibits the enzymatic activity of BCR-ABL with very high
potency and broad specificity. Ponatinib was intended to target not only native
BCR-ABL but also isoforms that carry mutations that confer resistance to treatment
with existing TKIs, including the T315I mutation for which no effective therapy
exists [69]. Ponatinib is a multi-targeted kinase inhibitor that suppresses more than
60 kinases, including ABL, PDGFR, c-KIT, SFK, VEGFR, and FGFR activities
[14, 70]. Ponatinib is effective against most mutant BCR-ABLSs, including T315I;
therefore, it is often referred to as a pan-BCR-ABL TKI. It avoids the conforma-
tional effects of T315I due to its long and flexible carbon-carbon triple bond
(Fig. 4.5) [14]. At present, ponatinib is the only ABL TKI that is effective against
the T3151 mutation. However, caution is needed, as it may be ineffective against
compound mutations [71].

4.3.1.2 Pharmacokinetics

The T, of ponatinib is approximately 4 h, and the T}, is 22 h. A daily dose of
30 mg achieves steady-state trough plasma concentrations that exceed 40 nM, a
concentration sufficient to inhibit the viability of cells expressing all BCR-ABL



4 Dasatinib, Nilotinib, Bosutinib, Ponatinib, and Other TKls 69

A

Fig.4.5 Structure of ponatinib. a Ponatinib (represented by blue and yellow space-filling spheres)
shows optimal fit with the binding cavity of AVL-T315] (indicated by a mesh pattern). b The triple
bond (yellow) is a unique structural feature of ponatinib (blue). This bond allows the drug to avoid
the mutant gatekeeper residue 1315 (Represented by red space-filling spheres) (Adapted from 72)

mutants, including the T315I gatekeeper mutant [72]. Food does not affect the
single-dose pharmacokinetics of ponatinib [73].

The drug is metabolized (partially) by CYP3A4. Caution should be exercised
when prescribing ponatinib concurrently with strong CYP3A4 inhibitors; indeed, a
dose reduction to 30 mg QD (from the 45 mg QD starting dose) could be considered
[74]. Although coadministration of lansoprazole led to a modest, albeit statistically
significant, reduction in the C,,,, of ponatinib, the systemic dose of ponatinib did not
change. The findings suggest that no dose adjustment is necessary when ponatinib
is administered along with drugs that increase gastric pH [75].

4.3.1.3 Clinical Effects

The Ponatinib Ph*ALL and CML Evaluation (PACE) study, which examined 267
patients with chronic phase CML, found that 56% showed a major cytogenetic
response (51% of patients that were resistant to or experienced unacceptable side
effects with dasatinib or nilotinib and 70% of patients harboring the T315I muta-
tion), 46% showed a complete cytogenetic response (40% and 66%, respectively, of
those in the above two subgroups), and 34% showed a MMR (27% and 56%, respec-
tively, of those in the above two subgroups). Responses were observed regardless of
baseline BCR-ABL kinase domain mutation status, and all were durable; the esti-
mated rate of a sustained major cytogenetic response of at least 12 months was 91%.
No single BCR-ABL mutation conferring resistance to ponatinib was detected.
Among 83 patients with CML-AP, 55% showed a major hematologic response, and
39% showed an McyR. Among the 62 patients with CML-BP, 31% showed a major
hematologic response, and 23% showed an McyR. Among 32 patients with Ph*ALL,
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41% showed a major hematologic response, and 47% showed an McyR [76]. Sub-
analysis of the PACE trial revealed that McyR was achieved regardless of baseline
mutation status. Responses were also observed in patients with mutations other than
T315I (e.g., E255V, F359 V, or Y253H).

Fifty-one CML patients were treated with first-line ponatinib; of these, 43 were
started on 45 mg of ponatinib daily, and eight were started on 30 mg daily. Overall,
43 (94%) of 46 evaluable patients achieved a CCyR at 6 months [77]. However, the
study was terminated on June 18, 2014, at the recommendation of the FDA, due to
concerns about the increased risk of thromboembolism.

The impact of the T315] mutation on prognosis after treatment with ponatinib is
still unclear. Zabriskie reported that T315I-inclusive compound mutants confer
high-level resistance to TKIs, including ponatinib [78]. Parker et al. reported that
low-level mutations were detectable by sensitive mass spectrometry prior to pona-
tinib initiation (baseline) in 15% of TKI-resistant patients (including 4% of patients
harboring low-level T315I). Most, however, did not undergo clonal expansion dur-
ing ponatinib treatment; moreover, no specific individual mutations were associated
with an inferior outcome. Ponatinib may prove to be particularly advantageous for
patients harboring multiple TKI-resistant mutations that are detectable by mass
spectrometry [79].

4.3.1.4 Adverse Effects

Common adverse events noted in the PACE study included thrombocytopenia (37%
of patients), rash (34%), dry skin (32%), and abdominal pain (22%). Serious arterial
thrombotic events were observed in 9% of patients; these events were considered to
be treatment related in 3%. In total, 12% of patients discontinued treatment due to
an adverse event [76].

A clinical trial of ponatinib as a first-line treatment showed that the most com-
mon toxicity-related effects were skin related (69%). Increased lipase levels were
also noted in 63% of patients. Cardiovascular events (mainly hypertension) occurred
in 49% of patients. Grade 3/4 myelosuppression occurred in 29% of patients, and
10% of patients developed cerebrovascular or vaso-occlusive disease. Finally, 85%
of patients underwent treatment interruption at some point, and 88% required a dose
reduction [77].

4.3.1.5 Indication and Usage

Ponatinib is indicated for the treatment of adult patients with all-phase CML(-CP/
AP/BP) that is resistant or intolerant to prior ABL tyrosine TKI therapy or Ph*ALL
that is resistant or intolerant to prior TKI therapy. The dose is 45 mg QD with or
without food. The dose should be modified or interrupted in cases of hematologic
and non-hematologic toxicity.

4.3.1.6 Immunoeffects

At present, no data regarding ponatinib-induced immune responses have been
published.
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4.3.1.7 Stop Studies
The SPIRIT 3 study, which includes a ponatinib stop, is ongoing [80].

4.4 Fourth-Generation ABL TKis
4.4.1 PF-114

PF-114 is a novel, orally available selective pan-BCR-ABL inhibitor that targets
T315I and suppresses models of advanced Ph* ALL. PF-114 is more selective than
dasatinib or ponatinib. It efficiently inhibits all tested BCR-ABL mutants in both
cellular and biochemical assays when used at doses of 10—100 nM. Like ponatinib,
it suppresses the development of new resistance mutations in a mutation assay based
on Ba/F3 cells [81]. A clinical trial of PF-114 is being planned.

4.5 Conclusion

The advent of imatinib, followed by the second-generation (dasatinib, nilotinib, and
bosutinib) and third-generation (ponatinib) variants, has led to a marked improve-
ment in the treatment and prognosis of CML. Further evolution of treatment is
surely expected. However, if we are to provide treatments tailor-made to fit indi-
vidual CML patients, more agents with different activity profiles are required.
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Results and Pharmacokinetics
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Abstract

Rituximab is a chimeric anti-CD20 monoclonal antibody (mAb) and the first
mAb to be approved for use in the treatment of cancer. The proposed mecha-
nisms of action of rituximab include antibody-dependent cellular cytotoxicity
(ADCC), complement-dependent cytotoxicity (CDC), and induction of apopto-
sis. The influences of CD20 expression level, circulating soluble CD20, Fcy
receptor (FcyR) polymorphisms, complement regulatory proteins, and C1qA-
276 polymorphisms on susceptibility and resistance to rituximab have been pre-
viously described. In a pharmacokinetic study, from the first to the fourth or
eighth weekly dose of rituximab, post-infusion serum concentrations increased
and steady-state serum concentrations were not reached. The combined use of
rituximab and fludarabine, bendamustine, lenalidomide, or histone deacetylase
inhibitors may be one of the optimal solutions for overcoming rituximab resis-
tance in the treatment of chronic lymphocytic leukemia (CLL). The characteris-
tic toxicities of rituximab are infusion reactions, late-onset neutropenia, hepatitis
B virus reactivation, and opportunistic infections.

Alemtuzumab is a humanized anti-CD52 mAb and the first mAb to be
approved for use in the treatment of CLL. The proposed mechanisms of action of
alemtuzumab include ADCC, CDC, and induction of apoptosis. The influences
of CD52 expression level, circulating soluble CD52, FcyR polymorphisms, and
cytogenetic abnormalities on susceptibility and resistance to alemtuzumab have
been previously described. In a pharmacokinetic study, systemic clearance
decreased with repeated administration of alemtuzumab due to decreased
receptor-mediated clearance. The combined use of alemtuzumab and fludara-
bine, cyclophosphamide, or rituximab may be one of the optimal solutions for
overcoming alemtuzumab resistance in the treatment of CLL. The characteristic
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toxicities of alemtuzumab are infusion reactions, opportunistic infections, and
cytopenia.

Keywords
Rituximab e Alemtuzumab ¢ Monoclonal antibody e Chronic lymphocytic
leukemia

5.1 Introduction

Monoclonal antibodies (mAbs) are increasingly being used in the treatment of
patients with cancer. MAbs are proteins directed against specific antigens that are
uniquely expressed on tumor cells or more highly expressed on tumor cells com-
pared with normal cells [1]. Rituximab and alemtuzumab are the most commonly
used mAbs in the treatment of chronic lymphocytic leukemia (CLL). This chapter
will review the current understanding of these mAbs, including the mechanisms of
action and resistance, pharmacokinetics, and toxicities.

5.2  Rituximab
5.2.1 Development of Rituximab

5.2.1.1 Background and Features

Rituximab (IDEC-C2BS8) is a recombinant chimeric anti-CD20 monoclonal anti-
body (mAb) containing human immunoglobulin G (IgG) 1 heavy chain and human
kappa light chain constant regions, as well as murine immunoglobulin heavy and
light chain variable regions (Fig. 5.1) [2]. Rituximab binds to CD20 expressed on
normal and malignant B cells and leads to B-cell depletion. A high-affinity murine
anti-CD20 mAb (IDEC-2B8) was initially identified, and subsequently, a mouse/
human chimeric antibody, IDEC-C2BS, was constructed. It has been shown that the
chimeric mAb has specificity and affinity equivalent to that of the native-murine
parent [3]. The fragment crystallizable (Fc) region from human IgG1 was selected
for prolongation of serum #,, because of less human anti-mouse antibody (HAMA)
development, its ability to mediate antibody-dependent cellular cytotoxicity
(ADCC) with human effector cells, and complement-dependent cytotoxicity (CDC)
in the presence of human complement serum [3, 4]. It is the first mAb to be approved
for use in the treatment of cancer and represents an important advance in the treat-
ment of CLL and B-cell non-Hodgkin’s lymphomas (NHLs).
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Fig. 5.1 Chimeric structure of rituximab. Rituximab is a chimeric anti-CD20 monoclonal anti-
body containing human IgG1 heavy chain and human kappa light chain constant regions and
murine immunoglobulin heavy and light chain variable regions. The molecular formula is Cey
Hogoo Ni700 Oa00s S44 and the molecular weight is 144,510 daltons. CDR complementarity determin-
ing region, Vj, variable regions of heavy chains, V, variable regions of light chains, Cy constant
regions of heavy chains, C;, constant regions of light chains, C/g complement component 1, q
subcomponent

5.2.1.2 CD20 Antigen

The CD20 antigen is a 33- to 37-kDa non-glycosylated phosphoprotein with four
transmembrane-spanning regions. Although the physiological functions of CD20
have yet to be clarified, it is thought to play an important role in B-cell activation,
differentiation, proliferation, and signal transduction. CD20 is expressed on the sur-
face of normal precursor and mature B cells, but not normal B stem cells or plasma
cells [5, 6].

5.2.1.3 Favorable Features of CD20 as a Target Antigen

The CD20 antigen is highly expressed on the cellular surface membrane of most
B-lymphocyte tumors making it a rational target in the treatment of CLL and B-cell
NHLs. CD20 is stable on the membrane of the B cells and is not internalized follow-
ing the binding of rituximab. It is also not shed or secreted into the circulation in
normal individuals resulting in no detectable soluble CD20 serum levels, which
might block targeting of the antibody to B-lymphocyte tumors. Since CD20 is not
expressed on the normal B stem cells or plasma cells, they are spared from the direct
antibody effects resulting in normal mature B cells that can proliferate even after
rituximab-induced depletion of B cells. CD20 is not expressed on non-hematopoietic
tissues where it could interfere with the antibody [3, 5, 6].
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5.2.2 Mechanism of Action of Rituximab

Although the exact or predominant mechanism of how rituximab binding to CD20
results in cytotoxicity has yet to be completely clarified, the proposed mechanisms
of action of rituximab include ADCC, CDC, and induction of apoptosis.

5.2.2.1 ADCC

ADCC is mediated by immune effector cells binding to rituximab-coated B cells.
This requires rituximab to bind through the Fc region to Fc receptors for IgG
(FcyRs) on immune effector cells, such as natural killer (NK) cells, monocytes,
macrophages, and granulocytes [3]. ADCC is better mediated through the IgG1
constant region, and polymorphisms in the genes encoding FcyRs may affect the
response to rituximab therapy [5].

5.2.2.2 CDC

Rituximab can recruit components of the complement cascade through the Fc
region. The first step is the binding of C1q components to the Fc region. C1q activa-
tion triggers the classical complement cascade, which leads to the generation of the
membrane attack complex that causes direct lysis of the B cells by disrupting the
cell membrane [3]. CDC is better mediated through the IgG1 constant region, and it
has been demonstrated that CDC by rituximab correlates not only with the CD20
expression level but also with segregation of CD20 into specialized microdomains
on the plasma membrane known as lipid rafts [7].

5.2.2.3 Apoptosis

Upon CD20 cross-linking after rituximab treatment, induction of apoptosis involv-
ing activation of caspase-9, caspase-3, and poly-adenosine diphosphate ribose poly-
merase (PARP) cleavage has been described in primary CLL cells, and
downregulation of the antiapoptotic proteins XIAP and Mcl-1 has been described as
well [8]. In addition, downregulation of the antiapoptotic protein bcl-2 by rituximab
treatment has been observed in some B-cell lines [9]. Furthermore, it has been sug-
gested that the transactivation of src family tyrosine kinases and subsequent increase
of the intracellular calcium level upon CD20 translocation into lipid rafts are another
proposed mechanism of action of rituximab-induced apoptosis [10, 11]. Additive
and synergistic effects between rituximab- and chemotherapy-induced apoptosis
have been observed suggesting that rituximab-induced apoptosis uses a final path-
way similar to chemotherapeutic agents, leading to the use of combined chemoim-
munotherapy regimens.

5.2.3 Susceptibility and Resistance to Rituximab
5.2.3.1 CD20 Expression

It has been observed that the CD20 expression level correlates with rituximab-
mediated CDC. There are some in vitro data showing that CDC is more rapidly and
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efficiently induced by rituximab in cells with a higher CD20 expression level [12].
Therefore, loss or down modulation of CD20 may impact the efficacy of rituximab.
As mentioned previously, CD20 is not shed or internalized following the binding of
rituximab in normal individuals. However, it has been demonstrated that shaving/
trogocytosis of CD20 is mediated by FcyR on acceptor cells, such as NK cells,
monocytes, or macrophages in patients with CLL [13]. It has also been demon-
strated that type I (rituximab-like) mAb-induced antigenic modulation occurs as a
result of internalization of type I (rituximab-like) mAb-CD20 complexes by the B
cells themselves in several cell lines [14] and the internalization is augmented by
FcyRIIb [15]. In addition, CLL and mantle cell lymphoma (MCL) samples demon-
strate more rapid internalization than follicular lymphoma (FL) and diffuse large
B-cell lymphoma (DLBCL) [16], suggesting that internalization may explain the
differing sensitivity of B-cell malignancies to rituximab.

5.2.3.2 Circulating Soluble CD20 (sCD20)

High levels of sCD20 are present in the plasma of patients with CLL. Plasma
sCD20 has been shown to compete with cell surface CD20 for rituximab binding
and significantly diminish the binding of rituximab to the surface of CLL cells
[16]. It has been reported that response to rituximab is correlated with dose in
patients with CLL, suggesting that rituximab dosing may be adjusted according to
sCD20 level [17].

5.2.3.3 FcyR Polymorphisms

The influence of FcyR polymorphisms on rituximab-mediated ADCC has been pre-
viously described. There are three classes of FcyR: FcyRI (CD64), FcyRII (CD32),
and FcyRIII (CD16). The polymorphism in FcyRIIla consisting of a valine (V) or a
phenylalanine (F) in amino acid position 158 results in a different affinity for IgG1-
FcyRIlIa binding. The FeyRIIla-158V homozygous genotype (V/V) has a greater
affinity for human IgG1 than V/F or F/F. Patients with follicular lymphoma with the
V/V genotype have a better clinical response to rituximab than patients with V/F or
F/F. The polymorphism in FcyRIla consisting of a histidine (H) or an arginine (R)
in amino acid position 131 also results in a different affinity for [gG1-FcyRIIa bind-
ing, with better clinical results for FcyRIIa-131H homozygous patients. However,
not all results demonstrate that these polymorphisms are clinically relevant [18-20].
It has been described that FcyRIIla and FcyRIIa polymorphisms do not predict the
clinical response to rituximab in patients with CLL [21].

5.2.3.4 Complement Regulatory Proteins

The role of complement regulatory proteins such as CD46, CD55, and CD59 in
rituximab-mediated CDC has been previously described. Expression of high levels
of CD46 or CD55 prevents the activity of C3 convertase, whereas expression of
CD59 prevents the assembly of the active membrane attack complex, resulting in
interference of completion of the complement cascade. There are some in vitro data
showing that complement regulatory proteins may play an important role in
rituximab-mediated CDC [22-24]. Currently, however, there is little in vivo data
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Table 5.1 Pharmacokinetic parameters of rituximab

Number of weekly

doses of 375 mg/ AUC Croax CL MRT

m’ no |- (pg - h/ml) | (pg/ml) | £, () | (L/h) (h) Vd (L)

Four 8 |Mean | 118,237 194.3 387.8 10.0437 517 11.16
SD 49,963 54.5 176.6 |0.0601 232 3.00

Eight 15 |Mean |502,147 445.2 393.6 |0.0122 568 6.13
SD 174,273 103.0 185.2 10.0038 | 267 1.55

AUC area under the curve, C,,,, maximum concentration, 7,, elimination half-life, CL clearance,
MRT mean residence time, Vd volume of distribution, # hours

showing that CD46, CDS55, or CD59 expression level correlates with response to
rituximab.

5.2.3.5 C1qA-276 Polymorphism

The influence of the C1qA-276 polymorphism on rituximab-mediated CDC has
also been previously described [20, 25]. However, there are very few data indicating
that the polymorphism predicts response to rituximab.

5.2.4 Pharmacokinetics of Rituximab

Table 5.1 shows pharmacokinetic parameters, and Fig. 5.2 shows a serum concen-
tration over time plot in patients with B-cell non-Hodgkin lymphoma, who received
four or eight weekly doses of intravenous rituximab 375 mg/m?. From the first to the
fourth or eighth intravenous infusion of rituximab, post-infusion mean serum con-
centrations increased and almost doubled. Steady-state serum concentrations of
rituximab were not reached following four or eight weekly infusions. In addition,
patients still had detectable rituximab concentrations in their serum several months
after the end of treatment. Serum levels of free rituximab were measured by enzyme-
linked immunosorbent assay (ELISA) [26].

5.2.4.1 Distribution

It has been demonstrated that rituximab is widely distributed in body organs. By
gamma camera measurements, radioactivity was detected in the heart, liver, lungs,
spleen, and kidneys of patients with relapsed NHL who received iodine-131-labeled
rituximab. The ratios of tumor to whole-body radioactivity increased over time,
whereas those of organ to whole body decreased, indicating evidence of specific
antibody binding [27]. It has been reported that rituximab levels in cerebrospinal
fluid were detected after infusions with a C,,,, of 0.55 pg/ml compared with a C,,,,
of 400 pg/ml in peripheral blood [28].
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Fig. 5.2 Pharmacokinetics of rituximab. Mean serum rituximab concentrations as a function of
time following four weekly infusions of 375 mg/m? (a, n = 8) or eight weekly infusions of 375 mg/
m? (b, n = 15). From the first to the fourth or eighth intravenous infusion of rituximab, post-
infusion mean serum concentrations increased with time, and steady-state serum concentrations
were not reached following four or eight weekly infusions

5.2.4.2 Metabolism

Little is known about the mechanisms of rituximab metabolism. It is speculated that
rituximab is degraded by a nonspecific catabolism of proteins in the liver and other
organs.
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5.2.4.3 Excretion

It has been demonstrated that radioactivity was excreted mainly through the kidneys
in patients with relapsed NHL who received iodine-131-labeled rituximab. The per-
centage of radioactivity excreted in the urine was almost 50% at the time of the
whole-body half-life [27].

5.2.5 Overcoming Rituximab Resistance

5.2.5.1 Rituximab in Combination with Other Agents
The combined use of rituximab and other agents with different mechanisms of
action may be one of the optimal solutions for overcoming rituximab resistance.

Fludarabine

It has been demonstrated that there is synergistic activity between rituximab and
fludarabine, a purine analog agent, against a follicular lymphoma cell line.
Fludarabine has been shown to induce downregulation of complement regulatory
proteins CD46 and CD55 without significantly altering CD20 expression, resulting
in enhancing rituximab-mediated CDC [29]. Although rituximab and fludarabine
have demonstrated just an additive cytotoxic effect in primary CLL cells, the com-
bination therapy of rituximab and fludarabine has already given positive results in
the treatment of patients with CLL.

Bendamustine

It has been demonstrated that there is synergistic activity between rituximab and
bendamustine, an alkylating agent, against primary CLL cells in vitro. Bendamustine
has been shown to synergistically induce the proapoptotic effects of rituximab that
may depend on caspase-7 and caspase-8 activation, but not p53 or caspase-3 [30].
Practically, it has been reported that the combination therapy of rituximab and
bendamustine is active in patients with previously untreated, relapsed, or refractory
CLL [31, 32].

Lenalidomide

It has been demonstrated that there is synergistic activity between rituximab and
lenalidomide, an immunomodulatory agent, against CLL and B-NHL cells in vitro.
It has been shown that lenalidomide enhances NK cell-mediated ADCC of
rituximab-treated primary CLL cells that have been treated previously with fludara-
bine plus cyclophosphamide and that this enhanced NK cell-mediated ADCC is
associated with enhanced granzyme B and Fas ligand expression [33]. It has also
been demonstrated that lenalidomide repairs defective T-cell immune synapse for-
mation, a characteristic of CLL, and enhances NK cell-mediated ADCC of
rituximab-treated CLL cells [34, 35]. However, it has been demonstrated that
lenalidomide promotes internalization of CD20 in CLL cells, resulting in decreased
expression of cell surface CD20 [36]. These studies suggest that lenalidomide may
act synergistically to enhance rituximab-mediated anti-CLL activity if alternative
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sequences of administration are optimized. Practically, it has been reported that the
combination therapy of rituximab and lenalidomide is active in patients with
relapsed or refractory CLL [37].

Histone Deacetylase (HDAC) Inhibitors

It has been demonstrated that HDAC inhibitors augment the cytotoxic activity of
rituximab by increasing the surface expression of CD20 on lymphoma cells.
Valproic acid and romidepsin have been shown to increase CD20 expression at pro-
tein and mRNA levels in B-cell lymphoma cell lines with relatively low expression
of cell surface CD20, resulting in enhanced rituximab-mediated CDC [38, 39].
Entinostat has also been shown to increase CD20 expression at protein and mRNA
levels in rituximab-sensitive or rituximab-resistant B-cell lymphoma cell lines and
enhance rituximab activity in vivo [40]. However, these findings have not yet been
extended to clinical trials in CLL.

5.2.5.2 Treatment with Other Anti-CD20 Monoclonal Antibodies

The use of other anti-CD20 mAbs, such as ofatumumab, obinutuzumab, tositu-
momab, *Y-ibritumomab tiuxetan, and '*'I-tositumomab, is another optimal solu-
tion for overcoming rituximab resistance.

5.2.6 Characteristic Toxicities and Management

5.2.6.1 Infusion Reactions

Infusion reactions are one of the most commonly occurring adverse reactions with
rituximab. Infusion reactions are mediated by cytokine release (cytokine release
syndrome), not by immunoglobulin E (IgE) (type 1 hypersensitivities). When cyto-
kines, such as tumor necrosis factor-o (TNF-a), interferon-y (IFN-y), or interleukin-
6 (IL-6), are released into the circulation from cells targeted by rituximab as well as
immune effector cells recruited to the area, systemic symptoms such as rigor, fever,
headache, nausea, sweating, itching, skin rash, cough, fatigue, hypertension, hypo-
tension, tachycardia, angioedema, facial edema, hypoxemia, bronchospasm, pulmo-
nary infiltrates, interstitial pneumonia, acute respiratory distress syndrome,
myocardial infarction, ventricular fibrillation, and myocardial shock can occur.
Infusion reactions usually occur within 30-120 min, most often with the first infu-
sion. The symptoms are generally mild to moderate in severity and manageable in
most patients. A slow initial rate of infusion is recommended to reduce the risk of
infusion reactions. Prophylactic administrations of histamine antagonists (diphen-
hydramine) and antipyretic analgesics (acetaminophen) are also recommended.
Steroids (hydrocortisone) should be considered in patients receiving rituximab not
already in combination with steroids [41, 42].

5.2.6.2 Late-Onset Neutropenia (LON)
LON is a recognized late complication of rituximab-combined chemotherapy,
occurring at least 4 weeks after treatment. The incidence of LON has been reported
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at about 25%, and a high incidence of LON has been reported in patients treated
with an intensive primary chemotherapy regimen, such as high-dose therapy fol-
lowed by stem cell transplantation [43]. LON has been attributed to rituximab, but
the mechanism for developing LON remains unclear. It has been suggested that
perturbation of stromal-derived factor-1 (SDF-1) during B-cell recovery following
rituximab treatment retards neutrophil emergence from the bone marrow. SDF-1 is
a chemokine required for early B-cell development and retention of the B-lineage
and granulocytic precursors in the bone marrow microenvironment [44]. It has been
demonstrated that the FcyRIIla 158 V/V and V/F polymorphisms are associated
with developing LON. This suggests that in patients with a high-affinity genotype,
depletion of B cells may be more profound, subsequently stimulating increased
bone marrow lymphopoiesis and resulting in less effective granulopoiesis [45]. The
clinical course of LON was generally self-limited and not associated with severe
infections.

5.2.6.3 Hepatitis B Virus Reactivation

Reactivation of hepatitis B virus (HBV) infection is a well-recognized complication
in hepatitis B surface antigen (HBsAg)-positive cancer patients when they undergo
cytotoxic chemotherapy. However, HBV reactivation has been reported to occur not
only in HBsAg-positive patients but also in patients with a resolved HBV infection
who are negative for HBsAg but positive for antibodies against the hepatitis B core
antigen (anti-HBc) and/or antibodies against the hepatitis B surface antigen (anti-
HBs) undergoing cytotoxic chemotherapy. HBV reactivation has been previously
reported to be much less common in patients with resolved HBV, but with the recent
increase in the use of rituximab, reports have increased. Since HBV reactivation in
patients with resolved HBV is associated with a higher risk of fulminant hepatic
failure, patients with resolved HBV receiving rituximab should be closely moni-
tored with HBV DNA for a more prolonged period of time, even after completion
of rituximab, so as to promptly start administration of nucleoside/nucleotide ana-
logs to prevent HBV reactivation [46-50].

5.2.6.4 Opportunistic Infections

It has been observed that opportunistic infections, such as pneumocystis jiroveci
pneumonia (PCP) or some viral infections, increase in patients receiving rituximab.
However, the exact influence of rituximab on incidence of infection is still contro-
versial. It has been suggested that, although rituximab by itself does not increase the
incidence or change the spectrum of infections in hematologic patients, a possible
influence of concomitant immunosuppressive medication such as chemotherapy
and/or significant doses of glucocorticoids on the frequency of infections may be
present. Screening and/or prophylaxis should be considered in patients receiving
rituximab in combination with other immunosuppressive medications to minimize
infectious complications. Sulfamethoxazole-trimethoprim prophylaxis against PCP
is generally recommended [51].
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Fig. 5.3 Structure of alemtuzumab. Alemtuzumab is a recombinant anti-CD52 humanized IgG1
kappa monoclonal antibody constructed by genetic engineering using the hypervariable regions
from murine antihuman CD52 IgG2a antibodies. The molecular formula is Ceyss Higos6 Ni732 O2005
S0, and the molecular weight is approximately 150,000 daltons. H-C heavy chains, L-C light
chains

5.3 Alemtuzumab
5.3.1 Development of Alemtuzumab

5.3.1.1 Background and Features

Alemtuzumab (Campath-1H) is a recombinant anti-CD52 humanized IgG1 kappa
mAb (Fig. 5.3) [52]. A murine immunoglobulin M (IgM) antibody (Campath-1M)
was initially selected, followed by a murine IgG2b antibody (Campath-1G) that
demonstrated clinical activity in refractory CLL, even in patients who had failed
Campath-1M [53]. Subsequently, a reshaped human IgG1 antibody, Campath-1H,
was constructed by genetic engineering using the hypervariable regions from
Campath-1G and found to have equivalent or superior activity to Campath-1G
in vivo [54]. Alemtuzumab is the first mAb to be approved for use in the treatment
of CLL.

5.3.1.2 CD52 Antigen
The CD52 antigen is a 21- to 28-kDa heavily glycosylated membrane-anchored
glycoprotein with a short sequence of only 12 amino acids. Although the



90 K. Sugiyama

physiological functions of CD52 have yet to be clarified, it is thought to mediate a
variety of biological effects such as the promotion of cell-cell adhesion, protection
of the cell from environmental insult, activation of T-regulatory cells, and signal
transduction. CD52 is highly expressed on all B and T lymphocytes at various
stages of differentiation, except plasma cells, as well as on granulocytes, mono-
cytes, macrophages, eosinophils, NK cells, and dendritic cells. The only other site
of expression is in the male reproductive tract [55-57].

5.3.1.3 Favorable Features of CD52 as a Target Antigen

The CDS52 antigen seems to be highly expressed on lymphocyte tumor cells, par-
ticularly in T-cell prolymphocytic leukemia (T-PLL), followed by CLL, with lower
levels of expression on normal lymphocytes [58]. CD52 is not expressed on hema-
topoietic stem cells, plasma cells, erythrocytes, or platelets. Therefore, they are
spared from the direct antibody effects [55-57].

5.3.2 Mechanism of Action of Alemtuzumab

Although the mechanism of action of alemtuzumab has yet to be clarified, proposed
mechanisms of action of alemtuzumab include ADCC, CDC, and induction of
apoptosis. ADCC is mediated by immune effector cells binding to alemtuzumab-
coated cells, and this requires alemtuzumab to bind through the Fc region to FcyRs
on immune effector cells. CDC is mediated by the recruitment of components of the
complement cascade through the Fc region. Both ADCC and CDC are better medi-
ated through the IgG1 constant region [55-57]. Alemtuzumab has been shown to
induce not only caspase-dependent apoptosis but also caspase-independent and
lipid raft-dependent apoptosis in primary CLL cells [59].

5.3.3 Susceptibility and Resistance to Alemtuzumab

5.3.3.1 CD52 Expression

It has been shown that patients who fail to respond to alemtuzumab have a lower
CD52 expression, whereas the highest expression values are found in patients with
a major response to alemtuzumab, suggesting that the level of CD52 expression cor-
relates with alemtuzumab treatment [58].

5.3.3.2 Circulating Soluble CD52 (sCD52)

It has been demonstrated that high levels of sCD52 are present in the plasma of
patients with CLL. Plasma sCD52 has been shown to be able to form immune com-
plexes with alemtuzumab, resulting in reducing the serum concentration of alemtu-
zumab, and may influence the efficacy of alemtuzumab treatment. These findings
suggest that patients with CLL and high sCD52 levels may require a higher dose of
alemtuzumab [60].
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Table 5.2 Pharmacokinetic parameters of alemtuzumab

Crnax AUC; 241, | AUCys6n V. Vi
Dose| Tim- (Mgl | tman (ng -0 |(pg-h/ | CL L/ L/ ty, | MRT
(mg) |ing |- ml) | (h) ml) ml) (L/h) kg kg | (h) (h)
10 First | n 8 8 7 — — — _ _ _

Mean (0.8 497 |6.58 - - - — _ _

SD 02 |6.85 |4.31 - - - - _ _

30 |First |n 22 22 17 8 8 8 8 8 8
Mean |2.7 [2.61 |244 58.5 17.39 10.113 |0.111 | 10.65 |14.62
SD 1.9 1043 235 49.3 18.12 10.037 |0.041 |10.05 | 14.11
Last | n 21 21 - 21 21 16 16 16 16
Mean |10.2 [4.71 |- 404 2.00 [0.252 |0.185 | 147.5 |163.8
SD 5.8 1040 |- 326 1.63 0.168 |0.084 825 |103.2

C,..x maximum concentration, #,,, maximum drug concentration time, AUC area under the curve,
CL clearance, V. volume of distribution at terminal phase, V,; volume of distribution at steady state,
11, terminal-phase elimination half-life, MRT mean residence time, 4 hours

5.3.3.3 FcyR Polymorphisms

Although the influence of FcyR polymorphisms on mAb-mediated ADCC has been
described, FcyRIIla and FcyRIla polymorphisms may not predict the clinical
response to alemtuzumab in CLL patients [61].

5.3.3.4 Cytogenetic Abnormalities
It has been reported that alemtuzumab is effective in a subgroup of patients with
high-risk cytogenetic abnormalities such as del(17p13.1) and del(11q22.3) [62].

5.3.4 Pharmacokinetics of Alemtuzumab

Table 5.2 shows pharmacokinetic parameters, and Fig. 5.4 shows a serum concen-
tration over time plot in patients with previously treated CLL. Patients received the
recommended dose and schedule of intravenous (IV) alemtuzumab, which is com-
prised of a 2-h IV infusion with a starting dose of 3 mg on day 1, 10 mg on day 2,
and 30 mg three times weekly for a total of 8—12 weeks. Alemtuzumab pharmaco-
kinetics displayed nonlinear elimination kinetics. After the last 30 mg dose, the
mean volume of distribution at the steady state was 0.18 L/kg (range 0.1-0.4 L/kg).
Systemic clearance decreased with repeated administration due to decreased
receptor-mediated clearance, that is to say, loss of CD52 receptors in the periphery.
After 12 weeks of dosing, patients exhibited a sevenfold increase in mean
AUC. Mean half-life was 11 h (range 2-32 h) after the first 30 mg dose and was
6 days (range 1-14 days) after the last 30 mg dose. Serum levels of free alemtu-
zumab were measured by ELISA [63].
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Fig.5.4 Pharmacokinetics of alemtuzumab. Mean serum alemtuzumab concentrations as a func-
tion of time after infusion of the first 3, 10, and 30 mg dose (a) or the first and the last 30 mg dose
(b). Dose and schedule of intravenous (IV) alemtuzumab comprised of a 2-h IV infusion at a start-
ing dose of 3 mg on day 1, 10 mg on day 2, and 30 mg three times weekly for a total of 8—12 weeks.
Alemtuzumab pharmacokinetics displayed nonlinear elimination kinetics and systemic clearance
decreased with repeated administration
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5.3.4.1 Distribution

It has been shown that alemtuzumab is widely distributed in body organs. By a
quantitative radioimmunoprecipitation assay, radioactivity was detected in the
blood, spleen, liver, lungs, kidneys, stomach, intestine, and bone of nude mice car-
rying subcutaneously implanted tumors that were injected with 3*S-methionine-
labeled alemtuzumab. Tumor uptake increased over time, whereas uptake in normal
tissues decreased, indicating evidence for specific antibody binding [64].

5.3.4.2 Metabolism

Little is known about the mechanisms of alemtuzumab metabolism. It is speculated
that alemtuzumab is degraded by a nonspecific catabolism of proteins in the liver
and other organs.

5.3.4.3 Excretion
Little is known about the mechanisms of alemtuzumab excretion.

5.3.5 Overcoming Alemtuzumab Resistance

The combined use of alemtuzumab and other agents with different mechanisms of
action such as fludarabine, cyclophosphamide, or rituximab may be one of the opti-
mal solutions for overcoming alemtuzumab resistance. It has been demonstrated
that alemtuzumab combined with a purine analog or rituximab exerted a signifi-
cantly higher proapoptotic effect than single agents in vitro, downregulating the
antiapoptotic proteins FLIP and Bcl-2 (alemtuzumab plus purine analog) or signifi-
cantly increasing expression of the apoptotic protein Bax (alemtuzumab plus ritux-
imab). However, it is unclear if the combined use of alemtuzumab and a purine
analog or rituximab is clinically beneficial for patients with CLL [65].

5.3.6 Characteristic Toxicities and Management

5.3.6.1 Infusion Reactions

Infusion reactions are one of the most commonly occurring adverse reactions with
alemtuzumab. Infusion reactions are mediated by cytokine release, such as TNF-a,
IFN-y, or IL-6, likely derived from NK cells. When cytokines are released into the
circulation, systemic symptoms including rigor, fever, nausea, vomiting, skin rash,
dyspnea, hypotension, and bronchospasms can occur. Infusion reactions usually
occur with the first infusion with significant variability in the severity of symptoms
and tend to decrease in frequency and severity over the subsequent weeks of treat-
ment. Initial dose escalation is recommended to reduce the risk of infusion reac-
tions. Prophylactic administrations of histamine antagonists (diphenhydramine) and
antipyretic analgesics (acetaminophen) are also recommended. Steroids (hydrocor-
tisone) may be added in cases with prior severe infusion reactions [55, 56].
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5.3.6.2 Opportunistic Infections

Reactivation of herpesvirus, including cytomegalovirus (CMV), herpes simplex,
and varicella zoster, were the most common opportunistic infections observed in
patients receiving alemtuzumab. Antiviral prophylaxis (acyclovir, famciclovir,
valaciclovir) is recommended, and monitoring for CMV antigenemia or DNA is
highly recommended in order to promptly start administration of ganciclovir or
valganciclovir to prevent CMV reactivation. Sulfamethoxazole-trimethoprim pro-
phylaxis against PCP is also recommended [55, 57, 66]. In addition, patients with
resolved HBV receiving alemtuzumab should be closely monitored with HBV DNA
so as to promptly start administration of nucleoside/nucleotide analogs to prevent
HBYV reactivation.

5.3.6.3 Cytopenia

Thrombocytopenia and prolonged neutropenia have been reported in patients
receiving alemtuzumab. Thrombocytopenia is most common during the first
2 weeks of treatment, and neutropenia is most common during weeks 5 and 6 [66].
Hemolytic anemia, pure red cell aplasia, bone marrow aplasia, and hypoplasia have
also been reported following alemtuzumab treatment, but the pathogenesis remains
unclear.

54 Conclusions

Rituximab and alemtuzumab represent an important advance in the treatment of
CLL. Although the mechanism of action of and resistance to these mAbs are being
increasingly studied, the relative contribution of each mechanism in response to
these mAbs has yet to be clarified. Further investigation on the mechanism of action
of and resistance to these mAbs, as well as pharmacokinetics and managing toxici-
ties of these mAbs, is needed to design more effective therapies, including combina-
tion therapy of these mAbs and other agents with different mechanisms of action.
Moreover, since some of the causes of response variability for rituximab and alem-
tuzumab can be applied to other mAbs, a better understanding of rituximab and
alemtuzumab may lead to the development of subsequent generations of mAbs.
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Rituximab and Alemtuzumab

for Chronic Lymphocytic Leukemia:
Clinical Pharmacology and Therapeutic
Results

Suguru Fukuhara and Kensei Tobinai

Abstract

In the last decade, extensive investigation into the pathogenesis of B-cell chronic
lymphocytic leukemia (B-CLL) has led to dramatic changes in the treatment
strategy for B-CLL. The addition of anti-CD20 antibody to its management has
remarkably improved the survival of B-CLL patients. Fludarabine, cyclophos-
phamide, and rituximab (FCR) is a standard treatment for physically fit patients
without p53 defects, while bendamustine and rituximab (BR) is considered as a
treatment option for those older than 65 years. Chlorambucil with anti-CD20
antibody (obinutuzumab, rituximab, or ofatumumab) is recommended for unfit
patients with relevant comorbidities without p53 defects. Alemtuzumab has
proven efficacy in patients with p53 defects and has become a therapeutic option
for these patients, but its role in the management of B-CLL patients is hampered
by its substantial toxicity.

Keywords
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6.1 Introduction

Chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) is the
most commonly diagnosed type of lymphoid malignancy in Western countries and
affects mainly elderly patients with a median age of 67-72 years at initial diagnosis
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[1-5]. Most cases of CLL arise from mature B lymphocytes (B-CLL) [6], with
B-CLL patients exhibiting a highly variable clinical course. A considerable number
of B-CLL patients have asymptomatic and indolent clinical courses, with the pos-
sibility of a normal life expectancy, although some have rapid disease progression.
It has been considered that B-CLL treatment should be palliative without aiming for
a cure, with no proven survival benefit from early intervention [7-10]. Therefore,
the watch-and-wait approach remains the standard therapy for patients with early-
stage, asymptomatic B-CLL. Treatment is recommended for B-CLL patients who
have developed the following active diseases: advanced disease (Binet stage C or
Rai stage III/IV), progressive disease (rapid enlargement of lymph nodes or spleen
or a rapid lymphocyte doubling time), constitutional symptoms (weight loss, night
sweating, or fever), or complications (autoimmune hemolytic anemia and/or throm-
bocytopenia poorly responsive to corticosteroid therapy or repeated episodes of
infection) [6].

The Rai [11] and Binet [12] clinical staging systems have been used to define
disease extent and prognosis. However, cytogenetic abnormalities also play an
important role, including chromosomal aberrations, immunoglobulin heavy chain
variable region genes (IGHV) hypermutation, and p53 mutation status in particular
[13-21]. The p53 gene defects such as the deletion of the short arm of chromosome
17 (dell7p) and/or p53 mutation are associated with an adverse prognosis and with
resistance to most chemotherapeutic agents used for B-CLL treatment. Therefore,
treatment decisions have recently been based on these cytogenetic abnormalities
(Fig. 6.1) [22]. In addition, treatment decisions have to take into consideration the
patient’s physical fitness, comorbidity burden, and concomitant medications. The
German CLL Study Group (GCLLSG) established the cumulative illness rating
scale (CIRS) score [23] to assess a patient’s physical fitness, and patients are classi-
fied into three categories according the risk [24]. Physically fit patients without or

Fit Unfit Frail
(go go) (slow go) (no go)

Without p53 defects | [With p53 defects | [Without p53 defects |
FCR Ibrutinib G-CLB Supportive
or or or care
BR R-idelalisib R-CLB
(Age>65) or or
(Alemtuzumab) 0-CLB
Consider allogeneic SCT
for fit patients

Fig. 6.1 Treatment strategy of B-CLL by the GCLLSG. Abbreviations: FCR fludarabine,
cyclophosphamide, and rituximab, BR bendamustine and rituximab, R-idelalisib rituximab and
idelalisib, SCT stem cell transplantation, G-CLB obinutuzumab and chlorambucil, R-CLB rituximab
and chlorambucil, O-CLB ofatumumab and chlorambucil
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only with mild comorbidities (go go) are recommended to receive the standard
therapies aiming at long-term remissions and prolongation of survival. Physically
unfit patients with relevant comorbidities (slow go) are recommended to receive less
intensive therapies for disease control. Frail patients with multiple and/or severe
comorbidities (no go) are recommended to receive supportive or palliative care.
Treatment strategies based on GCLLSG are shown in Fig. 6.1 [22].

Several cytotoxic agents have been found to be active for B-CLL, and chloram-
bucil was regarded as the standard treatment for B-CLL for several decades [25]. In
the mid-1990s, single-agent fludarabine therapy offered a higher response rate and
comparable survival for B-CLL patients compared to anthracycline-based regimens
[26, 27], and fludarabine or fludarabine-based chemotherapy such as fludarabine
and cyclophosphamide (FC) was used widely, especially in younger patients [28—
30]. Subsequently, the addition of rituximab to fludarabine-based chemotherapy
(FR, FCR) achieved a first breakthrough for B-CLL treatment [31-35], and che-
moimmunotherapy has become a new standard treatment for B-CLL. However,
patients with high-risk cytogenetics, such as p53 defects, still remain with poor
prognosis primarily due to chemoimmunotherapy resistance [36, 37]. Alemtuzumab
is active for such patients with these genomic abnormalities, and alemtuzumab
administration has improved the survival rate of these patients [38—43].

In the present decade, progression in the understanding of B-CLL pathogenesis
has facilitated the development of novel drugs targeting B-cell receptor signaling
[44, 45]. Ibrutinib, which targets the Bruton’s tyrosine kinase (BTK), and idelalisib,
which targets the phosphatidylinositol 3-kinase (PI3K), have high efficacy for
B-CLL patients, particularly those with p53 defects, and are already approved in
most Western countries for both relapsed B-CLL and for first-line treatment of
B-CLL patients with p53 defects [46-53]. Currently, many other novel agents are
under investigation.

This review focuses mainly on rituximab and alemtuzumab and summarizes the
available clinical data for B-CLL treatment.

6.2  Anti-CD20 Antibody for B-CLL Treatment

CD20 is a transmembrane protein expressed on the surface of mature B cells from
the pre-B cell until plasma cell differentiation and plays a role in B-cell proliferation
and differentiation [54-57]. Since CD20 is also present on most B-cell malignan-
cies but not on hematopoietic stem cells and normal plasma cells, it was considered
to be a suitable molecular target for B-cell malignancies.

6.2.1 Rituximab

Rituximab is a chimeric humanized monoclonal antibody that binds to the surface
antigen CD20. Rituximab is considered to enhance an anticancer effect through
antibody-dependent cell-mediated cytotoxicity (ADCC), complement-dependent
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cytotoxicity (CDC), and apoptosis [58, 59]. In early pivotal trials in patients with
low-grade B-cell non-Hodgkin lymphoma (NHL), rituximab monotherapy at a dose
of 375 mg/m? weekly for a total of four doses achieved an overall response rate
(ORR) of 40-63% [60—64]. Importantly, rituximab has additional synergistic effects
with various chemotherapeutic agents [65-68], and the addition of rituximab to
chemotherapy was able to provide clinical benefit in most B-cell malignancies.
[69-71]

6.2.1.1 Rituximab Monotherapy

One of the pivotal phase II trials described above [60] involved 30 patients with
relapsed/refractory B-CLL, and the ORR was achieved in only 13% of patients.
Another phase II trial of rituximab monotherapy (four infusions of 375 mg/m? once
a week) for relapsed and/or refractory B-CLL patients demonstrated an ORR of
25%, while the complete response rate (CRR) was only 3%. Moreover, the duration
of response was only 10 months [72]. Similarly, in a phase II trial for untreated
B-CLL patients, rituximab monotherapy yielded a modest ORR of 51% and a CRR
of 4% with a median progression-free survival (PFS) of 18.6 months [73].

It has been reported that the level of CD20 expression on B-CLL cells is signifi-
cantly less compared to that found on normal B cells and other B-cell malignancies
[74, 75]. Additionally, pharmacokinetic studies showed that the level of rituximab
antibody in the serum of B-CLL patients was markedly lower than that of other
indolent B-cell NHL [60]. These reasons may explain why standard dose rituximab
has less activity as a single agent in B-CLL patients than in patients with low-grade
B-cell NHL such as follicular lymphoma.

To overcome the reduced efficacy of rituximab in B-CLL, higher doses or denser
dosing regimens were investigated, and these regimens showed a higher efficacy
compared to standard doses [76]. In a dose-escalation trial of rituximab in B-CLL
patients, 50 patients received four weekly infusions of rituximab with the dose esca-
lated from 500 to 2250 mg/m?®. The response rate was correlated with dose: The
ORR was 22% for patients treated at lower doses (500-825 mg/m?), 43% at inter-
mediate doses (1000-1500 mg/m?), and 75% at the highest dose (2250 mg/m?). In
another study, rituximab was administered at doses ranging from 250 to 375 mg/m?,
three times a week for a total of 4 weeks, and an ORR and CRR of 45% and 3%,
respectively, was obtained [77]. For asymptomatic untreated early-stage B-CLL,
eight consecutive weekly infusions of rituximab at a dose of 375 mg/m? resulted in
an ORR and CRR of 82% and 9%, respectively [78]. Based on the results as
described above, rituximab monotherapy is currently less commonly used, and it is
primary used in combination with chemotherapy.

6.2.1.2 Rituximab Maintenance Therapy

The use of rituximab as maintenance therapy has been explored and has prolonged
the PFS in indolent B-cell NHL patients [79, 80]. There have been also several stud-
ies evaluating the efficacy of rituximab as maintenance therapy in B-CLL [80-82].
In these studies, patients who achieved at least a partial response (PR) at the com-
pletion of the induction therapy received maintenance therapy with rituximab for 6
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months or longer. These studies demonstrated that maintenance with rituximab
improved response and prolonged PFS, particularly in patients with detectable
disease after induction therapy. Therefore, rituximab maintenance might have a
potential survival benefit in B-CLL, although a randomized trial is needed for
validation.

6.2.1.3 Combination with Chemotherapy

For Physically Fit Patients

Single-agent fludarabine therapy showed higher response and longer survival in
B-CLL patients with untreated or relapsed disease, as compared with anthracycline-
based regimens [26, 27]. Furthermore, fludarabine in combination with cyclophos-
phamide (FC) was the most effective regimen, although CR was achieved in only
23-38% of patients [28-30]. Since the combination of rituximab with fludarabine
showed a synergistic effect in substantial preclinical studies [67], the addition of
rituximab to a fludarabine-containing regimen (F or FC) was investigated.

Combination of Fludarabine and Rituximab (FR)

The treatment outcome of rituximab combined with fludarabine was evaluated in a
phase II trial of GCLLSG [83]. Thirty-one previously untreated or relapsed B-CLL
patients received fludarabine at standard doses (25 mg/m? per day, days 1-5, 29-33,
57-61, and 85-89) and rituximab (375 mg/m?, days 57, 85, 113, and 151). ORR and
CRR were 87% and 32%, respectively. Toxicity of FR regimen was manageable
with grade 3 or 4 neutropenia in 42% and severe infections in 13% of patients. In a
randomized phase II trial, the CALGB 9712 trial, fludarabine with concurrent
rituximab was compared to sequential rituximab in previously untreated B-CLL
patients [31]. Patients received six courses of fludarabine with or without rituximab,
followed by four weekly administrations of rituximab. Among a total of 104
patients, those receiving concurrent regimen obtained a higher response rate (ORR
and CRR; 90% and 47% in concurrent arm and 77% and 28% in sequential arm,
respectively) with increased grade 3 or 4 neutropenia (74% vs. 41%). In a retrospec-
tive comparative analysis of CALGB 9712 and CALGB 9011 trial, 104 patients of
the CALGB 9712 protocol treated with FR were compared to 178 patients of the
CALGB 9011 protocol treated with single-agent fludarabine (F) [32]. The patients
receiving FR had a significantly better PFS (P < 0.0001) and overall survival (OS)
(P =0.0006) than patients receiving fludarabine alone. The 2-year PES was estimated
at 67% in the FR arm and 45% in the F arm, and the 2-year OS was estimated at
93% and 81% in the FR and F arms, respectively. The incidence of infections was
similar between the treatment arms. These results demonstrate that FR is a potent
and feasible treatment option for B-CLL patients.

Combination of Fludarabine, Cyclophosphamide, and Rituximab (FCR)

Chemoimmunotherapy with FCR is currently recognized as the standard treatment
for physically fit young patients with untreated B-CLL (Fig. 6.1). In a phase II trial
conducted at the MD Anderson Cancer Center (MDACC), 300 patients with
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Table 6.1 Phase III trial in previously untreated B-CLL

Median
Patient ORR | CRR |PFS Median

Study characteristics | Treatment N (%) | (%) |(months) | OS
Hallek et al. | Physically fit FCR vs. FC 817
(CLL-8) [33, FCR 408 |90 |44 568 NR at 5.9
85] years

FC 409 |80 22 32.9 86 months
Eichhorst Physically fit BR vs. FCR 564
et al. without dell7p BR 280 197.8 131.5 1432

CLL-10

E 05 1 oi] FCR 284 978 407 |53.7
Goede et al. | Physically G-CLB vs. 781 NR
(CLL-11) unfit R-CLB vs. CLB
[110, 111] G-CLB 238 |77.3 223 299

R-CLB 233 314 |0 16.3

CLB 118 657 |7.3 11.1

G-CLB 333 784 [20.7 1292

R-CLB 330 1 65.1 |7.0 15.4
Hillmen Physically unfit | O-CLB vs. CLB | 447 NR at
et al. 289
(COMPL- months
EMENT-1) O-CLB 221 |82 12 224
[121] CLB 23 69 |1 131
Hillmen Alemtuzumab 297 NR at
et al. vs. CLB 24.6
(CAM307) months
[42] Alemtuzumab | 149 |83 |24 | 14.6

CLB 148 |55 2 11.7

ORR overall response rate; CRR complete response rate; PFS progression-free survival; OS overall
survival; NR not reached; F'CR fludarabine, cyclophosphamide, and rituximab; FC fludarabine and
cyclophosphamide; BR bendamustine and rituximab; G-CLB obinutuzumab and chlorambucil;
R-CLB rituximab and chlorambucil; CLB chlorambucil; O-CLB ofatumumab and chlorambucil

previously untreated B-CLL were enrolled and received FCR [35, 84]. ORR was
achieved in 95%, CR in 72%, nodular PR (nPR) in 10%, PR due to cytopenia in 7%,
and PR due to residual disease in 6% of patients. With a median follow-up of 6
years, the 6-year overall and failure-free survivals were 77% and 51%, respectively.
The median time to progression (TTP) was 80 months.

These results were superior to a historical control receiving previous generations
of B-CLL therapy and led to the large randomized CLLS trial by GCLLSG, which
compared outcomes of FCR to those of FC as a first-line treatment for B-CLL
patients (Table 6.1) [33, 85]. In CLLS8, 817 physically fit patients with untreated
B-CLL were randomly assigned to receive six courses of FC (intravenous
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fludarabine (25 mg/m? per day) and cyclophosphamide (250 mg/m? per day) for the
first 3 days of each 28-day treatment course) with or without rituximab (375 mg/m?
on day 0 of the first course and 500 mg/m? on day 1 of the second to sixth courses).
The FCR arm obtained a significantly higher ORR than the FC arm (90% vs. 80%,
p <0.001) with a significantly higher CRR (44% vs. 22%, p >0.001) and improved
survival. With a median follow-up of 5.9 years, the median PFS were 56.8 and 32.9
months for the FCR and FC arms (HR = 0.59, 95% CI 0.50-0.69, P < 0.001),
respectively, and the median OS was not reached for the FCR arm and was 86.0
months for the FC arm (HR = 0.68, 95% CI 0.54-0.89, P = 0.001). In the analysis
of prognostic factors including molecular cytogenetics, the improved survival ben-
efit with FCR was applied for most prognostic subgroups including //q deletion,
although FCR did not improve the survival of patients with del/7p. Furthermore, in
a subgroup of patients with a mutated IGHV status, patients who were treated with
FCR had a significant longer survival than those treated with FC. Median PFS was
not reached for the FCR arm and was 41.9 months for the FC arm (HR 0.47, 95%
CI0.33-0.68, P =0.001). The 5-year OS after FCR and FC were 86.3% and 79.8%,
respectively. The Kaplan-Meier PFS curve appeared to plateau, and these findings
might suggest a curative treatment with FCR for these particular B-CLL patients. In
the safety analysis, neutropenia occurred more frequently in FCR arms (grades 3—4,
FCR 34%, FC 21%), while other adverse events including infection, anemia, and
thrombocytopenia were similar. Moreover, there was no significant difference in
secondary malignancies including Richter’s transformation between FCR arms
(13.1%) and FC arms (17.4%) (p = 0.1).

Similar results were shown in a phase III trial comparing FCR with FC in patients
with previously treated B-CLL [34]. Five hundred and fifty-two patients with no
prior administration of rituximab were enrolled and randomly assigned to FCR or
FC treatment arm. FCR significantly improved PFS (HR 0.65, P < 0.001; median,
30.6 months for FCR vs. 20.6 months for FC), ORR (69.9% vs. 58.0%, p = 0.0034),
and CRR (24.3% vs. 14.0%, P < 0.001). The rate of grade 3 or 4 adverse events
including neutropenia and serious adverse events was higher in the FCR arm com-
pared to the FC arm, although the incidence of infections did not differ between the
treatment arms, and FCR was well tolerated. These findings led to the establishment
of rituximab in B-CLL treatment, and the FCR regimen was recognized as a standard
regimen for physically fit patients with untreated B-CLL.

Consequently, the hypothesis that a more intensive chemotherapy might increase
the therapeutic effect of FCR regimen was investigated. The addition of other agents
to FCR regimen, such as mitoxantrone [37, 86], lenalidomide [87], or alemtuzumab
[88], demonstrated encouraging clinical activity in previously untreated B-CLL,
with an ORR of 92-100% and a CRR of 58-82%. While these more intensive che-
motherapy regimens showed remarkable efficacy, there was a considerable increase
in the incidence of adverse events, especially infections, in most of these trials.
Despite showing substantial efficacy, these more intensive regimens have not been
evaluated by a randomized comparison to the FCR regimen and thus have not
become the standard regimen for untreated B-CLL patients.
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Modified FCR Regimen

However, it is important to note that B-CLL patients are mostly elderly, and the
FCR regimen was often too toxic and therefore not applicable to these patients.
Therefore, modified FCR regimens of lower intensity were investigated to maintain
the efficacy but reduce the adverse events, especially neutropenia and infections.

Two modified FCR regimens with reduced fludarabine and cyclophosphamide
dosages and increased rituximab frequency were examined in phase II trials [8§9—
91]. One trial demonstrated favorable outcome and reduced toxicity compared to
the previous trials with FCR, although the median age of patients in this trial was
only 58 years [89, 90]. Another trial focused on patients over 65 years old and dem-
onstrated high efficacy, although myelosuppression was severe and frequent dose
adjustments were required [91]. Therefore, these trial results could not be general-
ized to unfit or frail elderly B-CLL patients.

Another alternative attempt to reduce the toxicity of FCR regimen was to substi-
tute fludarabine (and cyclophosphamide) with other purine analogs (cladribine,
pentostatin, or bendamustine). The combination of cladribine [92] or pentostatin
[93, 94] and rituximab with or without cyclophosphamide seemed to be inferior to
FCR regimen or could not demonstrate a lower toxicity compared to FCR regimen.
Therefore, these are not considered as a standard treatment for physically fit patients
with B-CLL, and the value of these regimens remains to be elucidated.

Combination of Bendamustine and Rituximab (BR)

Bendamustine has structural similarities to both alkylating agents and purine ana-
logs and had considerable activity for indolent B-cell malignancies including
B-CLL [95-97]. Bendamustine produced significantly greater efficacy but more
frequent neutropenia and infection than chlorambucil in previously untreated
B-CLL patients and therefore did not show a benefit in OS [98, 99]. In a small phase
I/IT trial, single-agent bendamustine yielded an ORR of 56% in relapsed/refractory
B-CLL patients [100]. Based on these results, BR regimen was conducted for
relapsed/refractory and previously untreated B-CLL patients and showed promising
outcomes.

In a phase II trial of 78 relapsed/refractory B-CLL patients where most had pre-
viously received a fludarabine-containing regimen, patients received bendamustine
70 mg/m? per day on days 1 and 2 and rituximab 375 mg/m? on day O for the first
course and 500 mg/m? on day 1 for subsequent courses every 28 days for up to six
courses [101]. Based on intent-to-treat analysis, ORR and CRR were achieved in
59.0% and 9.0% of patients, respectively. ORR was 45.5% in fludarabine-refractory
patients and 60.5% in fludarabine-sensitive patients. With a median follow-up of 24
months, the median event-free survival (EFS) was 14.7 months. The incidence of
grade 3 or 4 severe infections, neutropenia, thrombocytopenia, and anemia were
12.8%, 23.1%, 28.2%, and 16.6%, respectively. In genetic analyses, patients with
dell7p did not respond to BR regimen, similar to other purine analogs.

BR regimen was also investigated in previously untreated B-CLL patients [102].
The dose and schedule of BR regimen were essentially as described above, but the
dose of bendamustine was increased to 90 mg/m? per day. Out of 117 patients, ORR
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and CRR were 88.0% and 23.1%, respectively. With a median follow-up time of
27.0 months, median EFS was 33.9 months, and 90.5% of patients were alive. Grade
3 or 4 infections, neutropenia, thrombocytopenia, and anemia were documented in
7.7%,19.7%, 22.2%, and 19.7% of patients, respectively. In a genetic analysis, BR
had modest activity for patients with dell7p, as for relapsed/refractory patients. In
comparison to FCR regimen, BR appeared to show similar efficacy, with a lower
incidence of severe infections and neutropenia.

From promising results, a phase III trial, CLL10 trial of the GCLLSG, compar-
ing the BR regimen with FCR regimen for previously untreated B-CLL in physi-
cally fit patients without dell7p was conducted (Table 6.1) [103, 104]. A total of
564 patients with CIRS score <6 and creatinine clearance >70 ml/min and without
dell7p were enrolled, and these patients received up to six courses of BR or
FCR. Patient background was well balanced between the two arms excluding age
(22% in BR vs. 14% in FCR, aged >70 years, p = 0.020) and the proportion of
unmutated IGHV status (68% in BR vs. 55% in FCR, P = 0.003). The ORR was
97.8% in both arms, although BR was inferior to FCR in CRR (31.5% vs. 40.7%, P
=0.026), in MRD negativity in peripheral blood (62.9% vs. 74.1%, P = 0.0024), in
MRD negativity in the bone marrow (31.6% vs. 58.1%, P < 0.001), and in the
median PES (43.2 vs. 53.7 months, HR = 1.589, 95% CI 1.25-2.079, P = 0.001)
with a median follow-up time of 35.9 months. In particular, physically fit patients
(CIRS <3, only one CIRS item, age <65 years) benefited the most from
FCR. However, there was no statistical difference in PFS between both arms in
patients >65 years, CIRS 4-6 or >1 CIRS item. The 3-year OS was 92.2% in the BR
arm and 90.6% in the FCR arm, with no significant difference (HR = 1.030, 95% CI
0.618-1.717, p = 0.910). In safety analysis, grade 3 or 4 severe neutropenia and
infections were more frequently documented in the FCR arm (87.7% vs. 67.8%, p
<0.001, and 39.8% vs. 25.4%, p = 0.001), especially in elderly patients >70 years
(48.4% vs. 26.8%, p = 0.001). The incidence of anemia and thrombocytopenia was
not significantly different (14.2% vs. 12.0%, p = 0.46, and 22.4% vs. 16.5%, p =
0.096). Treatment-related mortality also did not differ significantly between both
treatment arms (3.9% in FCR and 2.1% in BR). Based on these results, FCR regi-
men remains the standard therapy in physically fit young patients. The BR regimen
can be an alternative regimen in elderly fit patients, as the FCR regimen more fre-
quently causes severe neutropenia and infection in these patients (Fig. 6.1).

For Unfit Patients

Chlorambucil is a nitrogen mustard alkylating agent and has been considered the
standard treatment of B-CLL for several decades, especially in elderly patients with
relevant comorbidities, since chlorambucil offers a modest response rate, but low
toxicity and the convenience of oral intake [25]. In the past, several more potent and
promising agents, including fludarabine, bendamustine, and alemtuzumab, had not
demonstrated any survival benefit compared to chlorambucil [42, 98, 99, 105-107].
The addition of rituximab to chemotherapy had increased the efficacy of B-CLL
chemotherapy regimens under evaluation, and the addition of rituximab to chloram-
bucil (R-CLB) showed similarly encouraging results in some phase II trials [108,
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109]. In these phase II trials, R-CLB was well tolerated and of benefit. These com-
pared favorably with published results for chlorambucil monotherapy and subse-
quently led to the CLL11 phase III trial (Table 6.1) [110, 111]. The CLLI11 trial by
GCLLSG evaluated the efficacy of rituximab or obinutuzumab in combination with
chlorambucil (R-CLB or G-CLB) in comparison to chlorambucil alone in patients
with previously untreated B-CLL and relevant comorbidities. In this trial, R-CLB
showed a survival benefit compared to chlorambucil monotherapy (the details are
described below). Taken together, R-CLB has become one of the current standard
treatments for physically unfit B-CLL patients.

6.2.2 Ofatumumab

Ofatumumab is a humanized novel type I CD20 antibody that binds to a CD20 epi-
tope that is distinct from that recognized by rituximab [112, 113]. Ofatumumab
demonstrates enhanced CDC activity and equivalent ADCC activity compared to
rituximab and showed potent activity even in cells with low CD20 expression levels,
including B-CLL cells, in preclinical studies [112-116].

6.2.2.1 Ofatumumab Monotherapy

In clinical trials, ofatumumab monotherapy has shown promising efficacy in B-CLL
patients who were refractory to fludarabine and alemtuzumab (FA-ref) or refractory
to fludarabine with bulky disease (BF-ref) [117]. In the Hx-CD20-406 trial, 138
patients, including 59 with FA-ref and 79 with BF-ref, received eight weekly infu-
sions of ofatumumab followed by four monthly infusions at a dose of 300 mg for the
first infusion and 2000 mg for the subsequent infusions. The ORR was 58% and
47% in FA-ref and BF-ref patients, respectively. Median PFS and OS were 5.7 and
13.7 months in FA-ref patients and 5.9 and 15.4 months in BF-ref patients, respec-
tively. The incidence of grade 3 or 4 neutropenia and severe infections was 14% and
12% in FA-ref patients and 6% and 8% in BF-ref patients, respectively. Other
adverse events were primarily grade 1 or 2 neutropenia, and ofatumumab mono-
therapy was well tolerated. Moreover, in ad hoc retrospective analysis, ofatumumab
showed similar efficacy in patients with prior rituximab treatment, compared to
rituximab-naive patients [118]. Based on these results, ofatumumab was approved
for B-CLL patients refractory to fludarabine and alemtuzumab.

Recently, two clinical trials have reported interesting results. One was a large
retrospective, phase IV, observational study of ofatumumab monotherapy in heavily
pretreated B-CLL patients with poor prognosis, and the ORR and CRR observed in
this trial were 22% and 3%, respectively, which was lower than those previously
reported [119]. Another was a randomized phase III trial (RENATE trial) compar-
ing ofatumumab with ibrutinib in previously treated B-CLL patients [49]. In this
study, ibrutinib significantly improved the response rate and PFS compared to ofa-
tumumab. Taken together, the role of single ofatumumab monotherapy in relapsed/
refractory B-CLL patients is still unclear.
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6.2.2.2 Ofatumumab Maintenance

The efficacy of ofatumumab maintenance was evaluated in phase III (PROLONG
trial) [120]. The enrolled B-CLL patients demonstrated CR or PR after the second-
or third-line treatment and were randomly assigned to receive ofatumumab (300 mg
followed by 1000 mg 1 week later and every 8 weeks for up to 2 years) or to undergo
observation. Among 474 patients, PFS was improved in the ofatumumab arm com-
pared with the observation arm (29«4 vs. 15.2 months, HR 0.50, 95% CI 0.38-0.66,
p < 0.0001) with acceptable toxicities. Grade 3 or 4 neutropenia was observed in
24% and 10%, and severe infections in 13% and 8% of patients in the ofatumumab
and observation arms, respectively. At the time of the interim analysis, no signifi-
cant difference in OS had been observed. Based on this trial results, maintenance
therapy of ofatumumab for patients with relapsed B-CLL might be applied in the
near future.

6.2.2.3 Combination with Chemotherapy

Ofatumumab in combination with chlorambucil (O-CLB) has also been investigated
in previously untreated B-CLL patients, as with obinutuzumab and rituximab
(Table 6.1) [121]. In a phase III trial, the COMPLEMENT 1 trial, 447 patients who
were not eligible for fludarabine-based treatment were enrolled and received chlo-
rambucil at a dose of 10 mg/m? on days 1-7 every 28 days up to 12 courses with or
without ofatumumab at a dose of 300 mg and 1000 mg on days 1 and 8 of the first
course, respectively, and day 1 of the subsequent courses. The median age was 69
years, and 87% of patients were >65 years or had more than two comorbidities or a
CCr <70 ml/min. With a median follow-up of 28.9 months, O-CLB significantly
improved ORR (82% vs. 69%, P <0.001) with superior CRR (12% vs. 1%) and PFS
(22.4 vs. 13.1 months, P < 0.001). Grade 3 or 4 neutropenia occurred frequently in
O-CLB arm (26% vs. 14%), but infections were of similar frequency in both treat-
ment arms. The addition of ofatumumab to chlorambucil led to clinically significant
improvements with a manageable toxicity in previously untreated B-CLL patients
with relevant comorbidities and became a novel treatment option for these patients.
Ofatumumab in combination with chlorambucil is approved by the US Food and
Drug Administration (FDA) and European Medicines Agency (EMA) to treat previ-
ously untreated B-CLL patients for whom fludarabine-based therapy is considered
inappropriate.

Ofatumumab in combination with bendamustine (BO) has also been assessed in
several phase II trials [121-123]. In the phase II trial by Gruppo Italiano Malattie
EMatologiche dell’ Adulto (GIMEMA), 47 patients with relapsed/refractory B-CLL
were enrolled and received bendamustine (70 mg/m? on day 1, 2 every 28 days) and
ofatumumab (300 mg on day 1 and 1000 mg on day 8 at the first course and 1000 mg
on day 1 at subsequent courses) up to six courses [122]. The ORR was 72.3%, with
CR in 17% of patients. With a median follow-up of 24.2 months, the OS and PFS
were achieved in 83.6% and 49.6% of patients, respectively. These results compared
favorably with the efficacy of previously published treatments, such as BR and
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FCR. Myelosuppression was the most common adverse event, and grade 3 or 4
neutropenia was observed in 61.7% of patients, although grade 3 or 4 infections
were documented in only 6%. In another phase II trial, the efficacy of BO for
patients with previously untreated and relapsed B-CLL was assessed [123]. In this
trial, patients received the same dose and schedule as in the GIMEMA trial, although
the dose of bendamustine was increased to 90 mg/m?. Among 44 patients with pre-
viously untreated disease and 53 relapsed patients, respective ORR and CRR were
95% and 43 % in the previously untreated subgroup and 74% and 11% in the relapsed
subgroup. Grade 3 or 4 infections were documented in 11% and 15% of previously
untreated and relapsed patients, respectively. In contrast, the phase II trial reported
by Ujjani et al., which evaluated the efficacy of BO regimen in previously treated
patients, was closed early due to unexpected adverse events including infusion-
related reactions, infection, and neurotoxicity [124]. Based on these trials, BO regi-
men might be feasible and effective for both patients with relapsed B-CLL and
those with previously untreated B-CLL who are physically unfit for fludarabine-
based therapy. Ofatumumab in combination with bendamustine is also approved by
EMA for the treatment of patients with previously untreated B-CLL who are not
eligible for fludarabine-based therapy.

The combination of ofatumumab with fludarabine and cyclophosphamide (OFC)
was evaluated in physically fit patients with previously untreated B-CLL [125, 126].
The phase III trial, COMPLEMENT 2, compared OFC with FC, and OFC improved
ORR (84% vs. 68%, P =0.0003) and PFS (28.9 vs. 18.8 months, P =0.0032) among
a total of 365 patients [126]. Grade 3 or 4 neutropenia was frequently observed in
the OFC arm (58%) compared with the FC arm (41%), but the incidence rate of
severe infections was similar between both treatment arms.

6.2.3 Obinutuzumab

Obinutuzumab is a humanized, glycoengineered anti-CD20 antibody that binds to a
type II epitope of CD20 [127]. Obinutuzumab enhanced ADCC, induced direct cell
death, and showed a lower degree of CDC, resulting in superior efficacy as com-
pared with type I anti-CD20 antibody such as rituximab in preclinical studies
[127-131].

In a phase II trial in patients with relapsed/refractory B-CLL, 20 patients received
obinutuzumab at a fixed dose of 1000 mg (on days 1, 8, and 15 of course 1 and on
day 1 of subsequent courses every 21 days for a total of eight courses) [132]. The
ORR was 30% and the median PFS was 10.7 months. Grade 3 or 4 neutropenia was
documented in 20% of patients. This trial showed that obinutuzumab monotherapy
is active in patients with relapsed/refractory B-CLL, and the CLL11 trial was sub-
sequently conducted.
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In the CLL11 trial, 781 patients with previously untreated B-CLL and CIRS >6
and/or an estimated creatinine clearance (CCr) <70 ml/min were randomly assigned
to chlorambucil alone (0.5 mg/kg on days 1 and 15 of each course every 28 days for
a total of six courses), chlorambucil combined with obinutuzumab (1000 mg on
days 1, 8, and 15 of cycle 1 and on day 1 of subsequent courses), or chlorambucil
combined with rituximab (375 mg/m? on day 1 of the first course and 500 mg/m? on
day 1 of subsequent courses) (Table 6.1) [110, 111]. Among 781 patients, the
median age was 73 years, CCr was 62 ml/min, and the median CIRS score was 8 at
baseline. G-CLB or R-CLB yielded higher response rates than chlorambucil mono-
therapy (ORR, 77.3% vs. 65.6% vs. 31.4%; CRR, 22.3% vs. 7.3% vs. 0%) and
prolonged PFS (median PFS; 26.7 vs. 16.3 vs. 11.1 months, P < 0.0001). The OS
was also longer with G-CLB or R-CLB compared with CLB monotherapy (G-CLB
vs. CLB alone; HR 0.47,95% C10.29-0.76, P =0.0014, R-CLB vs. CLB alone; HR
0.60, 95% CI 0.38-0.94, P = 0.0242). The G-CLB treatment, as compared with
R-CLB, prolonged the PFS (HR 0.40, 95% CI 0.33-0.50, P = 0.001) and CRR, but
did not demonstrate benefit in OS (HR 0.70, 95% CI 0.47-1.02, P = 0.0632).
However, this result might not be conclusive due to the small number of death
events in both treatment arms. In the safety analysis, the incidence of grade 3 or 4
neutropenia was higher with G-CLB and R-CLB compared to CLB alone (33%,
28%, and 10%, respectively), although the incidences of severe infections were
similar among the three treatment arms (12%, 14%, and 14%, respectively). Based
on these results, obinutuzumab was approved for use in combination with chloram-
bucil to treat patients with previously untreated B-CLL. G-CLB and R-CLB are
considered current standard treatments for patients with relevant comorbidities and
previously untreated B-CLL.

6.3 Alemtuzumab for B-CLL

Alemtuzumab is a recombinant, humanized anti-CD52 monoclonal antibody [133].
CD52 is a cell surface protein and is expressed at high density on most normal and
malignant lymphocytes including B-CLL, but not on hematopoietic stem cells
[134]. The binding of alemtuzumab to CD52 induces cell death through CDC,
ADCC, and induction of apoptosis [135—-138]. Early pilot studies demonstrated that
alemtuzumab could cause tumor regression in patients with advanced NHL with a
higher response for tumor cells in the blood and bone marrow, but less response in
the bulky lymph node [139]. These promising results encouraged pilot studies eval-
uating alemtuzumab efficacy for B-CLL, and several pilot phase II studies demon-
strated that alemtuzumab was an effective salvage therapy for patients with relapsed/
refractory B-CLL [140-143].
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6.3.1 Monotherapy

In the pivotal CAM 211 trial, 93 patients with relapsed/refractory B-CLL, who
received at least one alkylating agent-based regimen and in whom fludarabine treat-
ment had failed, were enrolled and received alemtuzumab monotherapy [143].
Alemtuzumab was administered using a dose-escalation protocol followed by
30 mg three times weekly up to a total of 12 weeks. The ORR and CRR were 33%
and 2%, respectively. The ORR in the peripheral blood, bone marrow, and lymph
node were 86%, 45%, and 74%, respectively, and the respective CRRs were 83%),
26%, and 27%. A lower response rate was inversely correlated with larger lymph
nodes. With a median follow-up of 29 months, median TTP was 4.7 months for all
patients and 9.5 months for responders. Median OS was 16 months for all patients
and 32 months for responders. Clinical benefit was observed not only in responders
but in patients with stable disease. In a subgroup of patients with stable disease, the
median chemotherapy-free time before alemtuzumab was 3.8 months and was
extended to 7.6 months after alemtuzumab treatment. The most common adverse
events were grade 1 or 2 infusion-related toxicity, cytopenia, and infections caused
by profound cellular immunosuppression. Grade 3 or 4 infections were documented
in 26.9% of patients, and the most common opportunistic infection observed was
CMV reactivation.

Alemtuzumab has proven survival benefits in patients with previously untreated
B-CLL. In a randomized CAM307 trial, 297 patients with previously untreated
B-CLL were randomly assigned to receive either chlorambucil (40 mg/m?2 every 28
days, for up to 12 months) or alemtuzumab (same dose and schedule for relapsed/
refractory patients) (Table 6.1) [42]. Alemtuzumab improved ORR (83% vs. 55%,
P <0.0001) with superior CRR (24% vs. 2%, P < 0.0001) compared to chlorambu-
cil. Elimination of minimal residual disease (MRD) occurred in 31% of complete
responders to alemtuzumab, but none to chlorambucil. With a median follow-up of
24.6 months, the median PFS was 14.6 months in alemtuzumab arm and 11.7
months in chlorambucil arm, and alemtuzumab reduced the risk of progression or
death by 42% (HR 0.58, P =0.0001). Alemtuzumab also yielded a favorable median
time to alternative treatment compared to chlorambucil (23.3 vs. 14.7 months, P <
0.0001). Moreover, alemtuzumab was relatively active in patients with high-risk
cytogenetics of dell7p (ORR was 64%, and median PFS was 10.7 months). More
infusion-related reaction, neutropenia, and CMV events were observed in alemtu-
zumab and more nausea and vomiting in chlorambucil, although other adverse event
profiles were similar between treatment arms.

From these results, alemtuzumab was approved by the FDA and EMA for single-
agent therapy for patients with previously untreated and relapsed/refractory B-CLL.

Subcutaneous alemtuzumab demonstrates similar efficacy and safety as com-
pared to intravenous administration in fludarabine-refractory B-CLL patients. In a
phase II CLL2H trial, alemtuzumab was administered subcutaneously at the same
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dose as intravenous administration [43]. Among 103 patients, after a median fol-
low-up time of 37.9 months, ORR, CRR, PFS, and OS were 34%, 4%, 7.7 months,
and 19.1 months, respectively. Grade 3 or 4 neutropenia, non-CMYV infections, and
CMYV infections were observed in 56%, 29%, and 8% of patients, respectively. Skin
reactions at the injection site were generally mild, and induction of anti-alemtuzumab
antibody was rare. Taken together, subcutaneous administration is the preferred
delivery route for alemtuzumab.

6.3.2 Combination with Chemotherapy

Since alemtuzumab has proven efficacy in patients with high-risk cytogenetics such
as dell7p and p53 mutations [38—43], alemtuzumab was a therapeutic option for
patients with these poor prognoses. However, in the CAM307 trial described above,
alemtuzumab produced a median PFS of only 10.7 months in patients with dell7p.
In the patients with relapsed/refractory patients, alemtuzumab achieved ORR in
only 33% to 55% with few CRR, and the median PES of these patients was only
4.7-7.7 months.

Corticosteroids have efficacy in a p53-independent manner, and the addition of
high-dose corticosteroids to alemtuzumab was therefore considered to improve the
outcome of B-CLL patients with p53 defects. Some phase II trials [144, 145] dem-
onstrated an ORR, CRR, and median PFS of 88-97%, 21-65%, and 18.3-32.8
months, respectively. These results were highly favorable in comparison with the
results observed in B-CLL patients with dell7p receiving FCR in the GCLLSG
CLLS trial (median PFS and OS, 11 and 28.8 months, respectively) and with those
who received alemtuzumab in the CAM307 trial (median PFS, 11 months).

Alemtuzumab in combination with other chemotherapy has been evaluated in
several trials. A phase III trial by a French study group compared alemtuzumab in
combination with FC (FCA) to FCR in patients with previously untreated B-CLL
[146]. However, this trial was terminated early due to excess toxicity, which were
mainly infections. Another phase III trial compared alemtuzumab in combination
with fludarabine (FA) to fludarabine monotherapy in patients with relapsed/refrac-
tory B-CLL [147]. FA regimen resulted in better PFS (23.7 vs. 16.5 months, HR
0.61, 95% C10.47-0.80, P =0.0003) and OS (median not reached vs. 52.9 months,
HR 0.65, 95% CI10.45-0.94, p = 0.021) compared to fludarabine monotherapy. The
incidence of serious adverse events occurred more frequently in the FA arm (33%
vs. 25%), such as grade 3 or 4 lymphopenia (94% vs. 33%), CMV events (14% vs.
<1%), and grade 1 or 2 potentially alemtuzumab infusion-related reaction (62% vs.
13%). Taken together, FA regimen might be another treatment option for patients
with previously treated B-CLL.
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6.3.3 Adverse Effects

Alemtuzumab causes profound suppression of cell-mediated immunity through
T-cell and neutrophil depletion and is associated with a high proportion of bacterial
and viral infections, especially opportunistic infections. Reactivated herpes viruses
suchas CMV are the most frequently observed opportunistic infections. Symptomatic
CMV reactivation occurred in 4-29% of B-CLL patients treated with alemtuzumab
[148]. In the first-line CAM307 study, 16% and 52% of alemtuzumab-treated
patients had symptomatic and asymptomatic CMV reactivation, respectively.

Infusion-related reaction is an established complication of alemtuzumab. Most
of these are generally grade 1 or 2 reactions and were resolved by introducing sub-
cutaneous administration.

6.3.4 Role of Alemtuzumab for B-CLL

Alemtuzumab has efficacy in patients with high-risk cytogenetics of p53 defects,
although alemtuzumab is associated with a high risk of toxicity, especially from
infections due to T-cell depletion. In addition, the outcome of the novel agents,
ibrutinib or idelalisib, has been superior to that previously reported with alemtu-
zumab. As a result of the inferior risk/benefit ratio of alemtuzumab compared to
these novel agents, alemtuzumab currently has a limited role in the treatment strat-
egy of B-CLL. Moreover, the alemtuzumab license has been withdrawn in 2012 by
Sanofi, and alemtuzumab is now only available within a compassionate use program
through the manufacturer.

6.4  Future Development

The treatment strategy of B-CLL has evolved with the addition of anti-CD20 anti-
body to chemotherapy. In addition, two novel agents targeting BCR signaling, ibru-
tinib and idelalisib, have shown high efficacy and favorable toxicity in B-CLL
patients, especially those with p53 defects. Ibrutinib or idelalisib with rituximab
might be a current new standard treatment for B-CLL patients with this high-risk
cytogenetics. At present, many other novel agents such as SYK inhibitor, BCL-2
inhibitor, CDK inhibitor, or anti-CD37 antibody are under investigation. In the
future, the treatment strategies combining such novel agents may provide effective
long-term disease control with curative potential.
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Inotuzumab Ozogamicin for Acute
Lymphoblastic Leukemia: Clinical
Pharmacology and Therapeutic Results

Noriko Usui

Abstract
CD22 antigen is a B-cell lineage-restricted type I transmembrane protein, a
member of Siglec family of cell surface receptors. Expression of CD22 is found
in almost all the B cells and most B-lymphoid malignancies including non-
Hodgkin lymphoma (NHL) and acute lymphoblastic leukemia (ALL).
Inotuzumab ozogamicin (INO) is one of the antibody-drug conjugates (ADCs)
that consists of a cytotoxic drug, calicheamicin, attached to a humanized mono-
clonal anti-CD22 antibody. Based upon clinical trials, INO was shown to be
effective for relapsed/refractory ALL as well as B-cell NHL. Single-agent treat-
ment of INO (1.8 mg/m? once every 3—4 weeks or fractionated weekly, 0.8 mg/
m? on day 1, and 0.5 mg/m2 on day 8 and 15 every 3-4 weeks) provided an
objective response rate of 60% in the treatment of relapsed/refractory CD22-
positive ALL patients. Combination of INO with rituximab and low-intensive
conventional chemotherapy for patients with relapsed/refractory ALL showed
better objective response. This review summarizes the clinical efficacy and safety
of INO in the treatment of relapsed/refractory ALL, based on currently available
data in the literature.
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71 Introduction

Inotuzumab ozogamicin (INO) is one of the antibody-drug conjugates (ADCs)
developed for contribution to the treatment of B-cell lymphoid malignancies [1].
The antibody part is made of humanized monoclonal IgG4 antibody directed against
the CD22 antigen present on B cells. And its conjugated drug is calicheamicin.

CD22 antigen is a B-cell lineage-restricted type I transmembrane protein, a
member of Siglec family of cell surface receptors [2]. CD22 interacts with sialic
acid-bearing molecules present on various blood cell types including lymphocytes
(B and T cells), monocytes, and neutrophils [3]. CD22 is thought to regulate signal
transduction of surface immunoglobulin (Ig) receptors on B cells, B-cell migration,
and maintenance of peripheral B-cell tolerance [4]. CD22 is rapidly internalized by
endocytosis with a half-life of less than 1 h upon ligand- or anti-CD22 monoclonal
antibody (mAb) binding and is not shed in the extracellular environment [5-8].

Expression of CD22 is found in almost all the B cells and most B-lymphoid
malignancies including non-Hodgkin lymphoma (NHL), chronic lymphocytic leu-
kemia (CLL), acute lymphoblastic leukemia (ALL), and hairy cell leukemia (HCL)
[9]. In ALL, up to 90—-100% of mature B-ALL patients showed CD22 expression [4,
8], while 60—100% of patients with B-cell precursor ALL expressed CD22 [9].

Calicheamicin is a member of potent DNA-damaging cytotoxic products chemi-
cally modified by conversion to a more stable disulfide derivative of N-acetyl
gamma-calicheamicin 1, 2-dimethyl hydrazine dichloride (NAc gamma-
calicheamicin DMH) [10] that is many times potent in vitro than conventional anti-
cancer drugs such as vincristine, mitomycin C, cisplatin, or doxorubicin [11].
Calicheamicin is used for conjugation to several monoclonal antibodies (mAbs)
such as anti-CD33 mAb expressed on acute myeloid leukemia (AML), via linkers
attached to the lysine residues of the mAbs [12, 13]. After internalization of antigen-
antibody complex, ADC is routed through the endosomes and lysosomes in the
cells, where calicheamicin is activated to attack DNA of the nucleus to kill the cells
[2].

Anti-CD22 mAb without conjugated cytotoxic drug has shown to have no anti-
tumor activity in preclinical models; however, conjugation with calicheamicin pro-
vided potent dose-depending cellular damage [1]. As several clinical studies of INO
against relapse or refractory B-cell NHL indicated that this ADC is promising [14—
17], INO is expected to be promising in the treatment for relapse or refractory B-cell
ALL.

7.2  Clinical Pharmacology Based upon Studies
for B-Cell NHL

7.2.1 Single-Agent Treatment of INO

First-in-human phase I study of single-agent INO was conducted as open-label in
US and EU dose-escalation study of safety, tolerability, and pharmacokinetics (PK)
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against patients with CD22-positive B-cell NHL [14]. Doses ranged from 0.4 to
2.4 mg/m? administered once every 3 weeks to 36 patients in the maximum tolerated
dose (MTD) lead-in cohort (as part 1). At 2.4 mg/m?, criteria for escalation stop
were met since two patients within this six-patient cohort had dose-limiting toxici-
ties (DLTs) (one had grade 4 of thrombocytopenia, and another had grade 4 neutro-
penia). Therefore, 1.8 mg/m? was decided as the MTD. In addition, reversible
thrombocytopenia is major toxicity of INO and became the cause of delay of treat-
ment. Since no DLTSs occurred in the six-patient cohort of 1.8 mg/m? once every
4 weeks, this dose and schedule (1.8 mg/m? q-4 weeks) was declared MTD and was
selected for the part 2 of this study to evaluate its efficacy. Among the 49 patients in
the part 2, there were 22 patients with follicular lymphoma (FL) and 26 patients
with diffuse large B-cell lymphoma (DLBCL), and overall response was 41%
including 68% in FL and 15% in DLBCL (Table 7.1).

Pharmacokinetic samples in this phase I study were available for INO, anti-
CD22 antibody, and free and total calicheamicin derivatives. The data indicated that
disposition was nonlinear with the number of dose or increasing dose. Nonlinearity
is seen commonly with other antibodies as well [18]. It is due to target-mediated
drug disposition, in which elimination and distribution are affected by the antibody
and target cell interaction [19]. Mean end of infusion peak concentrations for
2.4 mg/m? once every 3 weeks and 1.8 mg/m? once every 3 weeks could not be
distinguished from each other. For the INO and total calicheamicin, increases in
area under the curve extrapolated over dosing interval (AUCT) with period and
increases in AUCT with dose were observed. Anti-CD22 mAb and total calicheami-
cin exhibited similar trends of elimination but with a longer half-life than that of
INO, suggesting that the acetyl butyrate linker is noticeably stable in plasma [14].

Phase I study of INO in Japan was conducted for patients with follicular lym-
phoma pretreated with rituximab-based therapy [15]. Based upon this study, safety
and efficacy of INO 1.8 mg/m? g-4weeks for 13 Japanese patients were similar to
phase I study in the USA/EU, but efficacy was better (Table 7.1).

Table 7.1 Inotuzumab ozogamicin against relapse or refractory non-Hodgkin lymphoma

Author Year 10 Dose No. of patients Response (%)

Advani A 2010 Single 1.8 mg/m? FL: 22 FL: 68
DLBCL:26 DLBCL: 15

Ogura M 2010 Single 1.8 mg/m? FL: 10 FL: 80

Ogura M 2012 | WRIT 1.8 mg/m? FL: 6 FL: 100
MCL:2 MCL: 50
MALT: 1 MALT: 100
DLBCL:1 DLBCL: 0

Fayad L 2013 W RIT 1.8 mg/m? FL: 39 FL: 87
DLBCL: 67 DLBCL: 74

FL follicular lymphoma, DLBCL diffuse large B-cell lymphoma, MCL mantle cell lymphoma,
MALT mucosa-associated lymphoma, W RIT combination with rituximab
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Table 7.2 Adverse events of inotuzumab ozogamicin monotherapy (1.8 mg/m? once every
4 weeks)

EU/US pts (N = 49) JPN pts (N = 10)
Events All grades (%) | Grade 3/4 (%) | All grades (%) | Grade 3/4 (%)
Thrombocytopenia 89.8 63.3 100 50
Asthenia 67.3 8.2 40 0
Nausea 51 2 70 0
Neutropenia 51 34.7 80 40
AST increased 40.8 0 80 0
Abdominal pain 30.6 0 N/A N/A
Anorexia 30.6 2 80 0
ALP increased 26.5 4.1 60 0
Anemia 26.5 6.1 60 0
Leukopenia 26.5 18.4 90 20
Lymphopenia N/A N/A 80 40
Vomiting 26.5 4.1 N/A N/A
Constipation 24.5 4.1 40 0
Hyperbilirubinemia 224 2 40 0
Headache 20.4 0 40 0
ALT increased 18.4 4.1 60 0
Epistaxis 18.4 0 40 0

EU/US pts European/US patients, JPN pts Japanese patients, AST aspartate aminotransferase, ALP
alkaline phosphatase, ALT alanine aminotransferase, N/A not available

Adverse events of INO 1.8 mg/m? g-4 weeks for patients with relapsed/refractory
B-cell NHL observed in phase I studies of both the EU/USA and Japan are listed in
Table 7.2 [14, 15]. The most common adverse events were thrombocytopenia, neu-
tropenia, asthenia, and increase of aspartate transaminase (AST)/alanine amino-
transferase (ALT). Thrombocytopenia and neutropenia were the most common
reason for dose modification.

7.2.2 Combination of INO with Rituximab

Based upon the phase I results and data demonstrating synergy between INO and
rituximab in animal models [1, 20], phase I/II study was conducted to evaluate the
safety and efficacy of the combination of rituximab and INO (R-INO) in patients
with relapsed/refractory NHL [17].

R-INO was administered once every 4 weeks: rituximab on day 1 and INO on
day 2 of each cycle. The study was performed in two parts: dose escalation (DE) to
define the MTD (part 1) and an expanded cohort to further evaluate efficacy and safety
of the MTD (part 2). Rituximab was administered at a fixed dose of 375 mg/m?
on day 1, and INO was administered as DE from 0.8 to 1.3 to 1.8 mg/m? on day 2.
For part 1, 15 patients received R-INO during DE, and no DLTs were observed at
the 0.8 or 1.3 mg/m? dose levels, while only one of seven patients had a DLT
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(delayed dosing was the result of low neutrophils and platelets) at the highest
planned INO dose (1.8 mg/m?). MTD for the regimen was declared to be 375 mg/
m? of rituximab on day 1 and 1.8 mg/m? of INO on day 2 once every 4 weeks.

For part 2, 104 patients were enrolled with 103 dosed in the expanded MTD
cohort, and ORR was 87% and 74%, for patients with relapsed FL and relapsed/
refractory DLBCL (Table 7.1).

The safety and efficacy of INO combined with rituximab were also investigated
in the phase I study for Japanese patients with relapsed/refractory B-cell NHL [16].

A total of ten patients (FL 6, DLBCL 1, mantle cell lymphoma (MCL) 2, mucosa-
associated lymphoid tissue lymphoma (MALT) 1) were treated by R-INO regimen
that was 375 mg/m? of rituximab on day 1 and 1.8 mg/m? of INO on day 2 once
every 4 weeks and repeated up to eight cycles, or until occurrence of disease pro-
gression or intolerable toxicity. Drug exposure increased with successive doses,
similar to the pharmacokinetic profiles observed in the phase I study of INO mono-
therapy [15]. Although the number of patients is small, the efficacy of combination
treatment indicates to be promising (Table 7.1).

7.3  Therapeutic Results of INO
7.3.1 Clinical Efficacy for B-Cell Acute Lymphoblastic Leukemia
7.3.1.1 Single-Agent Treatment

Single-Dose Schedule

The first phase II study of single-agent INO 1.3—1.8 mg/m? once every 3—4 weeks
was conducted for 49 patients with relapsed/refractory ALL [21]. Patients received
a median of two (range 1-5) INO courses. A total of 82% of the patients received
more than two cycles, and 47% received more than three cycles of INO. In all
patients, CD22 was expressed in more than 50% of blasts and for 28 patients (57%)
with more than 90% of blasts.

The overall response rate (ORR) was 57% (28 of 49 patients) including nine
patients (18%) who had complete remission (CR) and 19 patients (39%) who had
CR with incomplete recovery of peripheral blood cells (CRi) (Table 7.3). The treat-
ment was well tolerated, with only two patients (4%) dying within 4 weeks of start
of therapy from nondrug-related complications.

Among the 28 patients obtaining CR, 18 had chromosomal abnormalities at the
start of therapy, and 16 (89%; 43% of all patients) achieved a complete cytogenetic
response (CCyR). Multiparameter flow cytometry for MRD was performed in 27
patients achieving CR, and reversal to MRD-negative status was observed in 17
patients (63% in CR). Most responses occurred early in the course of treatment, and
among nine patients who achieved CR, eight of these did so after one cycle and one
patient after two cycles.

The median overall survival (OS) time was 5.1 and 7.9 months in all patients and
28 responders, respectively [22, 23]. Twenty-two patients (45%) received allo-SCT



128 N. Usui

Table 7.3 Inotuzumab ozogamicin for patients with relapsed/refractory acute lymphoblastic
leukemia

Patient characteristics Single dose (N =49) ‘ Weekly dose (N =41)
Prior therapy (regimen)

One, two, three, or more (%) 27,49, 24 39,24, 37
Prior allo-SCT (%) 14 7
Karyotype

Diploid t(9;22), t(4;11), others (%) 24,14, 10, 51 22,20,7,51
Response (%) 57 59

CR, CRp, CRi (%) 18,29, 10 20, 30,9
Early death (%) 4 5

MRD negativity in CR (%) 63 70
Allo-SCT as post-therapy (%) 45 34

Overall survival (median) (months) 5.1 7.3

Toxicity

Hyperbilirubinemia (%) 29 5

Elevated transaminase (%) 57 27
Veno-occlusive disease (%) 10 2

Allo-SCT allogeneic stem cell transplantation, CR complete remission, CRp complete remission
with incomplete platelet recovery, CRi complete remission with incomplete peripheral blood cell
count recovery, MRD minimal residual disease

after treatment of INO, and five patients (23%) had clinical evidence for veno-
occlusive disease (VOD). Drug-related fever and hypotension were commonly
observed during the first 1-2 days of infusion. Fever was reported in 29 (59%)
patients and was grade 3/4 in nine (31%) of these patients. Grade 1/2 hypotension
was reported in 12 (24%) patients, and grade 3/4 hypotension was observed in only
one (2%) patient. Another commonly seen adverse event was elevated liver trans-
aminase (grade 1/2 elevations were observed in 27 of 49 (55%) patients, one grade
3/4) (Table 7.4).

Weekly Dose Schedule

Preclinical studies suggested that lower-dose more frequent schedules of INO might
improve anti-ALL efficacy and reduce toxicities. This resulted in amending
the study abovementioned [21] to change the dose schedule of INO to weekly,
0.8 mg/m? on day 1 and 0.5 mg/m? on day 8 and 15 every 3—4 weeks, for the same
total dose of INO 1.8 mg/m? per course [22].

A total of 41 patients were enrolled. Overall, 24 (59%) patients responded to
weekly dose INO; 8 (20%) patients had CR, 13 (32%) patients had CRp (3%), and
3 (7%) had CRi. These response rates are found to be similar to INO single-dose
schedule which is given every 3—4 weeks (Table 7.3) [21]. Since receiving INO
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Table 7.4 Non-hematologic adverse events during the first cycle of inotuzumab ozogamicin ther-
apy for relapsed/refractory acute lymphoblastic leukemia

Single dose (N = 49) Weekly (N =41)
Events Grade 1-2 Grade 3—4 Grade 1-2 Grade 34
Fever on day 1-2 20 (41%) 9 (18%) 3 (7%) 6 (15%)
Hypotension 12 (24%) 1 2%) 6 (15%) 0
Hyperbilirubinemia 12 (24%) 2 (4%) 2 (5%) 0
Increase transaminase 27 (55%) 1 (2%) 9 (22%) 2 (5%)
Increase amylase 0 1 (2%) 1 2%) 0
Nausea 6 (12%) 0 5 (12%) 0
Vomiting 3 (6%) 0 0 0
Diarrhea 3 (6%) 0 1 (2%) 0
Mucositis 0 1 (2%) 0 0
Anorexia 1 (2%) 0 0 0
Headache 1 (2%) 0 1 2%) 0
Constipation 1 (2%) 0 0 0
Hypokalemia 0 1 (2%) 0 1 (2%)
Hypoalbuminemia 1 (2%) 0 0

earlier led to better outcomes, median OS for patients who received INO as salvage
1, 2, or 3 were 9.2, 4.3, and 6.6 months, respectively (p = 0.002). MRD-negative
was achieved in 17 of 24 (70%) patients who had responded to INO. A total of 14
(34%) patients were able to undergo allo-SCT, and nine of 14 (65%) were reported
to be alive [23].

Fever and hypotension were less common with weekly INO. Drug-related fever
within 1-2 days of infusion was seen in nine of 41 (21%) patients treated with
weekly dose compared with 29 of 49 (59%) patients with the single-dose INO. Liver
toxicity was also less common with weekly dose INO. Only 11 of 41 (27%) patients
had elevated liver transaminases (elevation of AST/ALT) with weekly INO com-
pared with 28 of 49 (57%) with single-dose INO. VOD was observed in only one
(2%) patient among those who underwent allo-SCT (Table 7.4).

The preliminary report of another phase II study for weekly dose schedule of
INO (total dose of 1.8 mg/m? per course) in patients with relapsed/refractory ALL
indicated similar results [24]. A total of 35 patients enrolled in this study, and ORR
(CR, CRi, CRp) was 66%, and 78% (18 of 23) of patients with response achieved
MRD-negative status. Overall, the median time to attain remission and MRD nega-
tivity was 25 days. A total of 34% (12 of 35) of patients were able to undergo allo-
SCT, and six of them were reported to be alive. INO was discontinued in five
patients due to adverse events, and the elevated AST/ALT was the most common
reason (grade 3/4 in two patients, 6%). The incidence of grade 3 or more transami-
nitis with weekly INO appears to be comparable with single-dose INO schedule
(2%) [22]. However, grade 1/2 transaminitis is much less common with weekly
dose schedule. Other relevant INO-related grade 3/4 adverse events were observed



130 N. Usui

Table 7.5 Factors related to response of inotuzumab ozogamicin for relapsed/refractory acute
lymphoblastic leukemia

Characteristic Category No. | No of response (%) | P value

Age (years) <60 65 |37(57) 0.79
260 25 | 15(65)

PS (ECOG) 0-1 81 |48(59) 0.39
22 9 4 (44)

Salvage regimen S1 29 |22(76)

Prior therapy S1, CRD1 <12M 15 [11(73)
S1,CRDI1212M 9 7 (78) 0.056
S2 34 17 (50)
2S3 27 |13 (48)

Karyotype Diploid 21 [ 17(81)
Ph positive/t(9;22) 15 | 640)
t(4;11) 8 3(38) 0.047
Other 46 |26 (57)

% CD22 positive >90 59 [33(56)
70-89 22 | 13(59) 0.823
50-69 9 6 (67)

Prior allo-SCT Yes 10 |5(50)

S1 1 salvage regimen, CRD/ first complete remission duration, /2M 12 months, S2 two salvage
regimens, S3 three salvage regimens, Ph Philadelphia, allo-SCT allogeneic stem cell
transplantation

including thrombocytopenia (31%), neutropenia (26%), and neutropenic fever
(20%).

Factors Related to Response in Single-Agent Treatment of INO

In the total study groups combining single-dose schedule and weekly dose sched-
ule, lower response rates were observed among patients with Philadelphia chromo-
some (BCR-ABLI)-positive ALL and those with translocation (4, 11) (38—-40%
versus 57-81% for others; p value 0.047). Response rate was also lower in patients
treated in salvage 2 or later (48—50% versus 76% in salvage 1; p =0.056) (Table 7.5).
In addition, baseline or pretreatment high peripheral blood absolute blast count
[PBABC (21.0x 10°/L)] and thrombocytopenia (<100 x 10°/L) were also associated
with lower probability of marrow CR achievement by univariate analysis [25].

By univariate and multivariate analysis, patients with complex karyotype includ-
ing t(4;11), 1(9;22), or chromosome 17 abnormality, number of previous therapies
(regimens), baseline thrombocytopenia, and high PBABC were associated with
worse survival.

7.3.1.2 Combination of INO with Conventional Chemotherapy

(Table 7.6)
The preliminary results of clinical trials of combining INO with chemotherapy have
been reported in December 2015 [26, 27]. A total of 48 patients with relapsed/
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Table 7.6 Response of inotuzumab ozogamicin combining with mini-hyper-CVD for acute lym-

phoblastic leukemia

Relapse/refractory ALL Newly ALL(elderly)
(N=48) N (%) (N=34) N (%)
Age median (range) 35 (9-87) 69 (60-79)
CR 24 (52) 25/31* (81)
CRp 8 (17) 5/31*(31)
CRi 2(4)
Cytogenetic CR 19/19 (100)
Negative MRD on D21 20/25 (80)
Negative MRD overall 33/33 (100)
ORR 37 (74) 30/31* (97)
No response 5(11) 1/31* (3)
Early death 7 (15) 0
Too early for evaluation 2(4)

CR complete remission, CRp complete remission with incomplete platelet recovery, CRi complete
remission with incomplete peripheral blood cell count recovery, MRD minimal residual disease,
D21 day 21

*Since 3 among 34 patients started therapy in CR, 31 patients were evaluated for response

refractory B-cell ALL have been enrolled and received lower intensity chemother-
apy, which was referred to as mini-hyper-CVD (cyclophosphamide and dexametha-
sone at 50% dose reduction, no anthracycline, methotrexate at 75% dose reduction,
cytarabine at 0.5 g/m>x4 doses). Rituximab and intrathecal chemotherapy were
given for the first four courses. INO was given on day 3 of each of the first four
courses. Patients received INO at 1.8 mg/m? for cycle 1 followed by 1.3 mg/m? for
subsequent cycles. Early death was encountered in seven (15%) patients. The ORR
was 74% (24 (52%) CR, 8 (17%) CRp, 2 (4%) marrow CR). Nineteen (41%) patients
proceeded to receive allo-SCT. The 1-year PFS and OS rates were 60% and 46%,
respectively. Median survival for patients with CR/CRp/marrow CR(CRi) was 18
versus 1 month in patients with refractory disease (p < 0.001). As it was observed in
monotherapy of INO, median survival was 17 months in patients treated as the first
salvage therapy (ST), 6 months in patients treated as the second ST, and 7 months
in patients treated as the third or more ST. Grade 3/4 non-hematological toxicities
included infections, mucositis, hypertransaminasemia, and VOD (n = 6; 1 in a
patient who had prior allo-SCT, 1 at D35 of CAR T cell, and 3 post-allo-SCT fol-
lowing INO therapy). INO with mini-hyper-CVD chemotherapy is considered to be
effective for patients with relapsed/refractory ALL.

INO and mini-hyper-CVD combination has also been tested in the frontline set-
ting in elderly B-ALL patients (260 years of age) [27]. Rituximab and intrathecal
chemotherapy were given for the first four courses. INO was given on day 3 of each
of the first four courses. The first six patients received 1.3 mg/m? for cycle 1 fol-
lowed by 0.8 mg/m? for subsequent cycles, and patients seven onward received
1.8 mg/m? for cycle 1 followed by 1.3 mg/m? for subsequent cycles. A total of 34
patients with a median age of 69 years old (range 60-79) were treated, and median
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follow-up was 19 months. Of the 31 patients evaluable for response (three started in
CR), 30 (97%) achieved CR/CRp (25 CR, 5 CRp). All patients achieving CR have
also achieved flow cytometry MRD-negative status, in 80% at the time of CR
achievement. Median time to platelet and neutrophil recovery was 23 days (18-91)
and 16 days (12-49) after induction and was 22 days (14-64) and 17 days (13-49)
after subsequent cycles. Grade 3/4 toxicities >10% included prolonged thrombocy-
topenia (n = 27; 79%), infections during consolidation (n = 25; 73%) or during
induction (n = 18; 52%), hyperglycemia (n = 17; 50%), hypokalemia (n = 12; 35%),
hyperbilirubinemia (n = 8; 24%), increased ALT/AST (n = 7, 21%), and hemor-
rhage (n = 6; 18%). VOD was observed in four patients (11%). Two patients (6%)
received allogeneic stem cell transplantation. The 2-year progression-free survival
(PES) and OS rates were 87% and 70%, respectively. Since these results appear to
be better than those achieved with a conventional chemotherapy-only approach, the
authors indicated that INO plus mini-hyper-CVD may become the new standard of
care for frontline treatment of older patients with ALL.

7.3.1.3 Role of Allogeneic Stem Cell Transplant After INO Treatment
Currently, allo-SCT is the most effective therapeutic approach for durable disease
control in relapsed/refractory ALL patients [28]. In several clinical trials, single-
agent treatment INO allowed large number (20-45%) of refractory B-ALL patients
to proceed with allo-SCT.

The outcomes of heavily pretreated 26 patients (median age of 33 years ranged
5-70 years) who received allo-SCT after single-dose or weekly INO have been
reported [29]. INO was administered intravenously at the first three adults, and three
children received a dose of 1.3 mg/m?. A total of 23 patients who achieved at least
marrow CR underwent allo-SCT directly, whereas three patients who did not
respond to INO received chemotherapy before starting the allo-SCT conditioning
regimen. The majority of the patients received a matched related or unrelated donor
transplant with myeloablative conditioning regimens (85%). A total of 15 (58%)
patients had no MRD at the time of allo-SCT. Median follow-up duration was
13 months, and OS survival at 1 year was reported as 20%. Patients without MRD
at the time of SCT had a markedly better 1-year OS of 42%. The cumulative inci-
dence of non-relapse mortality (NRM) at 6 months and 1 year was 40% and 60%,
respectively, with five deaths attributed to VOD at a median of 23 days
posttransplant.

Observed regimen-related toxicities appear within an expected range of
transplant-related complications (Table 7.7) [29]. However, there were marked
hepatic toxicity, hypertransaminasemia, hyperbilirubinemia, and VOD. As it was
mentioned above, five patients had fatal VOD that occurred in a median of two
courses of INO (range 1-5 courses) administered at a median of 40 days (range
27-68 days) before the start of the conditioning regimen for allo-SCT, including
two patients who had received previous allo-SCT. Diffuse alveolar hemorrhage
(DAH) developed in four patients including one patient who also had VOD.

Allo-SCT as post-remission therapy after re-induction with INO for relapsed/
refractory ALL is seemed promising when the patients can attain CR and continue
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Table 7.7 Regimen-related Grade, N (%)
i(e)zgglst;fljrler;rz?tfrn;;?]ihwho T(.)xicity All grades ‘ Grade 3/4
received allogeneic stem cell Liver
transplantation after Transaminases 24 (92%) 7 (27%)
treatment with inotuzumab Hyperbilirubinemia 17 (65%) 10 (38%)
ozogamicin (N = 26) Veno-occlusive disease 5 (19%)
Gastrointestinal tract
Diarrhea 12 (47%) 2 (8%)
Mucositis 24 (92%) 5 (19%)
Nausea/vomiting 21 (82%) 1 (4%)
Urinary tract/kidney
Creatinine rise 15 (58%) 9 (35%)
Hemorrhage cystitis 6 (23%) 4 (15%)
Lung
Diffuse alveolar hemorrhage ‘ ‘ 4 (15%)

MRD negativity just before starting conditioning therapy for allo-SCT. However,
appropriate management of VOD is required to obtain better outcome by
allo-SCT.

7.3.1.4 Toxicity of INO in the Treatment for ALL

INO is based on an antibody conjugation platform that is similar to gemtuzumab
ozogamicin (GO), a humanized anti-CD33 mAb conjugated to calicheamicin for
the treatment of CD33-positive acute myeloid leukemia [14, 30]. INO and GO have
the same cytotoxic component, calicheamicin; however, the toxicity profile is dif-
ferent since the antigen targets, dosing regimens, and pharmacokinetics are different
[31]. Major toxicities of GO have been associated with thrombocytopenia, increase
of liver enzymes, and VOD, especially among patients who received allo-SCT [30].
Thrombocytopenia was also a notable in the treatment of INO for patients with
ALL; because of the nature of the disease in these patients, treatment with INO was
usually continued. Transient abnormalities in liver function were also often found,
but VOD development was rare (0.03%) in INO as a single-agent treatment [21]
(Table 7.4). Five of 26 patients (19%) who underwent allo-SCT developed VOD
(Table 7.7), but the cause of VOD might not be only INO. INO does attack CD22
antigen but not CD33 antigen (target of GO) expressed in liver sinusoids [32], and
it has been hypothesized to sensitize the liver to VOD associated with allo-
SCT. Historically, regimens containing total body irradiation (TBI) plus thiotepa
combined with other alkylating agents have been associated with high VOD rates
[33]. Therefore, VOD post-remission with INO might be a result from synergistic
toxic effects with conditioning regimen of allo-SCT.
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7.3.2 Future Prospective of INO in the Treatment of ALL

In phase I/II studies, single-agent treatment of INO for patients with relapsed/
refractory ALL has been shown to provide approximately 60% of the patients. In
spite of quite high response rates and MRD negativity, response duration was not
long and OS was limited. Therefore, about 30-40% of patients are required to
undergo allo-SCT as post-remission therapy. In order to reduce risk of VOD or
severe drug-related toxicity, appropriate adjustment of conditioning regimens will
be required.

Currently, an international randomized phase III clinical trial comparing single-
agent INO with investigator choice of chemotherapy (FLAG (fludarabine, cytara-
bine, and G-CSF), HIDAC (high-dose cytarabine), or cytarabine and mitoxantrone)
in patients with relapsed/refractory ALL is ongoing, and Japanese patients have
been enrolled. Results of this phase III study will provide true efficacy of INO
including optimal dose and schedule.

Combination of INO with rituximab and low-intensive conventional chemother-
apy for patients with relapsed/refractory ALL provided better outcomes than single-
agent INO. Although appropriate management of VOD in post-remission therapy is
required, the use of INO in combination therapy will be one of the best salvage
induction therapies and will be a frontline therapy for elderly patients with ALL.

Future studies will be planned to investigate the role of INO not only as single
agent but also as combination to cure rates in newly diagnosed patients with adult
ALL.

Conflict of Interest Disclosure Dr. Usui has received research grants and hono-
raria from CIMIC, Takeda, Eli Lilly Japan, Pfizer, Nippon Boehringer-Ingelheim,
Sysmex, Janssen Pharmaceutical, Zenyaku Kogyo, Kyowa Hakko Kirin, Astellas
Pharma, Otsuka Pharmaceutical, Celgene, SymBio Pharmaceuticals, Huya
Bioscience International, Chugai Pharmaceutical, Bristol-Myers Squibb, and
Solasia Pharma.

References

1. Dijoseph J, Armellino D, Boghaert E, Khandke K, Dougher M, Sridharan L, et al. Antibody-
targeted chemotherapy with CMC-544: a CD22-targeted immunoconjugate of calicheamicin
for the treatment of B-lymphoid malignancies. Blood. 2004;103:1807-14.

2. Shor B, Gerber H-P, Sapra P. Preclinical and clinical development of inotuzumab-ozogamicin
in hematological malignancies. Mol Immunol. 2015;67(2 Pt A):107-16.

3. Nitschke L. CD22 and Siglec-G: B-cell inhibitory receptors with distinct functions. Immunol
Rev. 2009;230:128-43.

4. Piccaluga PP, Arpinati M, Candoni A, Laterza C, Paolini S, Gazzola A, et al. Surface antigens
analysis reveals significant expression of candidate targets for immunotherapy in adult acute
lymphoid leukemia. Leuk Lymphoma. 2011;52:325-7.

5. de Vries JF, Zwaan CM, De Bie M, Voerman JS, den Boer ML, van Dongen JJ, et al. The novel
calicheamicin-conjugated CD22 antibody inotuzumab ozogamicin (CMC-544) effectively
kills primary pediatric acute lymphoblastic leukemia cells. Leukemia. 2012;26:255-64.



Inotuzumab Ozogamicin for Acute Lymphoblastic Leukemia: Clinical... 135

10.

12.

13.

14.

15.

16.

20.

21.

. Gerber HP, Koehn FE, Abraham RT. The antibody-drug conjugate: an enabling modality for

natural product-based cancer therapeutics. Nat Prod Rep. 2013;30:625-39.

. John B, Herrin BR, Raman C, Wang YN, Bobbitt KR, Brody BA, et al. The B cell coreceptor

CD22 associates with AP50, a clathrin-coated pit adapter protein, via tyrosine-dependent
interaction. J Immunol. 2003;170:3534-43.

. Raponi S, De Propris MS, Intoppa S, Milani ML, Vitale A, Elia L, et al. Flow cytometric study

of potential target antigens (CD19, CD20, CD22, CD33) for antibody-based immunotherapy
in acute lymphoblastic leukemia: analysis of 552 cases. Leuk Lymphoma.
2011;52:1098-107.

. Olejniczak SH, Stewart CC, Donohue K, Czuczman MS. A quantitative exploration of surface

antigen expression in common B-cell malignancies using flow cytometry. Immunol Investig.
2006;35:93—-114.

Lee MD, Manning JK, Williams DR, Kuck NA, Testa RT, Borders DB. Calicheamicins, a
novel family of antitumor antibiotics, 3. Isolation, purification and characterization of cali-
cheamicins beta 1Br, gamma 1Br, alpha 21, alpha 31, beta 11, gamma 11 and delta 11. J Antibiot.
1989:42:1070-87.

. DiJoseph JF, Dougher MM, Evans DY, Zhou BB, Damle NK. Preclinical anti-tumor activity of

antibody-targeted chemotherapy with CMC-544 (inotuzumab ozogamicin), a CD22-specific
immunoconjugate of calicheamicin, compared with non-targeted combination chemotherapy
with CVP or CHOP. Cancer Chemother Pharmacol. 2011;67:741-9.

Hamann PR, Hinman LM, Hollander I, Beyer CF, Lindh D, Holcomb R, et al. Gemtuzumab
ozogamicin, a potent and selective anti-CD33 antibody-calicheamicin conjugate for treatment
of acute myeloid leukemia. Bioconjug Chem. 2002;13:47-58.

Hamann PR, Hinman LM, Beyer CF, Lindh D, Upeslacis J, Flowers DA, Bernstein I. An anti-
CD33 antibody-calicheamicin conjugate for treatment of acute myeloid leukemia. Choice
Linker Bioconjug Chem. 2002;13:40-6.

Advani A, Coiffier B, Czuczman M, Dreyling M, Foran J, Gine E, et al. Safety, pharmacoki-
netics, and preliminary clinical activity of inotuzumab ozogamicin, a novel immunoconjugate
for the treatment of B-cell non-Hodgkin’s lymphoma: results of a phase I study. J Clin Oncol.
2010;28:2085-93.

Ogura M, Tobinai K, Hatake K, Uchida T, Kasai M, Oyama T, et al. Phase I study of inotu-
zumab ozogamicin (CMC-544) in Japanese patients with follicular lymphoma pretreated with
rituximab-based therapy. Cancer Sci. 2010;101:1840-5.

Ogura M, Hatake K, Ando K, Tobinai K, Tokushige K, Ono C, et al. Phase I study of anti-
CD22 immunoconjugate inotuzumab ozogamicin plus rituximab in relapsed/refractory B-cell
non-Hodgkin lymphoma. Cancer Sci. 2012;103:933-8.

. Fayad L, Offner F, Smith MR, Verhoef G, Johnson P, Kaufman JL, et al. Safety and clinical

activity of a combination therapy comprising two antibody-based targeting agents for the treat-
ment of non-Hodgkin lymphoma: results of a phase I/II study evaluating the immunoconjugate
inotuzumab ozogamicin with rituximab. J Clin Oncol. 2013;31:573-83.

. Lobo E, Hansen R, Balthasar J. Antibody pharmacokinetics and pharmacodynamics. J Pharm

Sci. 2004;93:2645-68.

. Cao Y, Jusko W. Incorporating target-mediated drug disposition in a minimal physiologically-

based pharmacokinetic model for monoclonal antibodies. J Pharmacokinet Pharmacodyn.
2014:41:375-87.

DiJoseph JF, Dougher MM, Kalyandrug LB, Armellino DC, Boghaert ER, Hamann PR, et al.
Antitumor efficacy of a combination of CMC-544 (inotuzumab ozogamicin), a CD22-targeted
cytotoxic immunoconjugate of calicheamicin, and rituximab against non-Hodgkin’s B-cell
lymphoma. Clin Cancer Res. 2006;12:242-9.

Kantarjian H, Thomas D, Jorgensen J, Jabbour E, Kebriaei P, Rytting M, et al. Inotuzumab
ozogamicin, an anti-CD22-calecheamicin conjugate, for refractory and relapsed acute lym-
phocytic leukaemia: a phase 2 study. Lancet Oncol. 2012;13:403—-11.



136 N. Usui

22. Kantarjian H, Thomas D, Jorgensen J, Kebriaei P, Jabbour E, Rytting M, et al. Results of ino-
tuzumab ozogamicin, a CD22 monoclonal antibody, in refractory and relapsed acute lympho-
cytic leukemia. Cancer. 2013;119:2728-36.

23. Yilmaz M, Richard S, Jabbour E. The clinical potential of inotuzumab ozogamicin in relapsed
and refractory acute lymphocytic leukemia. Ther Adv Hematol. 2015;6:253-61.

24. Advani A., Stein A., Kantarjian H. A phase II study of weekly inotuzumab ozogamicin (INO)
in adult patients with CD22-positive acute lymphoblastic leukemia (ALL) in second or later
salvage. In: 56th ASH annual meeting and exposition, 6-9 December, San Francisco, 2014;
Abstract 2255.

25. Jabbour E, O’Brien S, Huang X, Thomas D, Rytting M, Sasaki K, et al. Prognostic factors for
outcome in patients with refractory and relapsed acute lymphocytic leukemia treated with
inotuzumab ozogamicin, a CD22 monoclonal antibody. Am J Hematol. 2015;90:193-6.

26. Sasaki K, Kantarjian HM, O’Brien S, Thomas DA, Ravandi F, Guillermo Garcia-Manero G,
et al. Salvage chemotherapy with inotuzumab ozogamicin (INO) combined with mini-Hyper-
CVD for adult patients with relapsed/refractory (R/R) acute lymphoblastic leukemia (ALL).
Blood. 2015;126:3721.

27. Jabbour E, O’Brien S, Sasaki K, DeThomas DA, Garcia-Manero G, Ravandi F, et al. Frontline
inotuzumab ozogamicin in combination with low-intensity chemotherapy (mini-hyper-CVD)
for older patients with acute lymphoblastic leukemia (ALL). Blood. 2015;126:83.

28. Fielding AK, Richards SM, Chopra R, Lazarus HM, Litzow MR, Buck G, et al. Outcome of
609 adults after relapse of acute lymphoblastic leukemia (ALL); an MRC UKALL12/ECOG
2993 study. Blood. 2007;109:944-50.

29. Kebriaei P, Wilhelm K, Ravandi F, Brandt M, De Lima M, Ciurea S, et al. Feasibility of allo-
grafting in patients with advanced acute lymphoblastic leukemia after salvage therapy with
inotuzumab ozogamicin. Clin Lymphoma Myeloma Leuk. 2013;13:296-301.

30. Larson R, Sievers E, Stadtmauer E, Lowenberg B, Estey E, Dombret H, et al. Final report of
the efficacy and safety of gemtuzumab ozogamicin (mylotarg) in patients with CD33-positive
acute myeloid leukemia in first recurrence. Cancer. 2005;104:1442-52.

31. Dowell J, Korth-Bradley J, Liu H, King SP, Berger MS. Pharmacokinetics of gemtuzumab
ozogamicin, an antibody-targeted chemotherapy agent for the treatment of patients with acute
myeloid leukemia in first relapse. J Clin Pharmacol. 2001;41:1206-14.

32. Rajvanshi P, Shulman HM, Sievers EL, McDonald GB. Hepatic sinusoidal obstruction after
gemtuzumab ozogamicin (Mylotarg) therapy. Blood. 2002;99:2310—4.

33. Lee J, Gooley T, Bensinger W, Schiffman K, Mcdonald G. Veno-occlusive disease of the liver
after busulfan, melphalan, and thiotepa conditioning therapy: incidence, risk factors, and out-
come. Biol Blood Marrow Transplant. 1999;5:306-15.



Blinatumomab for Acute Lymphoblastic 8
Leukemia: Clinical Pharmacology
and Therapeutic Results
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Abstract

Blinatumomab, a bispecific CD19/CD3 T-cell engager (BiTE), is a genetically
engineered single-stranded bispecific monoclonal antibody. It consists of mouse
monoclonal variant chains that bind to CD19 at the N-terminus and to CD3 at the
C-terminus. Since many cases of B-lineage acute lymphoblastic leukemia
(B-ALL) express CD19 on the leukemic cells, blinatumomab can associate
B-ALL leukemic cells with T cells and form immune synapses between them,
which result in T-cell activation and proliferation. Thereafter, the leukemic cells
are killed by perforin-mediated cell lysis.

Blinatumomab can induce complete remission (CR) in 40-60% of cases of
relapsed/refractory B-cell precursor (B-precursor) ALL, and 40-60% of CR
patients become minimal residual disease (MRD) negative. Blinatumomab is
effective for patients who have recurred after chemotherapy and after allogeneic
hematopoietic stem cell transplantation (allo-HSCT). The characteristic adverse
effects of this drug are central nervous system disorders (tremor, dizziness, con-
fusion, encephalopathy, ataxia, aphasia) and cytokine releasing syndromes (flu-
like symptoms, hypotension pulmonary edema, multi-organ failure). The efficacy
of blinatumomab for de novo B-precursor ALL patients and in combination
therapies with other anticancer drugs has not been investigated.
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8.1 Introduction

Acute lymphoblastic leukemia (ALL) is classified as B-cell precursor acute lym-
phoblastic leukemia (B-precursor ALL), T-cell precursor acute lymphoblastic leu-
kemia (T-precursor ALL), or Burkitt’s leukemia according to its cell origin.
Furthermore, B-precursor ALL is subclassified in some types of leukemia by its
genetic abnormality, one of which is Philadelphia chromosome-positive acute lym-
phoblastic leukemia (Ph-ALL) [1]. In adult ALL, more than 80% of patients achieve
complete remission (CR) [2, 3]. Unfortunately, many of these patients will relapse,
and the results of treatment for relapsed patients are dismal even if they receive
allogeneic hematopoietic stem cell transplantation (allo-HSCT) [4]. Molecular tar-
geted therapies for ALL are currently being developed, and some such drugs are
already in use in clinical practice. They are roughly categorized into two types of
drugs. One category is that of an inhibitor of an intracellular signaling pathway that
is important for the survival and/or proliferation of leukemic cells. For example, Abl
tyrosine kinase inhibitors, such as imatinib, nilotinib, and dasatinib, have dramati-
cally improved the treatment of Ph-ALL [5]. Another type of molecular targeted
drug is a monoclonal antibody that binds to a protein on the leukemic cell surface
and induces antigen-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC). For example, the anti-CD20 monoclonal antibody,
rituximab, has improved the treatment of Burkitt’s leukemia [6]. Recent innovations
in antibody engineering have improved traditional monoclonal antibody killing of
target cells, making their killing more potent and more efficient by conjugating
toxins [7]. A more sophisticated approach of antibody engineering is the induction
of highly effective cell lysis by T cells. One such approach involves the ectopic
expression of a chimeric antigen receptor (CAR) construct in transfected autolo-
gous T cells of patients. The efficacy of a CD19 CAR T cell has already been
reported [8]. Another approach is the generation of a bispecific antibody that tran-
siently engages the T cell with target cells. In this chapter, we review the pharmaco-
logical profiles, the mechanism of its antileukemic effect, and the clinical results of
the bispecific CD19/CD3 antibody, blinatumomab.

8.2 Structure and Chemical Characteristics
of Blinatumomab

Blinatumomab is an artificial bispecific mouse monoclonal antibody that has an
anti-CD19 single-chain Fv (scFv) fragment at the N-terminus and an anti-CD3 scFv
fragment at the C-terminus (Fig. 8.1). The DNA fragment encoding the bispecific
single-chain antibody CD19 x CD3 domain arrangement of anti-CD19 V light-chain
(VL)-anti-CD19 V heavy-chain (VH)-anti-CD3VH-anti-CD3VL is transfected into
DHFR-deficient Chinese hamster ovary cells. These cells produce an anti-CD19
scFv fragment at the N-terminus and an anti-CD3 scFv fragment at the C-terminus
[9]. These fragments are connected by a non-glycosylated, five-amino-acid, non-
immunogenic linker. This linker is so flexible that it enables blinatumomab to
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Fig. 8.1 Blinatumomab has anti-CD19 single-chain Fv (scFv) fragment at N-terminal and anti-
CD3 scFv fragment at C-terminal. Each scFv is composed of V light chain and V heavy chain.
Each scFv is connected by a flexible linker, which enables blinatumomab to bind a leukemic cell
and a T cell

effectively bind both a leukemic cell and a T cell. Blinatumomab does not have a
constant region. The molecular weight of blinatumomab is 54.1 kD, which is one
third that of traditional monoclonal antibodies [10]. Blinatumomab binds more
strongly to CD19 than to CD3, and the dissociation constants for CD19 and CD3 are
1.49x 107 and 2.67 x 10~7 mol/L, respectively [11].

8.3  Mechanisms of Cytotoxicity of Blinatumomab

More than 95% of B-precursor ALL cells express CD19 on the leukemic cell surface
[12]. Blinatumomab binds to both CD19 on the leukemic cell and to CD3 on T cells,
thereby engaging T cells with CD19+ target leukemic cells and inducing cell toxic-
ity. Blinatumomab can bind and activate both CD3 + CD4+ T cells and CD3 + CD8+
T cells. Because the activity of blinatumomab does not depend on the specificity of
the T-cell receptor and does not require antigen presentation by major histocompat-
ibility complex, leukemic cells are killed by polyclonal T cells [13]. Blinatumomab
has two major effects on the T cell that is connected with the CD19+ leukemic cell
through blinatumomab. The first effect is direct activation of the connected T cell,
resulting in upregulation of the T-cell activation markers CD25, CD69, CD2, inter-
feron (IFN)-y, tumor necrosis factor (TNT)-a, interleukin (IL)-2, IL-6, and IL-10.
The activated T cell then induces perforin-mediated cytotoxicity via granzyme entry
into the CD19-positive leukemic cell. This leads to caspase activation and apoptosis
of the CD19-positive leukemic cell. This effect is stronger in CD8-positive T cells
than in CD4-positive T cells. The second effect is marked T-cell proliferation, lead-
ing to a supply of blinatumomab-activated T cells and serial killing of the CD19-
positive target leukemic cells [14] (Fig. 8.2). This proliferation and serial killing of
leukemic cells may be the reason why blinatumomab is effective for fully relapsed
B-precursor ALL patients, who have so many target CD19-positive leukemic cells
compared to the number of T cells. T-cell killing of CD19-positive leukemic cells
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Fig.8.2 Blinatumomab has two major effects to T cell, which is connected with CD19+ leukemic
cell by blinatumomab. First effect is direct T-cell activation which results in killing of CD19+
leukemic cell with perforin-mediated cell cytotoxicity via granzyme entry. Second effect is T-cell
proliferation. The proliferated T cells are recruited for serial killing of the CD19-positive target
leukemic cell. Blinatumomab can bind to and activate both CD3 + CD4+ T cells and CD3 + CD8+
T cells. The activity of blinatumomab does not depend on the specificity of the T-cell receptor and
not require antigen presentation by major histocompatibility complex

and activated T-cell proliferation continue for as long as the T cell can make an
immune synapse with a CD19-positive leukemic cell via blinatumomab, and they
expire following elimination of the CD19-positive leukemic cell. By redirecting
unstimulated human T cells to CD19-positive target cells, blinatumomab shows sig-
nificant cytotoxicity at concentrations of 10—100 pg/ml [9]. This concentration is
about 100 times lower than that of rituximab, which shows cytotoxicity at a concen-
tration of 2 pg/ml [15]. In the presence of blinatumomab, the effecter-to-target ratio
of the blinatumomab-activated T cell and the CD19-positive target cell is as low as
2:1, which is very low compared with other immunotherapies [9].

8.4 Pharmacokinetics of Blinatumomab

The serum half-life (t1/2) of blinatumomab is very short compared with that of a
traditional monoclonal antibody such as rituximab, because blinatumomab lacks the
Fc region of an antibody. The average t1/2 of blinatumomab and rituximab is 1.25 h
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and 76.3 h, respectively [14, 16]. This short t1/2 is the reason why continuous intra-
venous (CIV) administration of blinatumomab is needed, whereas traditional mono-
clonal antibodies are administered intermittently. The systemic clearance is not
affected by creatinine clearance, age, gender, weight, or body surface area [14]. A
phase 1 trial of blinatumomab was carried out for 38 patients with relapsed/refrac-
tory non-Hodgkin lymphoma. In this trial, blinatumomab was given as CIV admin-
istration, using doses ranging from 5 to 60 pg/m? over a period of 4—-6 weeks. This
trial indicated that the maximum tolerated dose was 60 pg/m? and that the majority
of tumor responses were seen during the first 4 weeks [17]. In the cases of patients
who received 15 pg/m? of blinatumomab given as CIV administration, its serum
concentration reached steady state within a day, and the steady-state concentration
was 731+ 163 pg/ml (mean + SD; range: 492—-1050 pg/ml) [14]. In vitro analysis, a
cytolytic effect of blinatumomab was observed at concentrations between 10 and
100 pg/ml [9]. In this phase 1 study, tumor regression was observed in patients who
were treated with 5 pg/m? of blinatumomab given as CI'V administration [17]. Based
on these results, it was recommended that blinatumomab should be given by CIV
administration at a dose greater than 15 pg/m? for 4 weeks, with a 2-week rest
between cycles.

8.5 Immunological Responses of Blinatumomab Infusion

8.5.1 Peripheral B-Cell Kinetics Induced by Blinatumomab
Infusion

The number of B cells in peripheral blood that expressed CD19 on their surface
rapidly decreased to a very low level with CIV administration of blinatumomab.
The mean time to reach nadir was 2.18+3.80 days (mean + SD; range 0.003—
13.94 days). The number of B cells in peripheral blood remained consistently very
low during the treatment with blinatumomab, including the 2-week rest periods
between cycles [14].

8.5.2 Peripheral T-Cell Kinetics Induced by Blinatumomab
Infusion

In the setting of CIV administration of blinatumomab for MRD-positive ALL
patients in CR, the number of peripheral T cell began to decrease within 1 h in
response to the start of blinatumomab infusion. The nadir was reached within
0.36+0.24 days (mean+SD; range 0.06—1.09 days), and the number of peripheral T
cells at nadir was as low as 10% of that at baseline. After the nadir had been reached,
the number of peripheral T cells gradually began to increase and had recovered to
50% of the baseline number after 3.13+1.85 days (mean = SD; range 0.82—
9.10 days). The number of peripheral T cells had recovered to baseline on days 8-9
and continued to increase up to day 17, when the number of expanded peripheral T
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cells had increased to double the number that was present before the start of blina-
tumomab. Although the number of peripheral T cell decreased after 17 days, their
number was maintained above the baseline during CIV administration of blinatu-
momab [14].

8.5.3 Profile of Expanded T Cells Induced by Blinatumomab
Infusion

Analysis of the expanded peripheral T-cell subsets showed three types of patterns:
greater expansion of CD4+ T cells than CD8+ T cells, greater expansion of CD8+
T cells than CD4+ T cells, and approximately similar expansion of CD4+ and CD8+
T cells. Except for a very few cases, expansion of regulatory T cells in peripheral
blood was not induced by administration of blinatumomab. The majority of
expanded CD8+ T cells in peripheral blood were effecter memory T cells of
CD45RA—/CD197 phenotype [14].

8.5.4 Cytokine Profiles Induced by Blinatumomab Infusion

Engagement of T cells with leukemic cells through blinatumomab activates T cells,
and activated T cells produce inflammatory cytokines including IL-2, IL-6, IL-10,
IFN-y, and TNF-a. The levels of these cytokines in peripheral blood reached a max-
imum within 1 day after the start of blinatumomab administration and dropped to
undetectable levels within 3 days after the start of blinatumomab administration.
The elevation of inflammatory cytokines is not observed in patients with a low
tumor burden because T-cell activation occurs when an immune synapse is made
between a T cell and a CD19+ leukemic cell via blinatumomab [14].

8.6  Safety and Adverse Effects
8.6.1 Adverse CNS Events

The most common adverse CNS events are tremor (17%), dizziness (14%), confu-
sion (7%), encephalopathy (5%), ataxia (5%), and somnolence. In many cases,
these adverse CNS events are reversible with temporal interruption of blinatu-
momab, dexamethasone, and anticonvulsant, but they force the discontinuation of
administration of blinatumomab. For the patients whose neurological adverse events
are less than grade 4, blinatumomab can be reintroduced starting at the lowest dose
(5 pg/m?) after these events have resolved [18]. CNS events tend to occur in patients
with CNS infiltration of leukemic cells or in those with underlying CNS diseases.
These data suggest that blinatumomab should not be given to such patients. The
mechanism of blinatumomab-induced CNS toxicity could involve direct T-cell-
mediated toxicity and/or cytokine-mediated toxicity such as the CNS toxicity that is
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induced by CAR T-cell therapy [19]. These are the reasons why adverse CNS events
tend to occur in patients who have a high tumor burden or in those who were given
blinatumomab for the first time.

8.6.2 Cytokine Releasing Syndromes

Cytokine releasing syndromes (CRS) develop as the result of systemic inflamma-
tion that is caused by inflammatory cytokines such as IL-2, IL-6, IL-10, IFN-y, and
TNF-a, which are produced by blinatumomab-activated T cells. In most CRS cases,
symptoms are flu-like such as pyrexia and myalgia. In severe CRS cases, inflamma-
tory cytokines induce capillary leak and result in hypotension, pulmonary edema,
coagulopathy, and multi-organ failure. The preventive administration of dexametha-
sone (10 mg/m?/day) during the first 5 days of blinatumomab infusion and dose
reduction of blinatumomab to 5 pg/m*/day (or 9 pg/day) during the first 7 days of
blinatumomab effectively prevent development of CRS and do not affect the result
of blinatumomab treatment. CRS usually develops in the first cycle of blinatu-
momab treatment, because T-cell activation and inflammatory cytokine release
occur due to immune synapse formation between T cells and CD19-positive leuke-
mic cells via blinatumomab [18, 20].

8.6.3 Hypogammaglobulinemia

Because B cells differentiate into plasma cells that produce immunoglobulins,
B-cell elimination by blinatumomab results in hypogammaglobulinemia. Since
CD19, but not CD20, expression is maintained on plasma blast cells, the period of
hypogammaglobulinemia resulting from blinatumomab administration is prolonged
compared to that resulting from an anti-CD20 antibody such as rituximab. Although
the levels of all immunoglobulin classes in serum are decreased by treatment with
blinatumomab, the greatest decrease is seen in the level of serum IgA. The serum
levels of IgG, IgM, and IgA fall to 29%, 12%, and 6% of their respective baseline
values. The level of each immunoglobulin class begins to recover in the order of
IgM, IgG, and IgA after completion of blinatumomab treatment. It takes a long time
to recover the level of serum immunoglobulins after completion of blinatumomab
treatment because plasma cells have to be differentiated from naive and memory B
cells, which are regenerated by CD19-negative B-cell progenitors. Within 2 years,
the levels of serum IgG and IgM, but not the levels of serum IgA, recover to more
than 50% of the level of the pretreatment baseline. Because immunoglobulin is an
important humoral factor for the eradication of foreign pathogens, it might be nec-
essary to regularly monitor the level of serum immunoglobulin and to replenish it to
the minimum level to prevent infection [21].
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8.6.4 Other Adverse Effects

Cytopenias are frequently observed during blinatumomab treatment. It is difficult to
determine whether these cytopenias are related to the effects of blinatumomab or to
ALL itself. Neutropenia and febrile neutropenia (FN) more than grade 3 were devel-
oped in 25% and 16%, respectively, of ALL patients treated with blinatumomab
[18]. It is necessary to pay attention to infectious disease both during and after treat-
ment with blinatumomab, because hypogammaglobulinemia induced by blinatu-
momab results in patients with a compromised immune status.

8.7 Results of Clinical Trials of Blinatumomab (Table 8.1)

8.7.1 Clinical Results of Adult Patients with Relapsed or
Refractory B-Precursor ALL Treated with Blinatumomab

Two results of phase 2 clinical trials of blinatumomab have been published to date.
The first report included 36 relapsed or refractory B-precursor ALL patients with or
without Philadelphia chromosome, including 21 patients who had received allo-
HSCT before the treatment with blinatumomab. The median age was 32 years
(range: 1877 years of age). At the beginning of this trial, blinatumomab was
administered at a dose of 15 pg/m?* as CIV administration for 4 weeks with a 2-week
rest between cycles. Because grade 4 CRS was observed, prophylactic treatment
with dexamethasone at a dose of up to 24 mg for up to 5 days and/or 200 mg/m? of
cyclophosphamide for up to 4 days was permitted, and the initial dose of

Table 8.1 Results of clinical trials of blinatumomab

Disease | Age No. of
status No. of patients| Results Grade3-4 AEs TRM References
R/R 32 years 69% CR or Leukopenia, 6 [20]
CRh thrombocytopenia, CNS (17%)
(18-77) 88% MCR in | disorder
N=36 CR and CRh
R/R 39 years 43% CR or FN, neutropenia, anemia, 28 [18]
CRh pyrexia (17%)
(18-79) 82% MCR in | Neurologic events, hepatic
N=168 CR and CRh | disorder
R/R 10.4 years 67% CR FN, anemia, CRS, anemia, |0 (0%) |[23]
(4.3-18.5) 67% MCR in | thrombocytopenia, hepatic
N=9 CR and CRh | disorder
CR with |45 years 80% MCR Pyrexia, tremor, aphasia, 2(2%) | [22]
MRD (18-76) encephalopathy
N=116

R/R relapsed/refractory, MRD minimal residual disease, CR complete response, CRh CR with
incomplete hematologic recovery, MCR molecular CR, CNS central nervous system
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blinatumomab in the first week of treatment was lowered to 5 pg/m?* and was later
increased to 15 pg/m?. Sixty-nine percent of patients achieved a CR or CR with
partial hematologic recovery (CRh), with 88% of responders achieving an MRD
response. Forty-two percent of patients who achieved CR or CRh underwent subse-
quent allo-HSCT. The median overall survival (OS) and relapse-free survival (RFS)
were 9.8 and 7.6 months, respectively. Frequent adverse events (AEs) during the
treatment were pyrexia (81%), fatigue (50%), headache (47%), tremor (36%), and
leukopenia (19%). The most frequent AEs of grade 3 or 4 were transient leukopenia
and thrombocytopenia. Infectious diseases developed in 12 patients, including 5
deaths. None of the patients that died from infectious disease had achieved a CR or
CRh. CNS events were observed in 22% of the patients. Two patients developed
grade 4 CRS, and none of the nonresponders to blinatumomab treatment developed
CRS [20].

The second report included 189 relapsed or refractory B-precursor ALL patients
without Philadelphia chromosome, including 64 patients who had received allo-
HSCT before the treatment with blinatumomab. The median age was 39 years
(range: 18-79 years of age). In the first cycle, blinatumomab was administered as
CIV administration at a dose of 9 pg/day for the first week and 28 pg/day for the
next 3 weeks. After two cycles, blinatumomab was administered at a dose of 28 pg/
day for 4 weeks with a 2-week rest between cycles. Within two cycles of blinatu-
momab treatments, 43% of patients achieved a CR or CRh, with 82% of responders
achieving an MRD response. Forty percent of patients who achieved CR or CRh
underwent subsequent allo-HSCT. The median OS and RFS times were 6.1 and
5.9 months, respectively. Allo-HSCT before the treatment of blinatumomab had no
impact on the result of its treatment. Frequent AEs of grade 3 or 4 during the treat-
ment were febrile FN (25%), neutropenia (16%), anemia (14%), neurological event
(13%), and CRS (2%). Three deaths due to infectious disease were thought by the
investigator to be treatment related [18].

8.7.2 Results of Blinatumomab Treatment of MRD-Positive
Adult B-Precursor ALL Patients in Hematological CR

One hundred and sixteen patients in hematological CR with MRD after three or
more intensive chemotherapies were treated with 15 pg/m?/day of blinatumomab
for 4 weeks with a 2-week rest between cycles. Seventy-eight percent of these
patients achieved a complete MRD response after one cycle of treatment. Two fatal
adverse events occurred, one of which was a subdural hemorrhage and the other was
atypical pneumonia [22].
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8.7.3 Clinical Results of Pediatric Patients with Relapsed or
Refractory B-Precursor ALL Treated with Blinatumomab

The results of a phase 2 trial of blinatumomab for pediatric patients with relapsed or
refractory B-precursor ALL have been reported. Thirty-nine patients, including
patients who relapsed after allo-HSCT, were treated with blinatumomab. The
median age was 9 years (range: 2—16 years of age). They received blinatumomab at
a dose of 5 pg/m?*day during the first week and at a dose of 15 pg/m*day during the
next 3 weeks. The treatment was repeated with intervals of 2 weeks. Similar to adult
patients with relapsed or refractory pre-B-ALL, 36% of the pediatric patients
achieved CR or CRh within two cycles of treatment, and 42% of the patients who
achieved CR or CRh were MRD negative. Frequently observed AEs were pyrexia
(74%), anemia (33%), nausea (31%), headache (28%), and hypotension (21%). AEs
of more than grade 3 were anemia (26%), pyrexia (21%), increased alanine amino-
transferase (18%), increased aspartate aminotransferase (18%), FN (15%), and CRS
(5%) [23].

8.8 Problems and Future Direction

As described here, about 40-60% of relapsed or refractory B-precursor ALL
patients can obtain CR or CRh with blinatumomab treatment, and about 40-60% of
these patients become MRD negative. However, it is not possible to identify the
patients for whom blinatumomab is effective. It is currently thought that patients
who achieve CR or CRh with blinatumomab should receive allo-HSCT to cure the
leukemia if allo-HSCT is not a contraindication for them. However, according to a
long-term follow-up of a German phase 2 study, 2 of 12 patients who became MRD
negative and did not receive allo-HSCT as consolidation therapy maintained a long-
term relapse-free status (more than 30 months). It is very interesting that they expe-
rienced severe adverse effects that were characteristic of blinatumomab treatment.
One patient had a reversible grade 4 CRS, and the other had a reversible grade 3
neurological event [24].

Blinatumomab has been approved only for relapsed or refractory B-precursor
ALL by the US Food and Drug Administration and the European Commission. The
next step is to investigate how to use blinatumomab for de novo B-precursor ALL
patients. Because about 80% of B-precursor ALL patients can achieve CR with
conventional combination chemotherapy, it is impossible to compare the efficacy of
blinatumomab as monotherapy with that of conventional combination chemother-
apy [2, 3]. It is uncertain whether the combination of blinatumomab with cytotoxic
anticancer drugs will improve treatment outcome because blinatumomab depends
on T-cell cytotoxicity to exert its antileukemic effect, and this may be hindered by
cytotoxic agents. From this point of view, as many cases of Ph-ALL express CD 19
[25] and TKIs do not affect T-cell function, combination therapies with TKIs and
blinatumomab are very attractive for the treatment of Ph-ALL with CD 19
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expression. Investigations regarding how to use blinatumomab more effectively
should be continued.
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Mogamulizumab in Adult T-Cell
Leukemia/Lymphoma

Michinori Ogura

Abstract

KW-0761, mogamulizumab, is a next-generation humanized anti-CC chemokine
receptor 4 (CCR4) immunoglobulin G1 (IgG1) monoclonal antibody with a
defucosylated Fc region, which markedly enhanced antibody-dependent cellular
cytotoxicity. Because CCR4 is expressed on tumor cells from most patients with
adult T-cell leukemia/lymphoma (ATL), CCR4 might represent a novel molecu-
lar target for immunotherapy by mogamulizumab. Phase I and II studies showed
that mogamulizumab is active in patients with relapsed ATL with acceptable
toxicity. A randomized phase II study demonstrated that the combination strat-
egy of mogamulizumab with polychemotherapy showed a potentially less favor-
able safety profile and a higher complete response rate was achieved, providing
the basis for further investigation of this novel treatment for newly diagnosed
aggressive ATL. Based on these clinical studies, mogamulizumab was approved
in patients with both newly diagnosed and relapsed/refractory CCR4+ ATL in
Japan. Mogamulizumab is expected to become a core agent combined with other
molecular targeting drugs and chemotherapeutic drugs in ATL and CCR4+ T-cell
lymphoma.
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9.1 Introduction

Adult T-cell leukemia-lymphoma (ATL) is an aggressive peripheral T-cell neoplasm
caused by human T-cell lymphotropic virus type I. The disease is resistant to con-
ventional chemotherapeutic agents, and there currently exist limited treatment
options; thus, it has a poor prognosis [1-4]. A phase III trial for previously untreated
patients with aggressive ATL (acute, lymphoma, or unfavorable chronic type) age
33-69 years demonstrated that a dose-intensified multidrug regimen, VCAP-AMP-
VECP (vincristine, cyclophosphamide, doxorubicin, and prednisone; doxorubicin,
ranimustine, and prednisone; and vindesine, etoposide, carboplatin, and predni-
sone), resulted in median progression-free survival (PFS) and overall survival (OS)
of 7.0 and 12.7 months, respectively [5]. This remains unsatisfactory compared with
responses in other hematologic malignancies. Allogeneic hematopoietic stem cell
transplantation has evolved into a potential approach to treating patients with ATL
over the last decade. However, only a small fraction of patients with ATL have the
opportunity to benefit from transplantation, such as those who are younger, have
achieved sufficient disease control, and have an appropriate stem cell source [6, 7].
Therefore, the development of alternative treatment strategies for patients with ATL
is an urgent issue.

Because CC chemokine receptor 4 (CCR4) is expressed on tumor cells from
most patients with ATL [8, 9], CCR4 might represent a novel molecular target for
immunotherapy. Accordingly, mogamulizumab, a next-generation humanized anti-
CCR4 immunoglobulin G1 (IgG1) monoclonal antibody (mAb) with a defucosyl-
ated Fc region, which markedly enhances antibody-dependent cellular cytotoxicity
(ADCC), was developed [10, 11].

In this chapter, mechanism of action and clinical data of phase I and phase II
studies in relapsed ATL and randomized phase II study in newly diagnosed ATL
will be described.

9.2 Mechanism of Action (Fig.9.1)

Chemokines act as signaling molecules in the migration and tissue homing of vari-
ous leukocytes. Among them, thymus and activation-regulated chemokine (TARC)
and monocyte-derived chemokine (MDC) induce the selective recruitment of dis-
tinct subsets of T cells through triggering of a chemokine receptor, CCR4. The
CCR4 gene is located on chromosome 3p24. CCR4 is a seven-domain transmem-
brane G protein-coupled receptor, and TARC/CCL17 and MDC/CCL22 are ligands
of CCR4. The anti-CCR4 monoclonal antibody recognizes the N-terminal portion
of the CCR4 molecule. KW-0761, mogamulizumab, is a next-generation human-
ized anti-CCR4 immunoglobulin G1 (IgG1) monoclonal antibody with a defucosyl-
ated Fc region, which markedly enhanced ADCC. Ishida et al. reported that the
therapeutic defucosylated anti-CCR4 mAb induced a robust ADCC activity against
not only CCR4-positive human ATL cells but also against other types of CCR4-
positive human leukemia/lymphoma lines in the presence of PBMC from healthy
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N-terminal

Extracellular regions

Higher ADCC due to a defucosylated CCR4 (CC chemokine receptor 4)
Fc region by POTELLIGENT GPCR for MDC and TARC
Markers for Type Il helper T-cells and
Regulatory T-cells (FoxP3+)
Over-expressed in ATL, PTCL and CTCL

Fig. 9.1 CC chemokine receptor 4 (CCR4) and humanized anti-CCR4 monoclonal antibody,
KW-0761. The CCR4 gene is located on chromosome 3p24. CCR4 is a seven-domain transmem-
brane G protein-coupled receptor, and TARC/CCL17 and MDC/CCL22 are ligands of CCR4. The
anti-CCR4 monoclonal antibody recognizes the N-terminal portion of the CCR4 molecule

individuals in a dose-dependent manner in vitro. In addition, a robust ADCC of the
therapeutic defucosylated anti-CCR4 mAb mediated by autologous effector cells
was triggered in some ATL cells as well as cells from other types of PTCL patients
in vitro [11, 12]. Highly enhanced ADCC activity without complement-dependent
cytotoxicity or direct antitumor activities was also reported [11, 13]. Ishida et al.
analyzed 103 patients with ATL and found that tumor cells from about 90% of
patients showed CCR4 expression [14]. They also found that patients with CCR4-
positive ATL were more likely to have skin infiltration and had a worse outcome
than those with CCR4-negative ATL, indicating that CCR4 played an important
pathogenetic role in ATL [14].

9.3  Phasel Study in Relapsed ATL

This phase I study assessed the safety, pharmacokinetics, and recommended phase
II dose and efficacy of KW-0761 (mogamulizumab) in patients with relapsed CCR4-
positive adult T-cell leukemia-lymphoma (ATL) or peripheral T-cell lymphoma
(PTCL) [15]. In this study, 16 patients received KW-0761 once a week for 4 weeks
by intravenous infusion (Table 9.1). Doses were escalated, starting at 0.01, 0.1, 0.5,
and finally 1.0 mg/kg by a 3+3 design (Fig. 9.2). Fifteen patients completed the
protocol treatment. Only one patient, at the 1.0 mg/kg dose, developed grade 3
dose-limiting toxicities, skin rash, and febrile neutropenia and grade 4 neutropenia.
Other treatment-related grade 3-4 toxicities were lymphopenia (n = 10),
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Table 9.1 Patient demographic and clinical characteristics by cohort in phase I study in relapsed
ATL (Ref. [15])

Cohort and Dosage
Expanded:
Characteristic 1: 0.01 mg/kg 2:0.1 mg/kg 3: 0.5 mg/kg 4: 1.0 mg/kg 1.0 mg/kg Total
No. of patients 3 4" 3 3 3 16
Median age, years 62
Range 46-68 55-66 60-69 62-64 55-62 46-69
Sex
Male 2 2 2 0 2 8
Female 1 2} 1 3 1 8
Diagnosis
ATL 2 4 3 2 2 13
PTCL 1(MF) 0 0 1(PTCL-NOS) 1(PTCL-NOS) 3
No. of prior chemotherapy regimens
1 2 2 2 1 2 9
2 0 0 0 2 0 2
>3 1 2 1 0 1 5

ATL adult T-cell leukemia-lymphoma, PTCL peripheral T-cell lymphoma, NOS not otherwise
specified, MF mycosis fungoides
?One patient enrolled at 0.1 mg/kg was withdrawn due to early progressive disease

KW-0761 0.01, 0.1, 0.5, 1.0 mg/kg

Relapsed

ATL/ .l, ,|, 198

PTCL 15 22 Safety and efficacy
(CCR4+) ) assessment
N=16

Fig.9.2 Study design of phase I study of mogamulizumab in relapsed ATL and PTCL. This was
a multicenter dose-escalation study with three to six patients at each dose level to determine the
maximum-tolerated dose (M7D) and estimate the recommended phase II dose. Cohorts of patients
received KW-0761 at 0.01, 0.1, 0.5, and 1.0 mg/kg, weekly for 4 weeks by intravenous infusion.
Premedications (antihistamine and antipyretic) were administered before each KW-0761 (mogam-
ulizumab) treatment

neutropenia (n = 3), leukopenia (n = 2), herpes zoster (n = 1), and acute infusion
reaction/cytokine release syndrome (n = 1). Neither the frequency nor severity of
toxicities increased with dose escalation. The maximum tolerated dose was not
reached. Therefore, the recommended phase II dose was determined to be 1.0 mg/
kg. No patients had detectable levels of anti-KW-0761 antibody. The plasma maxi-
mum and trough, and the area under the curve of 0-7 days of KW-0761, tended to
increase dose and frequency dependently. Five patients (31%; 95% CI, 11-59%)
achieved objective responses: two complete (0.1; 1.0 mg/kg) and three partial (0.01;
2 at 1.0 mg/kg) responses (Table 9.2). KW-0761 was tolerated at all the dose levels
tested, demonstrating potential efficacy against relapsed CCR4-positive ATL or
PTCL. Subsequent phase II studies at the 1.0 mg/kg dose are thus warranted.
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Table 9.2 Summary of clinical response of each patient in phase I study in relapsed ATL (Ref.
[151)

Response

Patient No. by Cohort Sex  Age(years) Discase No. of Infusions PB Skin LN OR PFS(days)
1
101 M 46 MEF tumor stage 4 - PD SD PD 29
102 M 60 ATL acute 4 - SD - SD—CR 617+
103 F 68 ATL acute 4 CR = CR PR® 85
2
201 M 55 ATL acute 4 CR PR SD SD 50
202 F 66 ATL acute 4 PR - SD S[)‘ 36
203 M 66 ATL acute 1 - - SD pD° 8
204 F 57 ATL acute 4 CR CR - CR 379+
3
301 M 60 ATL acute 4 - PD - PD 36
302 M 64 ATL acute 4 - - PD PD 29
303 F 69 ATL lymphoma 4 - - SD pD° 29
4
401 F 64 PTCL-NOS 4 CR CR PR PR 198+
402 F 62 ATL acute 4 CR CR PR PR 64
403 F 64 ATL lymphoma 4 - - SD SD 43
Expanded
411 M 55 ATL acute 4 - PD - PD 28
412 M 62 ATL acute 4 CR - - CR 107+
413 F 58 PTCL-NOS 4 - - SD SD 110+

PB peripheral blood, LN lymph node, PFS progression-free survival, OR overall response, M
male, MF mycosis fungoides, PD progressive disease, SD stable disease, F female, ATL adult
T-cell leukemia-lymphoma, CR complete response, PR partial response, PTCL-NOS periph-
eral T-cell lymphoma, not otherwise specified

“Target lesions among measurable enlarged lymph nodes and tumor nodules in extranodal organs
"The diseases had disappeared by 1 year after treatment and 102 was categorized as showing CR
‘Patients had nontarget lesions (nonincrease on 103, increase on 203) and new tumor legions (303)

9.4  Phasell Study in Relapsed ATL

A multicenter phase II study of KW-0761 for patients with relapsed, aggressive
CCR4-positive ATL was conducted to evaluate efficacy, pharmacokinetic profile,
and safety [16]. The primary end point was overall response rate, and secondary end
points included progression-free survival and overall survival from the first dose of
KW-0761. Patients received intravenous infusions of KW-0761 once per week for
8 weeks at a dose of 1.0 mg/kg (Fig. 9.3). Of 28 patients enrolled onto the study, 27
received at least one infusion of KW-0761 (Table 9.3). Objective responses were
noted in 13 of 26 evaluable patients, including eight complete responses, with an
overall response rate of 50% (95% CI, 30-70%). Median progression-free survival
and overall survival were 5.2 and 13.7 months, respectively (Fig. 9.4). The mean
half-life period after the eighth infusion was 422 + 147 h (+ standard deviation). The
most common adverse events were infusion reactions (89%) and skin rashes (63%),
which were manageable and reversible in all cases (Table 9.4). KW-0761 demon-
strated clinically meaningful antitumor activity in patients with relapsed ATL, with
an acceptable toxicity profile. Further investigation of KW-0761 for treatment of
ATL and other T-cell neoplasms is warranted.

Base on these phase I and phase II studies, mogamulizumab was approved and
launched on May 2012 in Japan.
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Table 9.3 Patient demo- Characteristic No. %
graphics and clinical Age,years
characteristics in phase II Median 64
study in relapsed ATL Eg;ge " B "
(n=27)* (Ref. [16]) Sex
Male 12 44
Female 15 56
ECOG performance status”
0 15 56
1 7 26
2 5 19
Disease subtype
Acute 14 52
Lymphoma 6 22
Chronic 7 26
Prior chemotherapy regimens, No.
1 22 82
2 3 11
3 2 7

ECOG Eastern Cooperative Oncology Group

20f 28 patients enrolled, 27 received at least one
infusion of KW-0761

"ECOG performance status scores range from zero
(normal activity) to five (death), with higher scores
indicating more severe disability

KW-0761, 1.0 mg/kg n=26

2R 28 28 2R 28 28 28 Z T N2

1 mos 1 mos 2 mos

\ Y \ v

Efficacy assessment

Fig.9.3 Study design of phase II study. This study was a multicenter, single-arm, phase II trial.
Objectives of the study were to evaluate the efficacy, pharmacokinetic profile, and safety of
KW-0761 monotherapy. Patients received intravenous infusions of KW-0761 once per week for
8 weeks at a dose of 1.0 mg/kg

9.5 Randomized Phase Il Study in Newly Diagnosed ATL

This multicenter, randomized, phase II study was conducted to examine whether the
addition of mogamulizumab, a humanized anti-CC chemokine receptor 4 antibody,
to mLSG15, a dose-intensified chemotherapy, further increases efficacy without
compromising safety of patients with newly diagnosed aggressive adult T-cell
leukemia-lymphoma (ATL) (Fig. 9.5). Patients were assigned 1:1 to receive
mLSG15 plus mogamulizumab or mLSG15 alone. The primary end point was the
complete response rate (%CR); secondary end points included the overall response
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Fig. 9.4 Kaplan-Meier curves of estimated (a) progression-free survival (PFS; median,
5.2 months) and (b) overall survival (OS; median, 13.7 months) in phase II study in relapsed ATL
(Ref. [16])

rate (ORR) and safety. Between August 2010 and September 2011, 54 patients with
newly diagnosed aggressive ATL were enrolled at 18 institutions. Of these 54
patients, 29 in the mLSG15-plus-mogamulizumab arm and 24 in the mLSG15 arm
received treatment according to our study protocol (Table 9.5). The %CR and ORR
in the mLSG15-plus-mogamulizumab arm (n = 29) were 52% [95% confidence
interval (CI), 33-71%] and 86%, respectively; the corresponding values in the
mLSG15 arm (n = 24) were 33% (95% CI, 16-55%) and 75%, respectively
(Table 9.6). The median PFS in the mLSG15-plus-mogamulizumab and mLSG15
arms were 8:5 and 6-3 months, respectively (Fig. 9.6). The median OS was not
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Table 9.4 Adverse events (n = 27)* in phase II study in relapsed ATL (Ref. [16])

Infusion Reaction

Grade (No. of patients) All Grades Related
Adverse Event (No. of patients)
1 2 3 4 PIZ:i.ezis % G;:l(:es 2 Grade 2
Nonhematologic
Infusion reaction 1 22 1 0 24 89
Fever 20 2 0 0 22 82 18 2
Rash 3 9 5 0 17 63 1 0
Chills 14 2 0 0 16 59 16 2
ALT 5 4 2 0 11 41
AST 3 5 2 0 10 37
Tachycardia 9 0 0 0 9 33 9 0
Hypertension 6 2 0 0 8 30 8 1
Albuminemia 7 1 0 0 8 30
ALP 4 2 0 0 6 22
Weight gain 5 0 0 0 5 19
Nausea 4 1 0 0 5 19 5 1
Hyponatremia 5 0 0 0 5 19
Hypoxemia 0 2 3 0 5 19 4 4
Hypotension 2 2 0 0 4 15 3 1
Pruritus 0 3 1 0 4 15
v-GTP 0 1 3 0 4 15
Hypophosphatemia 0 4 0 0 4 15
Hyperuricemia 4 0 0 0 4 15
Hypercalcemia 1 1 0 1 3 11
Hypokalemia 1 0 2 0 3 11
Erythema multiformet 0 0 1 0 1 4
Hyperglycemia 0 0 1 0 1 4
Tumor lysis syndrome 0 0 1 0 1 4
Metabolic/laboratory, other} 4 7 3 0 14 52
Hematologic
Lymphopenia§ 0 6 9 11 26 96
Leukocytopenia 3 7 8 0 18 67
Thrombocytopenia 7 2 3 2 14 52
Neutropenia 5 4 5 0 14 52
Hemoglobin 4 3 1 0 8 30

ALP alkaline phosphatase, BUN blood urea nitrogen, CRP C-reactive protein, GTP glutamyl
transpeptidase

20f 28 patients enrolled, 27 received at least one infusion of KW-0761. Listed are adverse events
determined as possibly, probably, or definitely KW-0761 related that occurred in at least 15% of
patients or were of grade 3—4 severity

"One patient diagnosed as having Stevens-Johnson syndrome

°Other metabolic and laboratory test abnormalities included hypoproteinemia, BUN elevation,
CREP, glycosuria, hypochloremia, and hyperammonemia

dLymphopenia included decrease of abnormal lymphocytes

reached in either arm (Fig. 9.6). Grade >3 treatment-emergent adverse events,
including anemia, thrombocytopenia, lymphopenia, leukopenia, and decreased
appetite, were observed more frequently (>10% difference) in the mL.SG15-plus-
mogamulizumab arm. Several adverse events, including skin disorders, cytomega-
lovirus infection, pyrexia, hyperglycemia, and interstitial lung disease, were



9 Mogamulizumab in Adult T-Cell Leukemia/Lymphoma 159

mLSG15
+ Mogamulizumab arm

1:1 Randomization (MLSG15 x 4 cycles
[1 s Stratiﬁcation faCtor ] Mogamulizumab: :,very 2 weeks x 8)
CCR4positive :> Disease subtype

. (acute, lymphoma
neWIy il_?l?nosed or unfavorable chronic)

[2™ stratification factor]

Age (<56 or2 56)0 => mLSG15 arm
(mLSG15 x 4 cycles)

Fig.9.5 Study design of randomized phase II study in newly diagnosed ATL. The primary end
point was the complete response rate (%CR). Eligible patients were randomly assigned in a 1:1
ratio to the two treatment groups based on dynamic allocation and minimization by a central ran-
domization center

Table 9.5 Demographics and clinical characteristics of randomized phase II study (Ref. [17])

‘ mLSG15 + mogamulizumab (n = 29) ‘ mLSG15 (n=24)

ATL subtype

Acute 20 (69%) 17 (71%)

Lymphoma 6 (21%) 7 (29%)

Chronic® 3 (10%) 0 (0%)
Age, years

Median 61 64

Range 49-81 37-74

<56 11 (38%) 6 (25%)

>56 18 (62%) 18 (75%)
Sex

Male 12 (41%) 16 (67%)

Female 17 (59%) 8 (33%)
ECOG PS

0 16 (55%) 13 (54%)

1 10 (35%) 9 (38%)

2 3 (10%) 2 (8%)

ECOG Eastern Cooperative Oncology Group, PS performance status
425 patients were randomized; 24 were treated
"Chronic type with poor prognostic factors

observed only in the mLSG15-plus-mogamulizumab arm. Although the combina-
tion strategy showed a potentially less favorable safety profile, a higher %CR was
achieved, providing the basis for further investigation of this novel treatment for
newly diagnosed aggressive ATL. Based on these data of this randomized phase 11
study, mogamulizumab was approved for the expansion of indication in newly diag-
nosed CCR4+ ATL on December 2014 in Japan.
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Table 9.6 Response to treatment in randomized phase II study in newly diagnosed ATL (Ref.
[17D

mLSG15 + mogamulizumab
(n=29) mLSG15 (n =24)
CR 9 5
CRu 6 3
PR 10 10
CR + CRu 15 8
%CR (95% CI) 52% (33-71) 33% (16-55)
Between-group difference (95% CI) | 18-4% (-89 to 43-8)
CR + CRu + PR 25 18
ORR (95% CI) 86% (68-96) 75% (53-90)

CR complete response, CRu uncertified complete response, PR partial response; %CR complete
response rate, CI confidence interval, ORR overall response rate

Recently, the impact of pretransplantation mogamulizumab on clinical outcomes
after allogeneic-hematopoietic stem cell transplantation (allo-HSCT) was reported
[18]. In this retrospective analysis of 996 allo-HSCT recipients age 70 years or
younger with aggressive ATL who were given the diagnosis between 2000 and 2013
and who received intensive chemotherapy by multiple chemotherapeutic drugs as
first-line therapy, 82 patients received mogamulizumab with a median interval of
45 days from the last mogamulizumab to allo-HSCT. Pretransplantation mogamuli-
zumab was associated with an increased risk of grade 3—4 acute graft-versus-host
disease (GVHD; relative risk, 1.80; P < 0.01) and refractoriness to systemic corti-
costeroid for acute GVHD (relative risk, 2.09; P < 0.01). The probability of 1-year
overall survival was significantly inferior in patients with pretransplantation
mogamulizumab compared with those without (32.3% v 49.4%; P < 0.01).
Pretransplantation mogamulizumab was significantly associated with an increased
risk of GVHD-related mortality, which supports the relevance of CCR4-expressing
regulatory T cells after allo-HSCT in humans. Therefore, in clinical practice,
mogamulizumab should be cautiously used for patients with ATL who are eligible
for allo-HSCT.

Mogamulizumab was also approved in relapsed or refractory peripheral T-cell
lymphoma (PTCL) and cutaneous T-cell lymphoma (CTCL) based on the data of a
phase II study in relapsed/refractory PTCL/CTCL on April 2014 in Japan [19].

Mogamulizumab is expected to become a core agent with other drugs includ-
ing molecular targeting drugs such as romidepsin, lenalidomide, forodesine, and
darinaparsin or chemotherapeutic drugs including pralatrexate in ATL or PTCL/
CTCL.
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Fig. 9.6 Progression-free survival and overall survival in randomized phase II study. a Kaplan-
Meier curve of estimated progression-free survival (median, 8¢5 and 6¢3 months in the mLSG15-
plus-mogamulizumab and mLSG15 arms, respectively). b Kaplan-Meier curve of estimated
overall survival (median, not achieved in either arm). The median follow-up periods in the
mLSG15-plus-mogamulizumab and mLSG15 arms were 413 days (range, 63—-764 days) and
502 days (range, 62794 days), respectively. (Ref. [17])
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Abstract

FLT3 is a type III receptor tyrosine kinase and expresses in most acute leukemia
cells as well as normal hematopoietic stem/progenitor cells. FLT3 mutation is
the most frequent genetic alteration in acute myeloid leukemia (AML) and is
associated with poor prognosis in AML patients. Since high-dose chemotherapy
including allogeneic hematopoietic stem cell transplantation cannot overcome a
poor prognosis, development of FLT3 inhibitor is highly expected. To date, sev-
eral FLT3 inhibitors have been developed and evaluated for safety and efficacy in
clinical trials; however, no FLT3 inhibitor has been yet approved for the patients
with FLT3 mutations. In addition, several problems for clinical use, such as
adverse effects, blood concentration, and resistance, have been apparent in clini-
cal trials. FLT3 inhibitors are now developed in two ways: monotherapy and
combination therapy with chemotherapy. Although further evaluations are
required in each FLT3 inhibitor, I summarize the characteristics of FLT3 inhibi-
tors in clinical development and discuss important issues to be resolved for clini-
cal use.
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10.1 Introduction

FLT3 (FMS-like receptor tyrosine kinase) is a class III receptor tyrosine kinase
(RTK) together with KIT, FMS, and platelet-derived growth factor receptor
(PDGFR) [1-3] and consists of five immunoglobulin-like domains in the extracel-
lular region, a juxtamembrane (JM) domain, a tyrosine kinase (TK) domain sepa-
rated by a kinase insert (KI) domain, and a C-terminal domain in the intracellular
region [4]. FLT3 is expressed in hematopoietic stem cells as well as in the brain,
placenta, and liver [2, 5]. The ligand to FLT3 (FL) is expressed as a membrane-
bound or soluble form by bone marrow stroma cells and stimulates hematopoietic
stem/progenitor cells [6-10]. FL-FLT3 interaction, therefore, plays an important
role in the survival, proliferation, and differentiation of stem cells. On the other
hand, FLT3 is expressed in most acute myeloid leukemia (AML) and B-lineage
acute lymphocytic leukemia (ALL) cells [11-16]. Although FL stimulation
enhances proliferation and reduces apoptosis in FLT3-expressing leukemia cells, it
had not been clear how FLT3-mediating signal is involved in the pathophysiology
of leukemia until the discovery of FLT3 mutations in AML [17]. There are two
types of mutations: an internal tandem duplication in the JM domain-coding
sequence of the FLT3 gene (FLT3-ITD) [18] and point mutations at the D835 resi-
due and point mutations, deletions, and insertions in the codons surrounding D835
within a TK domain of FLT3 (FLT3-KDM) [19-25]. FLT3-ITD and FLT3-KDM
occur in 15-35% and 5-10% adults with AML, respectively, and are associated
with a poor prognosis [26—31]. Both FLT3-ITD and FLT3-KDM proteins are ligand
independently activated and constitutively activate downstream signaling mole-
cules, such as MAPK, STATS, and AKT. Therefore, mutated FLT3 serves as a
promising molecular target for the treatment of acute leukemia. To date, many
potent FLT3 inhibitors have been developed, and some of them have been evaluated
clinical efficacy and safety; however, no FLT3 inhibitors have been yet approved for
clinical use. In addition, several problems for clinical use, such as adverse effects,
blood concentration, and resistance, have been apparent in clinical trials. To over-
come these disadvantages, combination therapy with a traditional chemotherapy
and next-generation FLT3 inhibitors are clinically developed. Here, I will summa-
rize the characteristics of FLT3 inhibitors, which have been clinically developed,
and future problems to be resolved for clinical use.

10.2 Typeland Type Il Inhibitors

The binding of FL to the extracellular domain of FLT3 leads to its dimerization,
stabilizing a conformation of the catalytic domain with the activation loop (A-loop)
in an open conformation. This conformation of the active site accommodates ATP
and substrate binding, enabling transphosphorylation of the A-loop, stabilizing the
catalytic domain in an active conformation. Dimerization and the subsequent phos-
phorylation of tyrosine residues are essential for the activation of FLT3, followed by
induction of multiple intracellular signaling pathways leading to cell proliferation
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Fig. 10.1 Type I and type II FLT3 inhibitors. The binding of FL to the extracellular domain of
wild-type FLT3 leads to its dimerization, stabilizing a conformation in an active conformation.
FLT3-ITD takes a form of inactive conformation, while KDMs destabilize the inactive conforma-
tion of FLT3 in favor of the active conformation. Type I inhibitor can bond to both active and
inactive conformations, while type II inhibitor cannot bind to active conformation

and activation [32]. FLT3 inhibitors compete with ATP for the binding, resulting in
the inhibition of kinase activation. FLT3 inhibitors are classified into two types
according to the binding potency to inactive and active conformations of FLT3.
Type I inhibitors bind both inactive and active conformations of FLT3, while type II
inhibitors can only bind the inactive conformation of FLT3 (Fig. 10.1). FLT3-ITD
takes a form of inactive conformation, while KDMs destabilize the inactive confor-
mation of FLT3 in favor of the active conformation. Therefore, type I FLT3 inhibi-
tors block activations of both FLT3-ITD and FLT3-KDM, while type II inhibitors
cannot block the FLT3-KDM activation.

10.3 First-Generation FLT3 Inhibitors

After the discovery of FLT3 mutations, tyrosine kinase inhibitors (TKIs), which
have a potency to inhibit the FLT3 kinase, were firstly subjected to clinical trials
(Fig. 10.2) [33].

Tandutinib (Millennium) is a derivative of quinazoline. Although this compound
has a high selectivity against FLT3, the ICs, value (220 nM) is lower than the other
FLT3 inhibitors [34]. Furthermore, it inhibits the FLT3-ITD, but not FLT3-KDM,
indicating a type II inhibitor [35]. In a Phase 1 study of 40 patients with relapsed or
refractory AML, three patients had 40-50% reduction in the number of bone
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Fig. 10.2 Structure and inhibitory activity of first-generation FLT3 inhibitors. Tandutinib and
sorafenib are type II inhibitor. Lestaurtinib and midostaurin are type I inhibitor, but have lower
selectivity against FLT3

marrow (BM) blasts. In this study, no adverse effects were observed, while the peak
plasma concentration of this compound did not reach to the biologically effective
level. In a Phase 2 study of 25 patients with relapsed or refractory AML harboring
FLT3-ITD, a decrease of peripheral and BM leukemia cells was observed in seven
of the 15 patients, while clinical response could not be evaluated in eight patients
because of rapid disease progression or the toxicity, such as ptosis and QTc prolon-
gation [36]. Therefore, further clinical development was discontinued.

Sunitinib (Pfizer) is a derivative of indolinone and has been approved for renal
cell carcinoma, gastrointestinal stromal tumor (GIST), and neuroendocrine tumor
(NET) in Japan. It belongs to a type I inhibitor, has a unique inhibiting property to
tyrosine kinases, and inhibits KIT, PDGFR, and KDR kinases more sensitively than
FLT3 kinase (Fig. 10.2). In a Phase 1 study of 15 patients with advanced AML, the
tentative reduction of peripheral blast cells was observed in seven patients [37].
Since two patients died of cardiotoxicity and the plasma concentration was brought
to the biologically effective level, a further clinical development for AML has been
discontinued.
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Lestaurtinib (Cephalon) was derived from indolocarbazole. This compound is a
type I inhibitor with a high potency against FLT3 kinases (ICs, is 3 nM), but has
potencies against multiple kinases [38, 39]. In a Phase 2a study of 12 AML patients
with FLT3 mutations, the reduction of peripheral blast cells under 5% or the loss of
BM blasts was observed in four patients, while the complete remission (CR) was
not achieved in any patients [40]. Since this compound is also a derivative of indolo-
carbazole, the plasma concentration is lower than expected. The clinical efficacy of
this compound alone seemed to be limited, so a Phase 2 study with a combination
of lestaurtinib and conventional chemotherapeutic agents was conducted [41]. In
this study, 224 patients with the first relapsed AML harboring FLT3 mutations were
randomly assigned to chemotherapy (MEC or high-dose AraC) alone or a combina-
tion of chemotherapy and lestaurtinib. The CR/CRp rate in the combination group
(16%) was not statistically better than that in the chemotherapy group (21%). Based
on these results, further clinical development of lestaurtinib has been discontinued.

Sorafenib (Bayer) is a type II multikinase inhibitor, which has potency against
RAF-1, VEGFR, PDGFR, KIT, and FLT3, and has been approved for hepatocellular
carcinoma and renal cell cancer (Fig. 10.2) [42]. The ICs, value against FLT3 is
58 nM. Although clinical efficacy of sorafenib monotherapy was limited to the tran-
sient blast reduction in two Phase 1 studies, a combination with chemotherapy
revealed a high CR rate in the relapsed and/or refractory AML patients with FLT3-
ITD mutations [43]. However, since a combination of chemotherapy and sorafenib
did not show better overall and event-free survivals than a chemotherapy alone in
elderly AML patients, further studies are required to evaluate the efficacy and safety
of the combination therapy [44].

Midostaurin (Novartis) is a benzoylstaurosporine, initially developed as a KDR
inhibitor, and belongs to a type I inhibitor (Fig. 10.2) [45]. In a Phase 2 study of 61
patients including 11 FLT3-ITD and 4 FLT3-KDM patients, half of the enrolled
patients showed over a 50% reduction in the number of bone marrow blasts [46].
Although one AML patient with FLT3-ITD achieved complete remission, the dura-
tion was very short. Pharmacokinetic properties showed that the plasma concentra-
tion of this compound could not be maintained at the biologically effective level,
because it consists of an indolocarbazole molecule, which is known to be highly
associated with acid-a-glycoprotein (AGP) in human plasma. Notably, two patients
died of pulmonary edema, which was considered a drug-induced toxicity. Since it
was concluded that a monotherapy of midostaurin did not have sufficient clinical
activity in AML patients with FLT3 mutations, a combination with chemotherapeu-
tic regimens is evaluated. A randomized Phase 3 study (CALGB 10603/RATIFY
study) was conducted for evaluating the superiority of midostaurin in addition to the
conventional induction and consolidation therapies, and the interesting results were
reported at the 57th Annual Meeting of ASH in 2015 . Between May 2008 and
October 2011, 717 patients (555 FLT3-ITD; 162 FLT3-KDM) were randomized to
either the conventional chemotherapy plus midostaurin (n = 360) or the conven-
tional chemotherapy plus placebo (n = 357). Overall and event-free survivals were
significantly superior in the midostaurin group than placebo group (P = 0.007 and
0.004, respectively) (Table 10.1). This study firstly demonstrated that the
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Table 10.1 Results of CALGB 10603/RATIFY study

Arm Median month (95% CI) P value

Overall survival Midostaurin 74.7 (31.5, not attained) 0.007
Placebo 26.0 (18.5, 46.5)

Overall survival (SCT censored) Midostaurin Not attained 0.047
Placebo Not attained

Event-free survival Midostaurin 8.0 (5.3, 10.6) 0.0044
Placebo 3.0(1.9,5.8)

Event-free survival (SCT censored) | Midostaurin 8.2(5.5,10.7) 0.025
Placebo 3.0(1.9,5.8)

combination of chemotherapy and FLT3 inhibitor improves the long-term prognosis
of the AML patients with FLT3 mutations. However, the CR rate of chemotherapy
and midostaurin group (59%) was the same as that of chemotherapy and placebo
group (54%), indicating that further study is required for fully understanding the
significance of midostaurin in the induction therapy.

10.4 Second-Generation FLT3 Inhibitors

Clinical efficacies of first-generation FLT3 inhibitor monotherapy were lower than
expected. In addition, several problems, such as maintaining the effective plasma
concentration and serious adverse events, have been apparent to be resolved before
clinical use. Since the first-generation FLT3 inhibitors were not originally screened
for the sensitivity and selectivity against the activated FLT3 kinase, the second-
generation FLT3 inhibitors have been developed based on the growth inhibitory
effects against leukemia cells with FLT3 mutations (Fig. 10.3).

Quizartinib (Daiichi-Sankyo) has been screened for the affinity against FLT3
using the KinomeScan technique and has a high selectivity and sensitivity to FLT3.
Although the ICs, value against dephosphorylation of FLT3-ITD is 1.1 nM, this
compound does not have a potency against FLT3-KDM (type II inhibitor) [33]. The
preclinical study showed the high bioavailability and AUC [47]. In a Phase 1 study,
the QTc prolongation was the dose-limiting toxicity, while one CR and four incom-
plete CR (CRi) were observed in 18 AML patients harboring FLT3-ITD. In a Phase
2 study, 40 of the 79 (50.6%) patients with relapsed and/or refractory AML harbor-
ing FLT3-ITD achieved CRp or CRi. However, no CR was observed due to the BM
suppression. The BM suppression is thought to be caused by the KIT inhibition of
quizartinib. In addition, the QTc prolongation was also observed even at the recom-
mended dose, which was determined by the Phase 1 study. These results indicated
the strong potency of quizartinib against AML cells harboring FLT3-ITD, while it
is necessary to determine the optimal dose and/or schedule in the clinical use.

Crenolanib (Arog Pharmaceuticals) is a benzamidine quinolone derivative and
developed as a potent inhibitor of PDGFR, while subsequent analysis revealed that
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Fig. 10.3 Structure and inhibitory activity of second-generation FLT3 inhibitors. Quizartinib is a
highly FLT3 selective type II inhibitor. Crenolanib and gilteritinib are type I inhibitors, and their
inhibitory profiles are more FLT3 selective than lestaurtinib and midostaurin

it has a potency against both FLT3-ITD and FLT3-KDM (Fig. 10.3) [48]. Crenolanib
is a type I inhibitor and has the same potency against FLT3-ITD (ICs, is 1.3 nM) as
quizartinib. Although it has a potency against FLT3-KDM, inhibitory activities are
different in the types of FLT3-KDM. Of note is that crenolanib inhibits all types of
D835-mutated FLT3 kinases, but does not F691L-mutated FLT3 (Table 10.2).
Furthermore, recent study demonstrated that the combination with type II inhibitor
sorafenib increases antileukemia activity, suggesting that simultaneous type I and
type II inhibition may increase efficacy of leukemia cells regardless mutation types
of FLT3 [49]. Clinical efficacy and safety of crenolanib is now evaluated by mono-
therapy and combination therapy with conventional chemotherapy or sorafenib.
Gilteritinib (ASP2215, Astellas) has been developed for a selective inhibitor of
AXL and FLT3. It was reported that gilteritinib has a potency against both FLT3-
ITD and D835-mutated FLT3 (type I inhibitor). The preliminary data of Phase 1/2
study was reported at the Annual Meeting of ASCO in 2015. Although gilteritinib
was well tolerated from 20 to 300 mg, DLT (Grade 3 diarrhea and AST/ALT eleva-
tion) was observed in two patients at 450 mg. The MTD was, therefore, determined
as 300 mg. It was also reported that composite complete remission (CRc; CR, CRp,
and CRi) and overall response (CRc plus partial remission) were observed in 47.2%
and 57.5%, respectively, in 106 relapsed or refractory AML patients with FLT3
mutations who were treated with more than 80 mg of gilteritinib. Randomized
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Table 10.2 Inhibitory Mutation type | IC50 (nM)

activity of crenplanib against ITD 13

mutant FLT3 kinases
D835Y 6.9
D835F 6.5
D835H 19.8
D835N 4.3
D835V 2.3
ITD/D835Y | 8.7
ITD/F691L 67.8

Phase III study of gilteritinib versus salvage chemotherapy in patients with relapsed
or refractory AML with FLT3 mutation is now conducted.

10.5 Resistance of FLT3 Inhibitors

To date, several FLT3 inhibitors were subjected to the clinical trials. Although each
FLT3 inhibitor has a characteristic property about sensitivity and selectivity, resis-
tance has been apparent regardless the character through the early clinical studies.
Resistant mechanisms of FLT3 inhibitors are classified into primary and secondary
resistances (Table 10.3) [50, 51]. The primary resistance includes a different potency
against types of FLT3 mutations, other activating signals, and the lower potency
against leukemia stem cells. Although FLT3 inhibitors were classified into type I
and type II inhibitor based on the potencies against FLT3-ITD and FLT3-KDM, it
remains unclear which type of inhibitor improves the prognosis of the patients with
FLT3 mutations. Since the first-generation type I inhibitors, such as lestaurtinib and
midostaurin, have potency against many kinases in addition to FLT3, adverse events
by off-target effects were thought to be a disadvantage of type I inhibitor. Therefore,
clinical efficacy of more FLT3 selective type I inhibitors, such as crenolanib and
gilteritinib, is highly expected. However, recent results of Phase 3 study demon-
strated that an addition of midostaurin to chemotherapy significantly improved both
overall and event-free survivals in AML patients with FLT3 mutations; further study
is required to clarify how type I inhibitors should be used for getting the best clinical
result.

The secondary resistance includes FL-dependent resistance, an acquisition of
resistant mutations, and overexpression of FLT3 (Table 10.3). It was reported that
the growth inhibitory effect of FLT3 inhibitors is reduced by the addition of FL
in vitro (Table 10.4) [52]. In a Phase 2 study of lestaurtinib, the plasma concentra-
tion of FL was increased during the treatment of lestaurtinib, and the high FL con-
centration was associated with lower clinical efficacy. The most important resistance
mechanism is the acquisition of resistant mutations. The resistant mutation was not
clearly identified in Phase 1/2 studies of the first-generation FLT3 inhibitors,
because their monotherapy did not show sufficient clinical efficacies. However,
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Table 10.3 Primary and secondary resistant mechanism of FLT3 inhibitor

Primary resistance Secondary resistance

Low potency against FLT3-KDM Acquiring resistant mutations
Other activating signals FL stimulation

Low potency against leukemia stem cells Overexpression of FLT3

Table 10.4 Comparison of Gl values of FLT3 inhibitors in the FL present condition
Gls, value against MOLM 14 (nM)

FLT3 inhibitors FL 0 ng/mL 10 ng/mL Inhibitory ratio
Lestaurtinib 33 6.8 2.1
Midostaurin 7.2 25 3.5
Sorafenib 33 12 3.6
Quizartinib 0.38 1.3 34

Addition of FL reduces the Gl values of FLT3 inhibitors against FLT3-ITD-positive human AML
cell line MOLM14

Fig. 10.4 Structure of
FLT3 and resistant
mutations. In the inactive
form of wild-type FLT3,
the JM domain blocks
activation of the kinase and
may inhibit self-
dimerization. Mutations of
D835 and Y842 residues in
the A-loop induce a
conformational change
blocking the binding of
FLT3 inhibitors to the
ATP-binding pocket. Since
the F691 residue is a
gatekeeper of the
ATP-binding pocket, its
mutation also blocks the
binding of FLT3 inhibitors

several resistant mutations were identified in the patients who were treated with
quizartinib [53]. It has been reported that D835Y, D835V, D835F, or F691L muta-
tions were additionally acquired at relapse in eight patients with FLT3-ITD who
achieved CR by the quizartinib monotherapy. Since these mutated residues structur-
ally exist around the ATP-binding pocket and the F691L mutation corresponds to
the gatekeeper mutation, T3151, in the BCR-ABL gene, the binding of quizartinib to
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Table 10.5 GI;, values of FLT3 inhibitors against mutation types

GlIs, (nM) [relative ratio to ITD]
Mutation type Quizartinib Sorafenib Ponatinib Crenolanib
FLT3/ITD 0.13[1] 1.3[1] 3.0 [1] 1.3 [1]
FLT3/ITD+F691L 102 [785] 1189 [915] 52 [17] 67.8 [52.2]
FLT3/ITD+F6911 122 [938] 648 [498] 4.2[1.4] -
FLT3/ITD+D835V 120 [923] 2209 [1699] 349 [116] -
FLT3/ITD+D835Y 28 [215] 675 [519] 284 [95] 8.716.7]
FLT3/ITD+D835F 166 [1277] 2374 [1826] 414 [138] -
FLT3/ITD+D835H 5.5[42] 164 [126] 211 [70] -
FLT3/ITD+D839G 1.9 [15] 112 [86] 54 [18] -
FLT3/ITD+Y842C 33 [254] 469 [361] 229 [76] -
FLT3/ITD+Y842H 18 [138] 260 [200] 80 [27] -

mutant FLT3 is blocked (Fig. 10.4). Consistently, most resistant mutations acquired
after the treatment of quizartinib are resistant to another type II inhibitor sorafenib,
while novel type I inhibitor, such as ponatinib and crenolanib, shows inhibitory
activities against those resistant mutations (Table 10.5). Since the clinical efficacies
and selectivity of first-generation FLT3 inhibitors were lower, more selective and
sensitive FLT3 inhibitors are thought to be better for clinical use. However, resistant
mutation was easily induced by quizartinib, which showed the best clinical efficacy
in clinically developed FLT3 inhibitors. Therefore, it remains unclear whether
FLT3-selective inhibitor is clinically better than multikinase inhibitor.

10.6 Conclusion

Since FLT3 mutation is the most frequent genetic alteration and a poor prognostic
factor for the long-term survival in AML patients, FLT3 is a promising therapeutic
target. Although clinical efficacies of the first-generation FLT3 inhibitors were unim-
pressive, it has been proved by the quizartinib study that selective and continuous
FLT3 inhibition could provide patients with CR. Several novel type I FLT3 inhibitors
are now clinically investigated. It is highly expected that next-generation FLT3 inhib-
itors will make for a more efficacious therapeutic strategy for leukemia therapy.
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(ATRA), and Tamibarotene

Norio Asou

Abstract

Retinoids, all-trans retinoic acid (ATRA), and tamibarotene can induce differen-
tiation of leukemic cells that carry t(15;17) and potentially lead to complete
remission (CR) in patients with acute promyelocytic leukemia (APL). Although
introduction of ATRA as a differentiating agent has been a major breakthrough
in the treatment of APL, ATRA is currently recognized as a molecular-targeted
therapy directed at the PML-RAR« chimeric protein, which is generated by the
specific chromosomal translocation t(15;17). In several multicenter trials, more
than 90% of newly diagnosed APL patients treated with ATRA and chemother-
apy achieved CR, of whom 20-30% subsequently relapsed, and then approxi-
mately 80% of patients had overall survival. However, several problems still
account for treatment failure including early death, death during consolidation,
and disease relapse. Tamibarotene demonstrated efficacy in both untreated APL
patients and relapsed patients who have been treated with ATRA and chemo-
therapy. Retinoids are a model of the development of new molecular-targeted
agents for other malignant tumors.
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11.1 Introduction

Acute promyelocytic leukemia (APL) is a distinct subtype of acute myeloid leuke-
mia (AML), which is characterized by unique morphology and coagulopathy [1-4].
Patients with APL represent a marked hemorrhagic diathesis caused by dissemi-
nated intravascular coagulation (DIC) and excessive primary fibrinolysis. APL cells
in the vast majority of patients have a characteristic chromosomal translocation
t(15;17)(q22;q21) that produces the fusion gene consisted of promyelocytic leuke-
mia (PML) and retinoic acid receptor a (RARa) [5-9]. The advent of all-trans reti-
noic acid (ATRA) has been the major breakthrough in the treatment of APL [10].
ATRA can induce differentiation of APL cells, resulting in apoptosis of leukemic
cells and achievement of complete remission (CR) in APL patients [11-15]. ATRA
is currently recognized as the molecular-targeted therapy directed at the chimeric
protein PML-RARa, which is generated by the specific chromosomal translocation,
although the drug target was demonstrated after ATRA had been clinically used as
a differentiating agent [16—18]. In the history of cancer treatment, ATRA is the first
successful molecular-targeted drug and provides a development model for new
agents targeted at many other malignancies. Tamibarotene (also called Am8&0) is a
synthetic retinoid that induces differentiation of HL-60 and NB-4 cells with approx-
imately ten times stronger in vitro activity than that of ATRA [19, 20]. Phase II
studies of tamibarotene demonstrated its efficacy and safety in patients with APL
who had relapsed after ATRA-containing therapy [19]. Phase III studies have also
compared tamibarotene with ATRA in the maintenance phase and reinduction phase
for APL patients [21, 22].

In this chapter, differentiating agents ATRA and tamibarotene in the treatment of
APL are reviewed.

11.2 Acute Promyelocytic Leukemia

APL is a distinct subtype of AML that is characterized by the morphology of its
leukemic cells, a life-threatening coagulopathy caused by DIC and fibrinolysis, and
a specific chromosomal translocation t(15;17) [1-6]. APL represents approximately
10% of adult AML. APL cells have unique morphological characteristics such as a
large amount of azurophilic granules and Auer rods (faggot cells) [1, 2]. Azurophilic
granules in APL cells contain tissue factor, which can cause DIC [3, 4]. APL cells
also express high levels of annexin II, which can increase fibrinolytic activity. In
patients with APL, cytotoxic chemotherapy often exacerbates extreme bleeding dia-
thesis, such as intracranial hemorrhage, resulting in a high rate of early mortality
[14, 15, 23]. Patients with APL frequently present with pancytopenia. Median WBC
count at diagnosis is approximately 2.0x 10%/L, and only 20% of patients showed
initial WBC count >10x 10%/L [11, 14, 24]. Usually, APL cells express CD13 and
CD33, but are negative for HLA-DR or CD34 [14, 25, 26]. Approximately 10% of
patients with APL have the microgranular variant, designated as M3v in FAB clas-
sification, characterized by leukemic cells that are devoid of or have sparse fine
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granules [2]. M3v is generally associated with higher WBC count at presentation
and expression of CD2 as well as CD34 and HLA-DR [25-27]. In addition, internal
tandem duplications of the FLT3 gene (FLT3-ITD) are frequently detected in
patients with M3v [28, 29]. Accurate diagnosis of M3v may be difficult by means
of morphology. However, it is of note that leukemic cells with M3v also harbor
t(15;17) and respond to ATRA.

Most patients with APL harbored t(15;17) leading to PML-RARA fusion gene.
PML-RAR« chimeric protein retains critical domains of PML and RAR« and plays
a key role in the pathogenesis of APL (Fig. 11.1) [9, 30, 31]. In addition, PML-
RARu is a specific targeted molecule for the differentiating effect of ATRA and the
pro-apoptotic effect of arsenic derivatives such as arsenic trioxide (ATO) [30-34].
However, a small number of APL patients have different chromosomal aberrations
that interestingly contain 17q (RARA) translocations (Table 11.1) [35-38]. Among
these variant translocations, it is well documented that PLZF-RARo and STATS5B-
RAR« are resistant to ATRA [37, 38]. Therefore, identification of the PML-RARA
fusion gene by FISH and RT-PCR analyses at diagnosis is critical to assure clinical
response to ATRA and ATO.

In addition to the presence of chromosomal translocation t(15;17) that produces
PML-RARGa, other genetic alterations have also been implicated in the development
of APL [28, 29, 39, 40]. Expression of PML-RARA in mice is associated with long
latency of onset of the disease and variable penetrance [41-44]. This indicates that
secondary genetic abnormalities contribute to the pathogenesis of APL. A compre-
hensive mutational analysis of APL revealed that primary APL cells harbored
FLT3-1ITD (27%), FLT3 (16%), WT1 (14%), NRAS (10%), KRAS (4%), ARIDIA
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Fig. 11.1 PML-RAR« chimeric protein generated by t(15;17)(q22;q21) in APL. The chimeric
PML-RAR« protein retains critical domains of PML and RARa and promotes development of
APL. PML-RARa« fusion protein affects both nuclear receptor signaling and assembly of PML
nuclear bodies
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Table 11.1 Chromosomal translocations in APL and response to all-zrans retinoic acid (ATRA)

Chromosome Fusion gene Incidence Response to ATRA
t(15;17)(q22;921) PML-RARA >98% +
t(11;17)(q23;q21) PLZF(ZBTB16)-RARA 0.8%
(5;17)(q35;q21) NPMI-RARA <0.5%
t(11;17)(q13;q21) NuMA-RARA Rare
t(17;17)(q11;921) STAT5B-RARA Rare

t(4;17)(q12;q21) FIPILI-RARA Rare +
Cryptic PRKARIA-RARA Rare +
t(X;17)(pll;ql12) BCOR-RARA Rare +
t(2;17)(q32;q921) OBFC2A4-RARA Rare +
t(3;17)(q26;q921) TBLRI-RARA Rare +

(4.8%), and ARIDIB (3%) mutations in 165 initial diagnosis samples [40]. These
mutations, which cooperate with PML-RARGa, appear to play a role in the pathogen-
esis of APL. On the other hand, the absence of mutations in other common AML-
associated genes including DNMT3A, NPM1, TET2, ASXLI, and IDH1/2 was
observed.

11.3 Molecular Mechanism of Action for ATRA

RARa« is a member of the nuclear hormone receptor superfamily that acts as ligand-
inducible transcriptional regulators [30, 31, 45]. RAR« requires heterodimerization
with retinoid X receptor a (RXRa) to bind the retinoic acid response element
(RARE) located in the promoter regions of the target genes [31, 45]. Unliganded
RAR« can bind RARE and represses transcriptions through chromatin remodeling
by recruiting transcription corepressors including mSin3A, NcoR, and SMRT [16,
46, 47]. These corepressors recruit histone deacetylase (HDAC) complex, resulting
in histone deacetylation that leads to transcriptional silencing [16—18]. Retinoic
acid (RA) binding to RAR« induces dissociation of the HDAC complex and recruits
coactivators such as p300/CBP, leading to histone acetylation and activation of tran-
scription [18, 31]. One of the potential RA/RAR« target genes is a transcription
factor C/EBPe, which affects myeloid differentiation [48].

PML is the organizer of nuclear domains called PML nuclear bodies (NBs),
which show a speckled pattern in the nucleus by PML antibody staining (Fig. 11.2)
[30, 49-52]. Formation of PML NBs is associated with several stress responses,
including telomere shortening, DNA damage, aggregation of misfolded proteins,
deregulation of ribosome biogenesis, senescence, and proteasome inhibition [53].
NBs appear as domains assembled by oxidative stress and SUMO (small ubiquitin-
like modifier)-ylation, whose assembly controls stress-induced posttranslational
modification of various proteins. PML overexpression induces cell senescence,
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Fig. 11.2 Schematic representation of the nuclear bodies and the effects of ATRA and arsenic
trioxide (ATO). In normal myeloid cells, PML nuclear bodies (NBs) show a speckled pattern when
stained by PML antibodies. In APL cells, PML-RARa disrupts PML NBs, leading to a micro-
granular pattern of NBs. Both ATRA and ATO elicit PML-RAR« degradation, resulting in refor-
mation of normal NBs and cell differentiation

growth arrest, or apoptosis. In addition, PML NB formation is associated with self-
renewal of normal or cancer stem cells [54].

APL is driven by a PML-RARa fusion protein that affects both nuclear receptor
signaling and PML NB assembly [30-32, 51]. In APL cells, PML-RARa binds
RARE through the DNA-binding domain of RARa in a dominant manner [30, 55].
PML-RAR« mediates transcriptional repression of RAR« target genes by recruiting
corepressors, HDAC and DNA methyltransferase. Physiological dose of RA cannot
dissociate the HDAC complex, leading to a maturational block in myeloid differen-
tiation, which is thought to be an initial step of leukemogenesis [16—18]. In contrast,
pharmacological doses of ATRA trigger dissociation of the HDAC complex and
recruitment of coactivators [16—18, 56]. Thus, PML-RAR« is a potent repressor of
nuclear hormone receptor signaling, but it also disrupts PML NBs, resulting in a
microgranulation pattern (Fig. 11.2) [30, 49-51]. PML-RAR« can be SUMOylated
at K160 residue of the PML protein to recruit death domain-associated protein
(DAXX), which transcriptionally represses target genes [57].

ATRA and ATO target RARax and PML, respectively, the two distinct moieties of
the disease-specific oncoprotein PML-RAR« [30, 32]. Both ATRA and ATO elicit
PML-RAR« degradation, leading to reformation of normal NBs mediated by non-
rearranged PML and cell differentiation (Fig. 11.2) [49-51, 56]. Arsenic-elicited
PML degradation is initiated by SUMOylation of K160 [58]. ATO directly binds
with PML at the C-C motif in the B2 domain, and PML SUMOylation can be
induced by enhancing ubiquitin-conjugating enzyme 9 (UBC9) binding at the PML
RING domain (Fig. 11.1) [59]. ATO induces SUMOylation of PML that recruits a
SUMO-dependent ubiquitin ligase, RING finger protein 4 (RNF4), which enforces
PML polyubiquitination [33, 34, 59]. PML is also required for some activities of
p53. PML-RARa expression impedes p53 signaling and blocks the effects of p53
activation on cell death or clonogenic growth. Thus, NB disruption by PML-RAR«
impairs p53 key functions in controlling stemness or self-renewal, mediated by
enforcing GO arrest of stem cells, resulting in proliferation and aberrant stem cell
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self-renewal [58]. NB reformation in response to ATRA or ATO treatments precipi-
tates apoptosis or senescence [60]. Moreover, ATRA induces degradation of PML-
RAR« and activates normal RARa and PML, resulting in differentiation of APL
cells.

11.4 ATRA in the Treatment of Newly Diagnosed APL
Patients

11.4.1 ATRA as a Differentiating Agent for APL

In the late 1980s, investigators in Shanghai demonstrated that the active form of
retinoids, ATRA, could induce differentiation in APL cells, resolve life-threatening
coagulopathy, and achieve a high CR rate [10]. Early studies of ATRA documented
marked clinical efficacy in patients with both relapsed and newly diagnosed APL,
indicating that ATRA has no cross-resistance against chemotherapeutic agents [61—
63]. However, rapid increase of leukocytes is common, which is often accompanied
by APL differentiation syndrome (DS; formerly RA or ATRA syndrome) [64].
Furthermore, most patients treated with ATRA alone after achieving CR suffer
relapse [62]. Therefore, the combination of ATRA and cytotoxic chemotherapy has
been incorporated in the frontline therapy for newly diagnosed APL.

11.4.2 ATRA in Induction Therapy

11.4.2.1 ATRA for Newly Diagnosed APL Patients in Multicenter
Trials

In the US intergroup study, previously untreated APL patients were randomly
assigned to receive ATRA or chemotherapy which consisted of daunorubicin (DNR)
plus cytarabine (Ara-C) during induction [65]. Although CR rates between the two
groups were not different, 3-year disease-free survival (DFS) rates were 32% in the
chemotherapy group (n = 174) and 67% in the ATRA group (n = 172) (P < 0.001).
The 3-year overall survival (OS) rates were 50% for patients assigned to chemo-
therapy and 71% for patients who received induction with ATRA (P < 0.001). In
European APLI1 study, a multicenter randomized trial compared chemotherapy
with DNR plus Ara-C and ATRA combined with the same chemotherapy during
induction in newly diagnosed APL patients aged 65 years or younger [66]. The trial
was terminated early after the first interim analysis, as 1-year event-free survival
(EFS) was significantly higher in the ATRA group (79% vs. 50%, P = 0.001). These
initial randomized studies indicate that ATRA should be incorporated in frontline
therapy for newly diagnosed APL.

Thereafter, several multicenter studies conducted during the past decade have
contributed to optimizing the antileukemic efficacy of ATRA when used in combi-
nation with chemotherapy for induction therapy (Table 11.2) [21, 65, 67-78]. In the
GIMEMA and PETHEMA studies, simultaneous use of ATRA and idarubicin
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Table 11.2 ATRA and chemotherapy for newly diagnosed APL in multicenter trials

Study group Induction therapy No. of patients CR (%) DFS (%) EFS (%) OS (%)
Euro APL93 ATRA+DNR/Ara-C 576 93 - 77 (10)
Euro APL2000 ATRA+DNR/Ara-C 340 96 - 84.5(2) 91.9(2)
GIMEMA AIDA0493 ATRA+IDR 642 94 70 (6) - 78 (6)
GIMEMA AIDA2000 ATRA+IDR 453 94 86 (6) - 87 (6)
PETHEMA LPA96 ATRA +IDR 175 90 81 (3) - 78 (3)
PETHEMA LPA99 ATRA +IDR 511 91 84 (4) - 83 (4)
US Intergroup ATRA +HU 172 72 69 (5) - 69 (5)
US Intergroup ATRA +DNR/Ara-C 244 90 90 (3) 80 (3) 86 (3)
JALSG APL97 ATRA +IDR/Ara-C 283 94 69 (6) - 84 (6)
JALSG APL204 ATRA +IDR/Ara-C 344 93 - - 89 (4)

CR complete remission, DFS disease-free survival, EFS event-free survival, OS overall survival,
DNR daunorubicin, Ara-C cytarabine, IDR idarubicin, HU hydroxyurea, parentheses represent
observation times (years)

(IDR) (AIDA) during induction was highly effective and led to CR in 90-95% of
patients; resistance to AIDA therapy was reported only infrequently [71-74]. In the
Japan Adult Leukemia Study Group (JALSG) studies, ATRA was administered to
all patients at a 45 mg/m?/day until CR or for 60 days [21, 24, 63, 77]. Addition of
chemotherapy during induction depends on the initial WBC count and leukemic cell
count in the peripheral blood (Fig. 11.3) [21]. Subsequent consolidation therapy
consisted of three courses of intensive chemotherapy with anthracyclines and Ara-
C. In the JALSG AMLS87 and AMLS9 studies, 6-year DFS rates in CR patients who
were treated with chemotherapy alone were 40% and 45%, respectively [63]. In the
JALSG APL92 and APL97 studies, which included ATRA plus chemotherapy dur-
ing induction followed by consolidation chemotherapy, the 6-year DFS were 59%
and 68.5%, respectively (Fig. 11.4) [24, 77, 78].

In current multicenter trials, more than 90% of newly diagnosed APL patients
treated with ATRA plus chemotherapy achieve CR, of whom 20-30% subsequently
relapse and then approximately 60-80% of patients have DFS (Table 11.2) [67-78].
Non-cross-resistance between ATRA and chemotherapeutic drugs appears to con-
tribute to the significant improvement in EFS. However, several major clinical prob-
lems still account for treatment failure, including early death, death during
consolidation, and disease relapse. Induction failure is mainly caused by hemor-
rhage, DS, or infection [3, 4, 23, 64]. Another sizable subset of patients dies in CR
from complications of consolidation, mainly from infection due to chemotherapy-
associated myelosuppression [67—78]. Optimal chemotherapy during induction and
post-remission in these high-risk groups remains to be determined. Because of the
excellent response with ATRA plus chemotherapy, hematopoietic stem cell trans-
plantation (HSCT) is generally not indicated in first CR but might be considered for
second CR patients [79, 80].

These multicenter studies led to a proposal to assess relapse risk in APL patients
treated with ATRA and chemotherapy. The JALSG APL92 study revealed that
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(A) WBC < 3.0 x 109L
& APL < 1.0 x 10%L
ATRA 45 mg/mzlday I MIT/Ara'C

(B) 3.0 < WBC < 10.0 x 109/L Il. DNR/Ara-C
or APL > 1.0 x 109/L lll. IDR/Ara-C ATRA
ATRA
IDR 12 mg/m?2x2 (-)

Ara-C 100 mg/m2x5 PML-RARA

(C) WBC > 10.0 x10%/L (+)
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IDR 12 mg/m2x3
Ara-C 100 mg/m2x7

(D) During induction, APL > 1.0 x10°/L
‘ add IDR 12 mg/m?/Ara-C 100 mg/m?

Fig. 11.3 Therapeutic protocol in the JALSG APL204 study. ATRA was administered to all
patients at a daily dose of 45 mg/m? until the patients achieved complete remission or for 60 days,
whichever occurred first. Chemotherapy regimen depended on initial WBC count and APL cell
count in the peripheral blood. For example, patients whose pretreatment WBC counts were 3.0—
10.0x 10°/L and/or the APL cell count exceeded 1.0x 10°/L (group B) received idarubicin and
cytarabine. Consolidation therapy consisted of three courses of intensive chemotherapy. After
completion of the third consolidation course, patients in molecular remission of PML-RARA were
then randomly assigned to either oral administration of ATRA (45 mg/m?%day) or to oral tamibaro-
tene (Am80; 6 mg/m?*/day), both for 14 days every 3 months. Maintenance therapy was continued
for up to 2 years for a total of up to eight courses in both groups
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0.8- APL97 (n=265)[68.5%]
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Fig. 11.4 Disease-free survival in APL patients who achieved complete remission in the Japan
Adult Leukemia Study Group (JALSG) APL studies. In the JALSG AMLS87 and AMLS9 studies,
APL patients were treated with chemotherapy alone, whereas APL patients registered in the
JALSG APL92 and APL97 studies were treated with ATRA and chemotherapy. In the APL97
study, chemotherapy regimens during induction and consolidation consisted of anthracyclines and
cytarabine instead of anthracyclines and biphenyl cytarabine in the APL92 study
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initial WBC count at diagnosis can independently predict DFS [24]. The predicted
4-year DFS rate was 68% in patients whose initial WBC count was less than
10x 10%/L and 42% in those whose initial WBC count was >10x 10%/L (P = 0.0007).
Relapse-risk groups proposed by the PETHEMA group were as follows: low risk,
WBC count <10x 10°/L and platelet count >40x 10°L; intermediate risk, WBC
count <10x10°%L and platelet count <40x 10°/L; and high risk, WBC count
>10x 10%/L [81]. This so-called Sanz risk score, essentially based on WBC and
platelet counts at diagnosis, allowed further refinement of frontline APL therapy
through up-front risk assessment and wuse of risk-adapted ATRA and
chemotherapy.

To decrease mortality in CR, the PETHEMA group reduced the intensity of con-
solidation by avoiding Ara-C in the LPA99 study (Table 11.2) [74]. They observed
a lower rate of death in CR (2%) and a low cumulative incidence of relapse (CIR)
(10%). On the other hand, the APL2000 trial conducted by the French-Belgian-
Swiss APL group in patients with WBC count less than 10x 10%/L, which examined
the role of Ara-C in addition to ATRA and anthracyclines, found a significantly
higher 2-year CIR (15.9% in the no Ara-C group vs. 4.7% in the Ara-C group,
P =0.011) and lower 2-year OS (89.6% vs. 97.9%, P = 0.0066) in patients treated
without Ara-C [69]. To assess these discrepancies between the LPA99 and APL2000
studies, particularly regarding the effect of Ara-C, these two studies were jointly
analyzed [82]. In the low- and intermediate-risk groups, 3-year CIR was 14.3% and
4.2% (P =0.03) in the APL2000 and LPA99 trials, respectively. OS were 95.6% and
93.8% (P =0.53) in the APL2000 (n = 96) and LPA99 (n = 402) trials, respectively.
In the high-risk group, 3-year CIR was 9.9% and 18.5% (P = 0.12), and 3-year OS
was 91.5% and 80.8% (P = 0.026) in the APL2000 (n = 82) and LPA99 (n = 104)
trials, respectively. These results suggest that ATRA combined with a high cumula-
tive dose of IDR without Ara-C but with a maintenance treatment like the PETHEMA
approach may give excellent results with limited toxicity in low- and intermediate-
risk APL, whereas the addition of Ara-C to ATRA and anthracyclines in high-risk
patients may result in a trend toward lower CIR and a better OS.

11.4.2.2 Hemorrhage

Recent registry studies show that hemorrhage is still a major problem, as many
patients fail to be promptly diagnosed and/or receive appropriate treatment in time
[83]. Remission induction failures are a major stumbling block even in current APL
therapy. Although infection is the predominant cause of death in AML, hemorrhage
is the most common cause of death during induction in APL patients, followed by
DS and infection [23]. The majority of lethal hemorrhages occurred early during
induction. Repletion of coagulation factors and platelet with blood products is the
mainstay of supportive treatment in APL patients. In most multicenter studies,
platelet transfusions are given to maintain a platelet count of at least 30 x 10%/L until
resolution of the coagulopathy [14]. Patients with active coagulopathy also receive
fresh-frozen plasma, cryoprecipitate, or fibrinogen to maintain a fibrinogen level
above 1.5 g/L. Nevertheless, fatal hemorrhagic events have been seen in 2-5% of
patients treated with ATRA and chemotherapy [23]. APL cells mediate hemorrhagic
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diathesis through multiple mechanisms that lead to a combination of consumptive
coagulopathy and primary hyperfibrinolysis. Exposure of tissue factor, annexin II,
and microparticles from the leukemic cells has been implicated in the coagulopathy
[3, 4]. Therefore, not only aggressive supportive care but also prompt treatment with
ATRA (with or without ATO) is the most important step in preventing bleeding
complications [14]. In a randomized comparison of ATRA plus chemotherapy vs.
ATRA plus ATO, the ATRA and ATO combination resulted in decreased early
death, which suggests that ATO exerts a better counteractive effect on coagulopathy
compared with chemotherapy [84, 85].

In the JALSG APL97 study, 18 patients (6.5%) suffered severe hemorrhage and
nine of them succumbed to early deaths [86]. Although most of them were receiving
frequent transfusions, the targeted levels of platelet counts (30 x 10%/L) and plasma
fibrinogen (1.5 g/L) were reached at the day of bleeding in only 71% and 40%,
respectively. Risk factor analysis identified three pretreatment variables associated
with severe hemorrhage, initial fibrinogen level, WBC count, and performance sta-
tus. In addition, patients with severe hemorrhage were more likely to develop DS or
pneumonia than patients without hemorrhage. In the PETHEMA study, a multivari-
ate analysis of pretreatment characteristics showed that abnormal creatinine level,
high peripheral leukemic cells, and the presence of coagulopathy were associated
with an increased risk of fatal hemorrhage [23].

11.4.2.3 Differentiation Syndrome (DS)

DS, formerly known as ATRA syndrome, is a life-threatening complication in
patients with APL who undergo induction therapy with ATRA or arsenics [64, 87,
88]. The syndrome is clinically characterized by unexplained fever, weight gain,
peripheral edema, dyspnea with interstitial pulmonary infiltrates, pleural or pericar-
dial effusion, hypotension, and renal failure. The reported incidence of this syn-
drome ranges from 2% to 27% [67-78]. This wide range is probably because of the
different criteria used to diagnose DS and differences in induction therapy and pro-
phylaxis. Early addition of chemotherapy to ATRA and administration of high-dose
dexamethasone at the onset of the first symptoms appeared to reduce the DS-related
mortality to 1% or less in the recent trials. Although predictive factors of DS have
not been determined, DS is associated with increased differentiated neutrophils that
secrete inflammatory cytokines such as IL-6, IL-8, and TNFa. Prevention of hemor-
rhage and DS during induction is critical to achieve CR, because primary resistance
to ATRA is an exception in newly diagnosed APL with t(15;17).

The Spanish PETHEMA group analyzed the incidence, characteristics, prognos-
tic factors, and outcome in 739 patients treated with AIDA in the LPA96 and LPA99
studies (Table 11.2) [89]. Diagnosis of DS was made according to the presence of
the following signs and symptoms described by Frankel et al. [64]: dyspnea, unex-
plained fever, weight gain greater than 5 kg, unexplained hypotension, acute renal
failure, and particularly a chest radiograph demonstrating pulmonary infiltrates or
pleuropericardial effusion. In this study, patients with four or more of the above
signs or symptoms were classified as having severe DS, while those with two or
three signs or symptoms were considered to have moderate DS. Of the 739 patients,
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Table 11.3 Management and outcomes of APL differentiation syndrome (DS) in the PETHEMA
LPA96 and LPA99 studies

No DS Moderate Severe Total of DS
No. of signs and symptoms 0-1 2-3 >4 >2
No. of patients 556 90 (12%) 93 (13%) 183 (25%)
Median age (range) 39 (2-83) - - 43 (3-78)
Leukocyte count (x10%/L) 2.0 (0.2-460) - - 3.3(0.4-133)
ATRA withdraw 87 (16%) 54 (60%) 60 (64%) 114 (62%)*
DEXA i.v. 90 (16%) 74 (82%) 84 (90%) 158 (86%)*
Dialysis NA 1 (1%) 11 (12%) 12 (6.6%)*
Ventilation NA 7 (8%) 24 (26%) 31 (17%)*
Induction death 37 (7%) 5 (6%) 24 (26%) 29 (16%)*
Death due to DS 0 0 10 (11%) 10 (5%)*
Death (Bleeding) 22 (4%) 5 (6%) 10 (11%) 15 (8%)*
Death (Infection) 14 (2%) 0 3 (3%) 3 (2%)
Thrombosis 18 (3%) 3 (3%) 9 (10%) 12 (7%)*

‘P <0.05

183 (24.8%) experienced DS including 93 (12.6%) with severe DS and 90 (12.2%)
with moderate DS (Table 11.3). The most common manifestations of severe DS
were dyspnea (95%), pulmonary infiltrates (81%), unexplained fever (74%), weight
gain of more than 5 kg (68%), pleural effusion (58%), and renal failure (46%). DS
occurred at a median of 12 days after starting ATRA treatment (range, 0—46 days).
Severe DS occurred comparatively early, at a median of 6 days, while moderate DS
appeared after a median of 15 days. The first peak occurred during the first week of
ATRA treatment in 47% of patients with DS, and subsequently later cases of DS
developed in the third week (25%), in the fourth week (19%), and after day 29 (3%).
Development of moderate DS had no impact on the mortality during induction (6%
with moderate DS vs. 7% without DS, P = 0.82), but severe DS was associated with
an increased mortality (26%, P < 0.001) (Table 11.3). Notably, hemorrhagic mortal-
ity was also higher in patients who developed severe DS than in those with moderate
DS or no DS (P = 0.02). In addition, severe DS was also significantly associated
with a higher frequency of thrombosis. WBC counts greater than 5x 10°/L and
serum creatinine levels greater than 1.4 mg/dL at diagnosis were identified as inde-
pendent predictors of severe DS. Renal failure due to capillary leak syndrome
caused by cytokine release in DS may explain the association between high serum
creatinine and severe DS. Although the preemptive use of corticosteroids at the
earliest clinical manifestations of DS has been adopted as the standard manage-
ment, their prophylactic use is controversial [14]. A statistically significant reduc-
tion in the incidence of severe DS, but not in DS-related mortality, was probably
associated with prophylactic use of prednisolone during an early 15-day interval in
the LPA99 study [74]. As severe DS is associated with higher morbidity and mortal-
ity during induction, risk-adapted strategies that focus on patients with adverse risk
factors deserve further investigation.



194 N. Asou

Table 11.4 ATRA in consolidation therapy

Study Induction Consolidation Risk group  No.of Pts  CR (%) CIR (%) DFS (%) OS (%)
LPA96 ATRA+IDR CTx3 All 172 91 18 (5) 77 (5) 76 (5)
Int./High 138 - 21 (5) 75 (5) 75 (5)
LPA99 ATRA+IDR CT+ATRAx3**  All 560 91 11 (5)* 84 (5)* 82 (5)
Int./High 453 - 13 (5)* 83 (5)* 81 (5)
AIDA-0493 ATRA+IDR CTx3 All 642 943 27.7 (6) 69.5 (6) 78.1 (6)
Low/Int. 461 - 19.9 (6) 76.6 (6) 84.7 (6)
High 176 - 49.7 (6) 49.6 (6) 61.3 (6)
AIDA-2000 ATRA+IDR CT+ATRAX3 All 453 94.4 10.7 (6)* 85.6 (6)*  87.4(6)*
Low/Int. 324 - 11.2 (6)* 85.9 (6)* 89.1 (6)
High 129 - 9.3 (6)* 84.5 (6)* 83.4 (6)*

CR complete remission, CIR cumulative incidence of relapse, DFS disease-free survival, OS over-
all survival, IDR idarubicin, CT chemotherapy, parentheses represent observation years

‘P <0.05

“In the LPA99 trial, only intermediate- and high-risk patients received ATRA combined with the
reinforced single-agent chemotherapy courses

11.4.3 ATRA in Consolidation Therapy

In the LPA99 trial, the Spanish PETHEMA group reported that a risk-adapted strat-
egy combined with ATRA and anthracycline monochemotherapy for both induction
and consolidation, followed by maintenance with ATRA and low-dose methotrexate
(MTX) and mercaptopurine (6MP), resulted in a higher antileukemic efficacy than
in the previous LPA96 trial (Table 11.4) [74]. Intermediate- and high-risk patients
received ATRA (45 mg/m?/day for 15 days) combined with anthracycline for three
courses during the consolidation phase in the LPA99 study. This risk-adapted strat-
egy combining ATRA and anthracycline monotherapy for consolidation led to sig-
nificantly improved 5-year CIR and DFS rates in the intermediate-/high-risk patients
(Table 11.4).

In the Italian GIMEMA Cooperative Group, the risk-adapted AIDA-2000 trial
was designed to investigate the effects on patients” outcomes of two main modifica-
tions from the original AIDA-0493 study: the omission of Ara-C in the low-/
intermediate-risk group and the addition of ATRA (45 mg/m?*day for 15 days) dur-
ing three courses of consolidation for all risk categories [72]. A total of 642 and 453
adult patients, aged 18-60 years, were enrolled in the AIDA-0493 and AIDA-2000
trials, respectively. The 6-year DFS rates were 69.5% in the AIDA-0493 and 85.6%
in the AIDA-2000 (P < 0.0001) (Table 11.4). The 6-year CIR rates were 27.7% and
10.7% for all risk groups in the AIDA-0493 and AIDA-2000 studies, respectively
(P < 0.0001). Percentages of CNS relapses were 2.5% and 2.1% in the two studies.
This study shows that a risk-adapted post-remission strategy using variable chemo-
therapy intensity and addition of ATRA for consolidation resulted in significantly
improved outcomes in patients with newly diagnosed APL. The benefit appears to



11 Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene 195

Table 11.5 ATRA in maintenance therapy

Study group None ATRA MTX+6MP  ATRA+MTX+6MP  Am80
US Intergroup No. of patients 54 46
No. of relapses 21 10
5-yearRFS (%) 55 74*
Euro-APL93 No. of patients 79 76 117 129
No. of relapses 35 26 29 18
10-year CIR (%) 43 33* 23¥ 1135
GIMEMA AIDA0493  No. of patients 76 83 78 81
No. of events 22 25 22 23
JALSG APL204 No. of standard-risk patients - 109 - - 108
4-year RFS (%) - 90 - - 92
No. of high-risk patients - 26 - - 26
4-year RFS (%) - 58 - - 87*

ATRA all-trans retinoic acid, MTX methotrexate, 6MP 6-mercaptopurine, Am80 tamibarotene, RF'S
relapse-free survival, CIR cumulative incidence of relapse
‘P <0.05

result both from reduced toxicity and from increased antileukemic efficacy in the
AIDA-2000 study. In the high-risk group, especially, addition of ATRA during each
consolidation cycle significantly improved DFS and CIR rates in the AIDA-2000
compared with the AIDA-0493 study (Table 11.4). These Italian and Spanish stud-
ies document that the combination of ATRA plus chemotherapy in both induction
and consolidation phases may contribute to improvement of CIR and DFS in high-
risk group patients.

11.4.4 ATRA in Maintenance Therapy

The US intergroup study showed that maintenance treatment with continuous ATRA
during 1 year significantly reduced relapses and improved survival (Table 11.5)
[65]. On the other hand, the JALSG APL97 study showed that intensified mainte-
nance with six courses of chemotherapy including biphenyl Ara-C and anthracy-
clines did not improve DFS in patients who achieved molecular remission after
three courses of consolidation [77].

Of the 401 patients randomized for maintenance treatment on the European
APLI3 study, the 10-year CIR rates were 43.2%, 33%, 23.4%, and 13.4% in patients
with no maintenance, maintenance with ATRA alone, maintenance with chemo-
therapy (6MP and MTX) alone, and both, respectively (P < 0.001) (Table 11.5) [67,
68]. Maintenance with 6MP and MTX significantly improved 10-year OS (85.2%
vs. 79.2%; P = 0.02), but OS was not significantly modified by maintenance with
ATRA (82.7% vs. 79.4%; P = 0.44). Among patients with WBC counts >5 x 10°/L,
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the 10-year CIR rates were 68.4%, 53.1%, 32.8%, and 20.6% with no maintenance,
ATRA alone, chemotherapy alone, and both, respectively (P < 0.001). In patients
with WBC counts <5 x 10°/L, the 10-year CIR rates were 29.2%, 22.9%, 21.0%, and
11.5% with no maintenance, ATRA alone, chemotherapy alone, and both, respec-
tively (P = 0.069). The beneficial effect of maintenance with intermittent ATRA and
continuous 6MP + MTX, with an additive effect of the two modalities, was particu-
larly clear in patients with WBC counts higher than 5x 10°/L; the relapse rate
dropped from 68.4% with no maintenance to 20.6% with combined maintenance.

An updated Italian GIMEMA group study, using the same randomization design
as in the APL93 trial for maintenance (i.e., no maintenance vs. ATRA vs. 6MP +
MTX vs. both), showed no difference in relapse among maintenance arms
(Table 11.5) [71]. The benefit of maintenance may in fact depend on prior induction
and consolidation therapy. For example, both GIMEMAO0493 and JALSG APL97
studies used IDR as anthracycline for induction and consolidation chemotherapy,
whereas the US and European studies, which showed a large benefit for mainte-
nance, used DNR, which may be less effective than IDR for APL [65, 67, 71, 77].
In addition, it should be noted that in the GIMEMA and JALSG studies, only
patients with molecular remission after three courses of consolidation were enrolled
to the randomized study for maintenance, whereas patients with hematological
remission after two courses of consolidation were randomized to maintenance in
both the US and European studies. These conflicting evidences indicate that the
relative benefit of maintenance depends on the prior induction and consolidation
therapies. Therefore, it is appropriate to use maintenance in conjunction with treat-
ment protocols in which it has been shown to confer benefit [14].

11.4.5 Long-Term Follow-Up for Newly Diagnosed APL

The European APL group reported very long-term outcomes of APL after treatment
with ATRA and chemotherapy [68]. In the APL93 trial, 576 newly diagnosed APL
patients were enrolled from 97 European centers. A total of 533 (92.5%) patients
achieved CR, 42 (7.3%) had early deaths, and one (0.2%) had resistant leukemia.
With a median follow-up of 121 months, 142 (26.6%) of the 533 patients who
achieved CR had relapsed, 59 (11%) had died in CR, and 329 (61.7%) remained in
first CR (Table 11.6). The 10-year CIRs were 16.5% in the 306 patients <65 years
with WBC count <5 x 10°/L, 37.9% in the high WBC count group, and 9.3% in the
elderly group (P < 0.001). The estimated 10-year OS in the APL93 study was 77%.
Most relapses occurred before the arsenic era, and 79% were treated with chemo-
therapy combined with ATRA. A total of 88% of the patients achieved second CR,
and 63% of them subsequently underwent autologous or allogeneic HSCT. Of the
533 patients who achieved CR, 59 (11%) died in first CR, including 23 who died
during consolidation, 10 during maintenance, and 26 after the end of maintenance
treatment. Sepsis was the leading cause of death in CR (n = 23), followed by sec-
ondary tumors (n = 10). Among the 23 fatal infections, 17 occurred during consoli-
dation, but six occurred during maintenance.
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The updated results of the JALSG APL97 study with a median follow-up of
7.7 years also confirmed favorable long-term antileukemic effects of ATRA com-
bined with chemotherapy in newly diagnosed APL (Table 11.6) [78]. Interestingly,
long-term observation in the European APL93 and JALSG APL97 studies showed
similar results for CR rates, death in CR rates, 10-year CIR, and 10-year OS rates
(Table 11.6). The major cause of death was sepsis secondary to myelosuppression,
especially after consolidation courses and in elderly patients. Long-term outcome in
the European APL93 and JALSG APL97 studies confirms that the combination of
ATRA with chemotherapy can cure at least three-quarter of APL patients (Fig. 11.5).

Table 11.6 Long-term follow-up for APL patients treated with ATRA and chemotherapy

Euro APL93 JALSG APL97
No. of patients 576 283
Median age (range) 46 (28-72) 48 (15-70)
Median initial leukocyte count (x10°/L) - 1.7 (0.03-257.0)
Median platelet count (x10°/L) - 30 (2-238)
M3v 81 (15%) 18 (6%)
Complete remission 533 (92.5%) 267 (94%)
10-year cumulative incidence of relapse (CIR) 26.6% 26.5%

10-year cumulative incidence of non-relapse mortality 11% 8.6%
10-year event-free survival (EFS) 61.7%

10-year disease-free survival (DFS) - 67%
10-year overall survival (OS) 7% 78.8%

Fig.11.5 10-year overall 1.0 4
survival in patients with

APL treated with ATRA 9+
and chemotherapy in the

JALSG APLY7 study. Of .81
283 patients, 267 (94%)
achieved complete
remission in the JALSG
APLO97 study. The 10-year
cumulative incidences of
non-relapse mortality and
relapse were 8.6% and
26.5%, respectively.
Estimated 10-year
disease-free survival and
overall survival rates were Py
67% and 78.8%

Overall survival

AR N=283, 10-y OS 78.8%
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However, reduction of the incidence of non-relapse mortality (NRM) during con-
solidation in this highly curable disease is mandatory and requires reduction in the
use of myelosuppressive drugs. In addition, the 10-year CIR was observed approxi-
mately one-quarter of APL patients treated with ATRA and chemotherapy
(Table 11.6). Arsenic derivatives appear to have a growing role to play in these situ-
ations. Arsenic compounds are generally not myelosuppressive, and their use in
first-line treatment of APL may reduce the total amount of chemotherapy and fatal
infections [84, 85, 90, 91].

11.4.6 Unsolved Issues in APL Treated with ATRA
and Chemotherapy

11.4.6.1 Relapse

In the European APL93 and JALSG APL97 studies, 10-year CIR rates were 26.6%
and 26.5%, respectively (Table 11.6) [68, 78]. Relapse is still the main issue in APL
patients treated with ATRA and chemotherapy, and drug resistance to ATRA is a
critical problem. Relapse at extramedullary sites occurs up to 3—5% of APL patients
treated with ATRA and chemotherapy [92, 93]. Extramedullary relapse such as the
central nervous system (CNS) involvement can occur either in isolation or associ-
ated with marrow relapse. Management of relapse in the CNS and other extramedul-
lary sites is a challenging issue. European LeukemiaNet recommends that CNS
prophylaxis can be considered only for patients with hyperleukocytosis during
induction [14]. Notably, first late relapse (>4 years) was also seen in about 3% of
APL patients treated with ATRA and intensive chemotherapy [77, 94].

Inferior prognostic factor for relapse is high presenting WBC count (>10x 10%/L)
in APL patients who received ATRA and chemotherapy [24, 81]. This high-risk
group is also related to FLT3-ITD, PML break point (bcr3 isoform), and M3v [28,
29]. Expression of CD56 in APL cells has been associated with short DFS and
extramedullary relapses [95-98]. A total of 72 (11%) of 651 patients were CD56+
(expression of CD56 in >20% APL cells) in the PETHEMA studies [97].
CD56 + APL was significantly associated with high WBC counts, ber3 isoform, and
extramedullary relapse. Moreover, 5-year CIR rates were 22% and 10% for CD56+
and CD56- APL patients (P = 0.006). In the JALSG APLO97 study, expression of
CD56 was found in 23 (9.6%) of 239 patients [98]. The CIR and EFS showed an
inferior trend in CD56+ APL.

Detection of minimal residual disease (MRD) by RT-PCR or real-time quantita-
tive PCR of PML-RARA in the marrow cells has suggested a benefit for preemptive
therapy in patients who develop molecular relapse compared with treatment initi-
ated at the time of hematological relapse [6, 99-102]. The risks of hemorrhagic
early death and development of DS when patients present with overt disease argue
strongly in favor of starting therapy as early as possible in cases of emergent relapse.
This has provided the rationale for sequential MRD assessment by every 3 months
during first 3 years after completion of consolidation therapy [14].
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Several mechanisms of resistance to ATRA have been proposed, including the
development of mutations in the ligand-binding domain (LBD) of the RAR«, accel-
erated ATRA catabolism, and increased levels of cellular retinoic acid binding pro-
tein (CRABP), which induces retinoic acid metabolism [103, 104]. Genetic
mutations that result in amino acid substitution in the RARa LBD are reported as
underlying mechanisms in resistance to ATRA [105, 106]. In the RARA mutation,
ATRA binding with LBD is generally impaired, and then ligand-dependent core-
pressor dissociation and degradation of PML-RAR« by the proteasome pathway are
inhibited. As a result, a maturational block in cell differentiation is observed in APL
patients resistant to ATRA. Gallagher et al. [106] reported that LBD mutations were
observed in 18 of 45 (40%) relapse patients treated with ATRA and chemotherapy.

About 25% of patients eventually relapse and are possibly refractory to further
ATRA and chemotherapy. In addition, second CR achieved with ATRA lacks dura-
bility. The new retinoid, tamibarotene, developed in Japan has more potent in vitro
differentiation activity than ATRA [19]. Tamibarotene induced second CR in
approximately 60% of patients with relapsed APL after ATRA treatment.

Currently, ATO is considered a first-line therapy for relapsed APL patients who
were previously treated with ATRA and chemotherapy [90]. ATO induces CR in
more than 80% of patients after treatment with ATRA and chemotherapy. Since
ATO does not appear to completely eradicate leukemic cells in all patients, the best
post-remission therapy remains to be examined. Outcomes of autologous HSCT in
patients with second molecular remission after arsenic therapy were excellent [79,
80, 107, 108]. Although tamibarotene, ATO, and gemtuzumab ozogamicin (GO:
CD33 antibody conjugated with calicheamicin) are effective for relapsed patients,
their optimal scheduling and benefits when combined with other therapies for newly
diagnosed APL remain to be determined [101, 109].

11.4.6.2 Elderly APL Patients

APL shows a more even age distribution and is less frequently diagnosed in the
elderly compared with other AML subtypes. Only 15-20% of APL patients are
older than 60 years, and only 1-6% are older than 70 years [110, 111]. The intro-
duction of ATRA combined with chemotherapy has led to considerable improve-
ment in disease outcome by allowing significantly higher CR and DFS rates with
respect to the pre-ATRA era. However, compared with younger patients, elderly
patients had less favorable outcomes because of poor tolerance to intensive chemo-
therapy during induction and consolidation phases. CR rates among elderly patients
are lower than in younger patients, because of higher rates of early death (Table 11.7)
[78, 110-112]. In the GIMEMA study, 43 of 67 elderly patients (64%) completed
three courses of consolidation chemotherapy, while seven (11%) and 17 (25%)
patients withdrew after their first and second courses, respectively; nine (13%) died
in CR and 12 (18%) relapsed [110]. After amending the protocol to include only the
first cycle, all patients received their assigned treatment; two (5%) died in CR and
six (15%) relapsed. This highlighted the frequency and severity of complications
associated with intensive chemotherapy and indicated that less intensive post-
remission therapy allows significant reduction of therapy-related toxicity in APL of
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Table 11.7 Elderly patients with APL treated with ATRA and chemotherapy in multicenter

trials
Study GIMEMA AIDA0493 PETHEMA LPA96&99 European APL93 JALSG APL97
No. of patients 134 104 129 46
Median age (range) 66 (60-75) 68 (60-83) 66 (62-70) 63 (60-70)
High-risk 21 (16%) 21 (20%) 0 9 (20%)
Complete remission 116 (87%) 87 (84%) 111 (86%) 41 (89%)
Death during induction 16 (12%) 16 (15%) 18 (14%) 5 (11%)
Hemorrhage 4 (3%) 6 (6%) - 1(2%)
Differentiation synd. 4 (3%) 1 (1%) - 2 (4%)
Infection 2(1.5%) 9 (9%) - 1(2%)
Death during consolidation 11 (10%) 3 (3%) 10 (9%) 5 (13%)
Disease-free survival (DFS) 59% (6) 79% (6) 53% (4)* 65% (10)
CIR 20% 8.5% (6) 15.6% (4) 15% (10)
Cumulative incidence of NRM - - 18.6% 20% (10)
Overall survival (OS) 56% (6) - 57.8% (4) 63% (10)

CIR cumulative incidence of relapse, NRM non-relapse mortality
“Event-free survival

the elderly. In the PETHEMA LPA66 and LPA99 studies using anthracycline mono-
therapy for consolidation, excellent tolerance and a high degree of compliance were
observed (Table 11.7) [111]. In both European APL93 and JALSG APLO97 studies,
a significantly higher cumulative incidence of NRM, particularly during consolida-
tion, was observed in the elderly patients than in younger patients (Table 11.7) [78,
112]. In addition, the PETHEMA studies show that a significantly higher incidence
of low-risk patients among the elderly cohort may partially account for their low
CIR compared with younger patients [111]. However, CIR rates in other studies did
not significantly differ between the elderly and younger patients. These observa-
tions suggest that high incidence of NRM during induction and consolidation ther-
apy is the main cause of poor long-term outcome in elderly patients [78, 110-112].
ATO, which is only mildly myelosuppressive, may be a better choice to reduce
NRM risk in elderly patients.

11.4.6.3 Therapy-Related Myelodysplastic Syndromes

and Leukemia After Treatment for APL with ATRA

and Chemotherapy
The use of ATRA in combination with chemotherapy has markedly improved out-
comes for APL patients. However, a significant number of patients developed
therapy-related myelodysplastic syndromes (MDS) or AML [113]. The Rome
group firstly reported 5 of 77 APL patients (6.5%) who acquired therapy-related
MDS or AML [113]. Of 677 patients treated in the European APL91 and APL93
studies, 6 (0.97%) developed MDS during a median follow-up of 51 months [114].
In the PETHEMA studies, 17 of 918 patients (1.9%) who achieved CR developed
therapy-related MDS and AML after a median of 43 months from CR [115]. Partial
and complete deletions of chromosomes 5 and 7 and 11q23 (MLL) rearrangements
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were the most common cytogenetic abnormalities in these therapy-related MDS and
AML cases. In addition, clinical outcomes for patients with therapy-related MDS
and AML were extremely poor. Median OS after development of therapy-related
MDS or AML was approximately 10 months. Allogeneic HSCT can barely rescue
these patients. Thus, the occurrence of therapy-related MDS and AML after suc-
cessful treatment of APL is an emerging problem. The prognostic scoring system at
initial diagnosis and monitoring of MRD by RT-PCR might allow better tailoring of
treatment intensity in APL patients to spare unnecessary toxicity and to minimize
the risk of therapy-related MDS and AML. The choice of ATO instead of chemo-
therapy during induction and consolidation could avoid development of these late
complications in this curable disease.

11.5 Tamibarotene
11.5.1 Properties of Tamibarotene

Tamibarotene (formerly Am80) is a synthetic retinoid that induces differentiation of
myeloid cell lines such as HL-60 and NB-4 cells with in vitro activity approxi-
mately ten times more potent than that of ATRA [19, 20]. Tamibarotene has a low
affinity for the CRABP, the overexpression of which is associated with ATRA resis-
tance [103, 104]. As tamibarotene also has a lower affinity for the dermal retinoic
acid receptor-y (RARY), it may have lower rates of dermatological adverse events
than ATRA. In addition, unlike ATRA, plasma levels of tamibarotene do not decline
after daily administration, so it has a more favorable pharmacokinetic profile. These
properties imply that tamibarotene is superior to ATRA in APL treatment.
Tamibarotene has been shown to be effective for both untreated APL patients and
those who have relapsed after ATRA and chemotherapy [19, 21, 22].

11.5.2 Tamibarotene in Reinduction Therapy for Relapsed APL
Patients

Tobita et al. [19] reported that 24 patients with APL who relapsed after combination
therapy with ATRA and chemotherapy were treated with tamibarotene alone (6 mg/
m?/day). Most patients had not received ATRA as consolidation or maintenance
therapy in their previous treatment, and none had received ATO. In this trial, 14
(58%) patients achieved second CR after induction therapy with tamibarotene.
After a maximum follow-up of 14 months, five patients who achieved CR received
an allogeneic HSCT and none relapsed. Eight received additional consolidation
with conventional chemotherapy and one had relapsed. One who had continued
with tamibarotene therapy alone relapsed after 2 months. Adverse effects of tami-
barotene included DS (n = 1), hyperleukocytosis (n = 1), xerosis (n = 9), cheilitis
(n =8), hyperglyceridemia (n = 16), and hypercholesterolemia (n = 15). Thus, tami-
barotene is active for APL after relapse from ATRA-induced CR.
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Sanford et al. [22] reported on the use of tamibarotene in patients who had
relapsed after use of both ATRA and ATO. In this phase II study, 14 adults with
relapsed or refractory APL after treatment with ATRA and ATO were treated with
tamibarotene (6 mg/m?/day) during induction and for up to six cycles of consolida-
tion. The overall response rate was 64%, but seven of the nine responders relapsed
again after a median of 4.6 months (range, 1.6-26.8 months). This study demon-
strates that single-agent tamibarotene was well tolerated and resulted in a relatively
better response rate in patients with relapsed and refractory APL. Optimal manage-
ment for patients who relapsed after ATRA and ATO treatment is currently unknown.
Clinical trials of tamibarotene for relapsed patients should consider incorporating
other agents such as anthracyclines, ATO, and GO.

11.5.3 Tamibarotene in Maintenance Therapy

A recently published randomized trial implied that tamibarotene is more effective
than ATRA as maintenance therapy in patients with high-risk APL [21]. In this
JALSG APL204 study, newly diagnosed patients were treated during induction with
ATRA, idarubicin, and Ara-C and during consolidation cycles with anthracyclines
and Ara-C. Patients in molecular remission after consolidation were randomly
assigned to ATRA (n = 135) (45 mg/m?day) or to tamibarotene (n = 134) (6 mg/m?
day), for 14 days every 3 months (Fig. 11.3). The study showed a trend toward fewer
relapses in the tamibarotene group (20 [15%] vs. 10 [7%]) and improved relapse-
free survival (RFS) at 4 years (91% vs. 84%, P = 0.095), although neither difference
was statistically significant. However, a subset analysis of 52 patients with high-risk
APL showed significantly improved RFS in the tamibarotene group (87% vs. 52%,
P =0.03). These results suggest that tamibarotene has a potential role in frontline
treatment and trials to evaluate concurrent treatment with tamibarotene, and ATO is
warranted particularly in high-risk APL patients.

11.6 ATRA in the Treatment of AML Other than APL

Several clinical trials evaluated ATRA in combination with intensive chemotherapy
for patients with AML subtypes other than APL [116, 117]. Among the German-
Austrian AML Study Group (AMLSG) trial (AMLHD98B) in AML patients aged
61 years and older, ATRA was given at a dose of 45 mg/m? on day 3 through 5 and
at 15 mg/m? on days 6 through 28 during induction [116]. During first consolida-
tion, ATRA was given at 15 mg/m? on day 3 through 28. Patients randomized to the
ATRA arm (n = 242) had a significantly higher 4-year RFS (20.9% vs. 4.8%,
P =0.006) and OS (10.8% vs. 5%, P = 0.003) rates compared with the no-ATRA
arm (n = 122). In this study, patients with the genotype mutant NPMI without
FLT3-ITD who had been randomized to ATRA (n = 14) had a significantly better
outcome compared to patients with the same genotype who had not been random-
ized to ATRA (n = 12). However, the results of all other studies had been negative.
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In the UK MRC AML12 trial, 1075 patients less than 60 years of age were random-
ized to receive ATRA at a dose of 45 mg/m? from days 1 to 60 or not during the first
two courses of induction therapy [117]. Overall, there was no effect from the addi-
tion of ATRA with equal CR rates (83% with ATRA vs. 84% without ATRA) and
OS (33% vs. 30%). Of 592 patients examined with NPMI and FLT3-ITD, NPM1
mutations were present in 207 (35%) and FLT3-ITD in 137 (23%). Among patients
with NPM I mutation and wild-type FLT3, 8-year OS was 56% in the ATRA group
(n=66) and 40% in the no-ATRA group (n = 52), but the difference was not statisti-
cally significant (P = 0.2).

The exact molecular mechanisms through which ATRA may exert its effects in
AML with mutant NPM 1 remain elusive. In vitro studies suggest a link between
NPMI1 and ATRA-mediated transcriptional regulation under physiological condi-
tions and in myeloid leukemogenesis. Recent studies also showed that ATRA and
ATO synergistically induce proteasome-dependent degradation of NPM1 protein
and apoptosis in NPM1-mutated AML cells [118, 119]. In addition, intracellular
distribution of PML is altered in NPM-mutated AML cells and reverted by treat-
ment with ATRA and ATO. These findings may provide experimental evidence for
further exploring ATRA and ATO in NPMI-mutated AML patients. Alternatively,
overexpression of EVI-1 occurs in approximately 10% of AML patients and is asso-
ciated with very poor outcomes. Recent in vitro and in vivo experiment also showed
that primary AML cells with enhanced EVI-1 expression respond to ATRA by
inducing differentiation, which implies that combination of ATRA with conven-
tional chemotherapy might be a promising treatment strategy [120].

11.7 Conclusions

Advent of ATRA in the treatment of APL is the first example of successful
molecular-targeted therapy. Since ATRA alone induces no molecular remission in
most patients, chemotherapy is indispensable in the treatment of APL. While ATRA
is quite effective and has only few side effects, DS is a serious adverse effect during
induction therapy. In addition, point mutations in the LBD of PML-RAR« induce
resistance to ATRA in relapsed patients. Mutations in ATP-binding regions of BCR-
ABL have also been found in patients with chronic myeloid leukemia refractory to
tyrosine kinase inhibitors such as imatinib mesylate. This mechanism of resistance
is an important problem in molecular-targeted agents. The experience of ATRA
should be exploited in the treatment of other cancers. On the basis of further under-
standing of underlying mechanisms, drugs that specifically target pathogenic mol-
ecules should be developed for other tumors. The major causes of treatment failure
in APL treated with ATRA and chemotherapy are early death such as hemorrhage
and DS in induction, infection during consolidation, relapse, and therapy-related
leukemia. Another agent targeted to APL cells, ATO, may lead to reduce NRM such
as hemorrhage and infection in induction and consolidation because ATO is not
myelosuppressive. Moreover, combination therapy with ATRA, chemotherapy, and
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ATO may induce a durable CR in most APL patients by decreasing CIR because
these agents possess different effects against APL cells.

Acknowledgments The author declares no potential conflicts of interest. This work was sup-
ported in part by Grants-in-Aid for Scientific Research from the Japanese Ministry of Education,
Culture, Sport, Science, and Technology (JSPS KAKENHI Grant number 26461431); by the
National Cancer Center Research and Development Fund (26-A-24); by Grants-in-Aid from the
Cancer Research from the Japanese Ministry of Health, Labor and Welfare (Clinical Cancer
Research 23-004); by the MHLW KAKENHI Grant Number H26-Kakushintekigan-Ippan-133; by
Grants-in-Aid from the Project for Development of Innovative Research on Cancer Therapeutics
(P-Direct); and by the Japan Leukaemia Research Fund.

References

1. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA, Gralnick HR, et al. Proposals
for the classification of the acute leukaemias. French-American-British (FAB) co-operative
group. Br J Haematol. 1976;33:451-8.

2. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA, Gralnick HR, et al. A variant
form of hypergranular promyelocytic leukaemia (M3). Br J Haematol. 1980;44:169-70.

3. Tallman MS, Kwaan HC. Reassessing the hemostatic disorder associated with acute promy-
elocytic leukemia. Blood. 1992;79:543-53.

4. Breen KA, Grimwade D, Hunt BJ. The pathogenesis and management of the coagulopathy of
acute promyelocytic leukaemia. Br J Haematol. 2012;156:24-36.
doi:10.1111/j.1365-2141.2011.08922.x.

5. Rowley JD, Golomb HM, Dougherty C. 15/17 translocation, a consistent chromosomal
change in acute promyelocytic leukaemia. Lancet. 1977;1(8010):549-50.

6. Grimwade D, Lo Coco F. Acute promyelocytic leukemia: a model for the role of molecular
diagnosis and residual disease monitoring in directing treatment approach in acute myeloid
leukemia. Leukemia. 2002;16:1959-73.

7. Borrow J, Goddard AD, Sheer D, Solomon E. Molecular analysis of acute promyelocytic
leukemia breakpoint cluster region on chromosome 17. Science. 1990;249(4976):1577-80.

8. de Thé H, Chomienne C, Lanotte M, Degos L, Dejean A. The t(15;17) translocation of acute
promyelocytic leukaemia fuses the retinoic acid receptor alpha gene to a novel transcribed
locus. Nature. 1990;347(6293):558-61.

9. Kakizuka A, Miller Jr WH, Umesono K, Warrell Jr RP, Frankel SR, Murty VYV, et al.
Chromosomal translocation t(15;17) in human acute promyelocytic leukemia fuses RAR
alpha with a novel putative transcription factor, PML. Cell. 1991;66:663-74.

10. Huang ME, Ye YC, Chen SR, Chai JR, LuJX, Zhoa L, Gu LJ, Wang ZY. Use of all-trans reti-
noic acid in the treatment of acute promyelocytic leukemia. Blood. 1988;72:567-72.

11. Ohno R, Asou N, Ohnishi K. Treatment of acute promyelocytic leukemia: strategy toward
further increase of cure rate. Leukemia. 2003;17:1454-63.

12. Asou N. All-trans retinoic acid in the treatment of acute promyelocytic leukemia. Intern Med.
2007;46:91-3.

13. Wang ZY, Chen Z. Acute promyelocytic leukemia: from highly fatal to highly curable. Blood.
2008;111:2505-15. doi:10.1182/blood-2007-07-102798.

14. Sanz MA, Grimwade D, Tallman MS, Lowenberg B, Fenaux P, Estey EH, et al. Management
of acute promyelocytic leukemia: recommendations from an expert panel on behalf of the
European LeukemiaNet. Blood. 2009;113:1875-91. doi:10.1182/blood-2008-04-150250.

15. Sanz MA, Lo-Coco F. Modern approaches to treating acute promyelocytic leukemia. J Clin
Oncol. 2011;29:495-503. doi:10.1200/JC0O.2010.32.1067.


http://dx.doi.org/10.1111/j.1365-2141.2011.08922.x
http://dx.doi.org/10.1182/blood-2007-07-102798
http://dx.doi.org/10.1182/blood-2008-04-150250
http://dx.doi.org/10.1200/JCO.2010.32.1067

Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene 205

16.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Grignani F, De Matteis S, Nervi C, Tomassoni L, Gelmetti V, Cioce M, et al. Fusion proteins
of the retinoic acid receptor-alpha recruit histone deacetylase in promyelocytic leukaemia.
Nature. 1998;391(6669):815-8.

Lin RJ, Nagy L, Inoue S, Shao W, Miller Jr WH, Evans RM. Role of the histone deacetylase
complex in acute promyelocytic leukaemia. Nature. 1998;391(6669):811-4.

. He LZ, Guidez F, Tribioli C, Peruzzi D, Ruthardt M, Zelent A, et al. Distinct interactions of

PML-RARalpha and PLZF-RARalpha with co-repressors determine differential responses to
RA in APL. Nat Genet. 1998;18:126-35.

. Tobita T, Takeshita A, Kitamura K, Ohnishi K, Yanagi M, Hiraoka A, et al. Treatment with a

new synthetic retinoid, Am80, of acute promyelocytic leukemia relapsed from complete
remission induced by all-trans retinoic acid. Blood. 1997;90:967-73.

Takeuchi M, Yano T, Omoto E, Takahashi K, Kibata M, Shudo K, et al. Relapsed acute pro-
myelocytic leukemia previously treated with all-trans retinoic acid: clinical experience with
a new synthetic retinoid, Am-80. Leuk Lymphoma. 1998;31:441-51.

Shinagawa K, Yanada M, Sakura T, Ueda Y, Sawa M, Miyatake J, et al. Tamibarotene as
maintenance therapy for acute promyelocytic leukemia: results from a randomized controlled
trial. J Clin Oncol. 2014;32:3729-35. doi:10.1200/JC0.2013.53.3570.

Sanford D, Lo-Coco F, Sanz MA, Di Bona E, Coutre S, Altman JK, et al. Tamibarotene in
patients with acute promyelocytic leukaemia relapsing after treatment with all-trans retinoic
acid and arsenic trioxide. Br J Haematol. 2015;171:471-7. doi:10.1111/bjh.13607.

de la Serna J, Montesinos P, Vellenga E, Rayon C, Parody R, Ledn A, et al. Causes and prog-
nostic factors of remission induction failure in patients with acute promyelocytic leukemia
treated with all-trans retinoic acid and idarubicin. Blood. 2008;111:3395-402. doi:10.1182/
blood-2007-07-100669.

Asou N, Adachi K, Tamura J, Kanamaru A, Kageyama S, Hiraoka A, et al. Analysis of prog-
nostic factors in newly diagnosed acute promyelocytic leukemia treated with all-trans reti-
noic acid and chemotherapy. Japan Adult Leukemia Study Group. J Clin Oncol.
1998;16:78-85.

Guglielmi C, Martelli MP, Diverio D, Fenu S, Vegna ML, Cantu-Rajnoldi A, et al.
Immunophenotype of adult and childhood acute promyelocytic leukaemia: correlation with
morphology, type of PML gene breakpoint and clinical outcome. A cooperative Italian study
on 196 cases. Br J Haematol. 1998;102:1035-41.

Foley R, Soamboonsrup P, Carter RF, Benger A, Meyer R, Walker I, et al. CD34-positive
acute promyelocytic leukemia is associated with leukocytosis, microgranular/hypogranular
morphology, expression of CD2 and ber3 isoform. Am J Hematol. 2001;67:34-41.

Tallman MS, Kim HT, Montesinos P, Appelbaum FR, de la Serna J, Bennett JM, et al. Does
microgranular variant morphology of acute promyelocytic leukemia independently predict a
less favorable outcome compared with classical M3 APL? A joint study of the North
American Intergroup and the PETHEMA Group. Blood. 2010;116:5650-9. doi:10.1182/
blood-2010-06-288613.

Kiyoi H, Naoe T, Yokota S, Nakao M, Minami S, Kuriyama K, et al. Internal tandem duplica-
tion of FLT3 associated with leukocytosis in acute promyelocytic leukemia. Leukemia Study
Group of the Ministry of Health and Welfare (Kohseisho). Leukemia. 1997;11(9):1447-52.
Callens C, Chevret S, Cayuela JM, Cassinat B, Raffoux E, de Botton S, Thomas X, et al.
Prognostic implication of FLT3 and Ras gene mutations in patients with acute promyelocytic
leukemia (APL): a retrospective study from the European APL Group. Leukemia.
2005;19:1153-60.

Melnick A, Licht JD. Deconstructing a disease: RARalpha, its fusion partners, and their roles
in the pathogenesis of acute promyelocytic leukemia. Blood. 1999;93:3167-215.

Mistry AR, Pedersen EW, Solomon E, Grimwade D. The molecular pathogenesis of acute
promyelocytic leukaemia: implications for the clinical management of the disease. Blood
Rev. 2003;17:71-97.

de Thé H, Chen Z. Acute promyelocytic leukaemia: novel insights into the mechanisms of
cure. Nat Rev Cancer. 2010;10:775-83. do0i:10.1038/nrc2943.


http://dx.doi.org/10.1200/JCO.2013.53.3570
http://dx.doi.org/10.1111/bjh.13607
http://dx.doi.org/10.1182/blood-2007-07-100669
http://dx.doi.org/10.1182/blood-2007-07-100669
http://dx.doi.org/10.1182/blood-2010-06-288613
http://dx.doi.org/10.1182/blood-2010-06-288613
http://dx.doi.org/10.1038/nrc2943

206

N. Asou

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48

49.

50.

. de Thé H, Le Bras M, Lallemand-Breitenbach V. The cell biology of disease: acute promy-
elocytic leukemia, arsenic, and PML bodies. J Cell Biol. 2012;198:11-21. doi:10.1083/
jcb.201112044.

Nasr R, de Thé H. Eradication of acute promyelocytic leukemia-initiating cells by PML/
RARA-targeting. Int J Hematol. 2010;91:742-7. doi:10.1007/s12185-010-0582-0.
Grimwade D, Biondi A, Mozziconacci MJ, Hagemeijer A, Berger R, Neat M, et al.
Characterization of acute promyelocytic leukemia cases lacking the classic t(15;17): results
of the European Working Party. Groupe Frangais de Cytogénétique Hématologique, Groupe
de Francais d’Hematologie Cellulaire, UK Cancer Cytogenetics Group and BIOMED 1
European Community-Concerted Action “Molecular Cytogenetic Diagnosis  in
Haematological Malignancies”. Blood. 2000;96:1297-308.

Redner RL. Variations on a theme: the alternate translocations in APL. Leukemia.
2002;16:1927-32.

Adams J, Nassiri M. Acute promyelocytic leukemia: a review and discussion of variant trans-
locations. Arch Pathol Lab Med. 2015;139(10):1308-13. doi:10.5858/arpa.2013-0345-RS.
Iwanaga E, Nakamura M, Nanri T, Kawakita T, Horikawa K, Mitsuya H, et al. Acute promy-
elocytic leukemia harboring a STATSB-RARA fusion gene and a G596V missense mutation
in the STAT5B SH2 domain of the STATSB-RARA. Eur J Haematol. 2009;83:499-501.
doi:10.1111/j.1600-0609.2009.01324.x.

Welch JS, Ley TJ, Link DC, Miller CA, Larson DE, Koboldt DC, et al. The origin and evolu-
tion of mutations in acute myeloid leukemia. Cell. 2012;150:264-78. doi:10.1016/j.
cell.2012.06.023.

Madan V, Shyamsunder P, Han L, Mayakonda A, Nagata Y, Sundaresan J, et al. Comprehensive
mutational analysis of primary and relapse acute promyelocytic leukemia. Leukemia. 2016;
doi:10.1038/1eu.2016.69.

Brown D, Kogan S, Lagasse E, Weissman I, Alcalay M, Pelicci PG, et al. A PMLRARalpha
transgene initiates murine acute promyelocytic leukemia. Proc Natl Acad Sci U S A.
1997;94:2551-6.

He LZ, Tribioli C, Rivi R, Peruzzi D, Pelicci PG, Soares V, et al. Acute leukemia with pro-
myelocytic features in PML/RARalpha transgenic mice. Proc Natl Acad Sci U S A.
1997;94:5302-7.

Grisolano JL, Wesselschmidt RL, Pelicci PG, Ley TJ. Altered myeloid development and
acute leukemia in transgenic mice expressing PML-RAR alpha under control of cathepsin G
regulatory sequences. Blood. 1997;89(2):376-87.

Westervelt P, Lane AA, Pollock JL, Oldfather K, Holt MS, Zimonjic DB, et al. High-
penetrance mouse model of acute promyelocytic leukemia with very low levels of PML-
RARalpha expression. Blood. 2003;102:1857-65.

Collins SJ. The role of retinoids and retinoic acid receptors in normal hematopoiesis.
Leukemia. 2002;16:1896-905.

Chen JD, Evans RM. A transcriptional co-repressor that interacts with nuclear hormone
receptors. Nature. 1995;377(6548):454-7.

Horlein AJ, Nddr AM, Heinzel T, Torchia J, Gloss B, Kurokawa R, et al. Ligand-independent
repression by the thyroid hormone receptor mediated by a nuclear receptor co-repressor.
Nature. 1995;377(6548):397-404.

. Chih DY, Chumakov AM, Park DJ, Silla AG, Koeffler HP. Modulation of mRNA expression
of a novel human myeloid-selective CCA AT/enhancer binding protein gene (C/EBP epsilon).
Blood. 1997;90:2987-94.

Daniel MT, Koken M, Romagné O, Barbey S, Bazarbachi A, Stadler M, et al. PML protein
expression in hematopoietic and acute promyelocytic leukemia cells. Blood.
1993;82:1858-67.

Dyck JA, Maul GG, Miller Jr WH, Chen JD, Kakizuka A, Evans RM. A novel macromolecu-
lar structure is a target of the promyelocyte-retinoic acid receptor oncoprotein. Cell.
1994,76:333-43.


http://dx.doi.org/10.1083/jcb.201112044
http://dx.doi.org/10.1083/jcb.201112044
http://dx.doi.org/10.1007/s12185-010-0582-0
http://dx.doi.org/10.5858/arpa.2013-0345-RS
http://dx.doi.org/10.1111/j.1600-0609.2009.01324.x
http://dx.doi.org/10.1016/j.cell.2012.06.023
http://dx.doi.org/10.1016/j.cell.2012.06.023
http://dx.doi.org/10.1038/leu.2016.69

Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene 207

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Koken MH, Puvion-Dutilleul F, Guillemin MC, Viron A, Linares-Cruz G, Stuurman N, et al.
The t(15;17) translocation alters a nuclear body in a retinoic acid-reversible fashion. EMBO
J.1994;13:1073-83.

Ferbeyre G. PML a target of translocations in APL is a regulator of cellular senescence.
Leukemia. 2002;16:1918-26.

Borden KL. Pondering the promyelocytic leukemia protein (PML) puzzle: possible functions
for PML nuclear bodies. Mol Cell Biol. 2002;22:5259-69.

Ito K, Bernardi R, Morotti A, Matsuoka S, Saglio G, Ikeda Y, et al. PML targeting eradicates
quiescent leukaemia-initiating cells. Nature. 2008;453(7198):1072-8. doi:10.1038/
nature07016.

Perez A, Kastner P, Sethi S, Lutz Y, Reibel C, Chambon P. PMLRAR homodimers: distinct
DNA binding properties and heteromeric interactions with RXR. EMBO
J.1993;12:3171-82.

Zhu J, Gianni M, Kopf E, Honoré N, Chelbi-Alix M, Koken M, et al. Retinoic acid induces
proteasome-dependent degradation of retinoic acid receptor alpha (RARalpha) and onco-
genic RARalpha fusion proteins. Proc Natl Acad Sci U S A. 1999;96:14807-12.

Zhu J, Zhou J, Peres L, Riaucoux F, Honoré N, Kogan S, et al. A sumoylation site in PML/
RARA is essential for leukemic transformation. Cancer Cell. 2005;7:143-53.

Zhu J, Koken MH, Quignon F, Chelbi-Alix MK, Degos L, Wang ZY, et al. Arsenic-induced
PML targeting onto nuclear bodies: implications for the treatment of acute promyelocytic
leukemia. Proc Natl Acad Sci U S A. 1997;94:3978-83.

Zhang XW, Yan XJ, Zhou ZR, Yang FF, Wu ZY, Sun HB, et al. Arsenic trioxide controls the
fate of the PML-RARalpha oncoprotein by directly binding PML. Science.
2010;328(5975):240-3. doi: 10.1126/science.1183424.

Nasr R, Guillemin MC, Ferhi O, Soilihi H, Peres L, Berthier C, et al. Eradication of acute
promyelocytic leukemia-initiating cells through PML-RARA degradation. Nat Med.
2008;14:1333-42. doi:10.1038/nm.1891.

Warrell Jr RP, Frankel SR, Miller Jr WH, Scheinberg DA, Itri LM, Hittelman WN, et al.
Differentiation therapy of acute promyelocytic leukemia with tretinoin (all-trans-retinoic
acid). N Engl J Med. 1991;324:1385-93.

Ohno R, Ohnishi K, Takeshita A, Tanimoto M, Murakami H, Kanamaru A, et al. All-trans
retinoic acid therapy in relapsed/refractory or newly diagnosed acute promyelocytic leukemia
(APL) in Japan. Leukemia. 1994;8(Suppl 3):S64-9.

Kanamaru A, Takemoto Y, Tanimoto M, Murakami H, Asou N, Kobayashi T, et al. All-trans
retinoic acid for the treatment of newly diagnosed acute promyelocytic leukemia. Japan
Adult Leukemia Study Group. Blood. 1995;85:1202-6.

Frankel SR, Eardley A, Lauwers G, Weiss M, Warrell Jr RP. The “retinoic acid syndrome” in
acute promyelocytic leukemia. Ann Intern Med. 1992;117:292-6.

Tallman MS, Andersen JW, Schiffer CA, Appelbaum FR, Feusner JH, Ogden A, et al. All-
trans retinoic acid in acute promyelocytic leukemia. N Engl J Med. 1997;337:1021-8.
Fenaux P, Le Deley MC, Castaigne S, Archimbaud E, Chomienne C, Link H, et al. Effect of
all transretinoic acid in newly diagnosed acute promyelocytic leukemia. Results of a multi-
center randomized trial. European APL 91 Group. Blood. 1993;82:3241.

Fenaux P, Chastang C, Chevret S, Sanz M, Dombret H, Archimbaud E, et al. A randomized
comparison of all transretinoic acid (ATRA) followed by chemotherapy and ATRA plus che-
motherapy and the role of maintenance therapy in newly diagnosed acute promyelocytic leu-
kemia. The European APL Group. Blood. 1999;94:1192-200.

Ades L, Guerci A, Raffoux E, Sanz M, Chevallier P, Lapusan S, et al. Very long-term out-
come of acute promyelocytic leukemia after treatment with all-trans retinoic acid and chemo-
therapy: the European APL Group experience. Blood. 2010;115:1690-6. doi:10.1182/
blood-2009-07-233387.

Ades L, Chevret S, Raffoux E, de Botton S, Guerci A, Pigneux A, et al. Is cytarabine useful
in the treatment of acute promyelocytic leukemia? Results of a randomized trial from the
European Acute Promyelocytic Leukemia Group. J Clin Oncol. 2006;24:5703-10.


http://dx.doi.org/10.1038/nature07016
http://dx.doi.org/10.1038/nature07016
http://dx.doi.org/10.1126/science.1183424
http://dx.doi.org/10.1038/nm.1891
http://dx.doi.org/10.1182/blood-2009-07-233387
http://dx.doi.org/10.1182/blood-2009-07-233387

208

N. Asou

70

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

. Ades L, Chevret S, Raffoux E, Guerci-Bresler A, Pigneux A, Vey N, et al. Long-term follow-
up of European APL 2000 trial, evaluating the role of cytarabine combined with ATRA and
Daunorubicin in the treatment of nonelderly APL patients. Am J Hematol. 2013;88:556-9.
doi:10.1002/ajh.23451.

Avvisati G, Lo-Coco F, Paoloni FP, Petti MC, Diverio D, Vignetti M, et al. AIDA 0493 pro-
tocol for newly diagnosed acute promyelocytic leukemia: very long-term results and role of
maintenance. Blood. 2011;117:4716-25. doi:10.1182/blood-2010-08-302950.

Lo-Coco F, Avvisati G, Vignetti M, Breccia M, Gallo E, Rambaldi A, et al. Front-line treat-
ment of acute promyelocytic leukemia with AIDA induction followed by risk-adapted con-
solidation for adults younger than 61 years: results of the AIDA-2000 trial of the GIMEMA
Group. Blood. 2010;116:3171-9. doi:10.1182/blood-2010-03-276196.

Sanz MA, Martin G, Rayén C, Esteve J, Gonzalez M, Diaz-Mediavilla J, et al. A modified
AIDA protocol with anthracycline-based consolidation results in high antileukemic efficacy
and reduced toxicity in newly diagnosed PML/RARalpha-positive acute promyelocytic leu-
kemia. PETHEMA group. Blood. 1999;94:3015-21.

Sanz MA, Martin G, Gonzdlez M, Leén A, Ray6n C, Rivas C, et al. Risk-adapted treatment
of acute promyelocytic leukemia with all-trans-retinoic acid and anthracycline monochemo-
therapy: a multicenter study by the PETHEMA group. Blood. 2004;103:1237-43.

Tallman MS, Andersen JW, Schiffer CA, Appelbaum FR, Feusner JH, Woods WG, et al. All-
trans retinoic acid in acute promyelocytic leukemia: long-term outcome and prognostic factor
analysis from the North American Intergroup protocol. Blood. 2002;100:4298-302.

Powell BL, Moser B, Stock W, Gallagher RE, Willman CL, Stone RM, et al. Arsenic trioxide
improves event-free and overall survival for adults with acute promyelocytic leukemia: North
American Leukemia Intergroup Study C9710. Blood. 2010;116:3751-7. doi:10.1182/
blood-2010-02-269621.

Asou N, Kishimoto Y, Kiyoi H, Okada M, Kawai Y, Tsuzuki M, et al. A randomized study
with or without intensified maintenance chemotherapy in patients with acute promyelocytic
leukemia who have become negative for PML-RARalpha transcript after consolidation ther-
apy: the Japan Adult Leukemia Study Group (JALSG) APL97 study. Blood.
2007;110:59-66.

Ono T, Takeshita A, Kishimoto Y, Kiyoi H, Okada M, Yamauchi T, et al. Long-term outcome
and prognostic factors of elderly patients with acute promyelocytic leukemia. Cancer Sci.
2012;103:1974-8. doi:10.1111/j.1349-7006.2012.02390.x.

Sanz MA, Labopin M, Gorin NC, de la Rubia J, Arcese W, Meloni G, et al. Hematopoietic
stem cell transplantation for adults with acute promyelocytic leukemia in the ATRA era: a
survey of the European Cooperative Group for Blood and Marrow Transplantation. Bone
Marrow Transplant. 2007;39:461-9.

Fujita H, Asou N, Iwanaga M, Hyo R, Nomura S, Kiyoi H, et al. Role of hematopoietic stem
cell transplantation for relapsed acute promyelocytic leukemia: a retrospective analysis of
JALSG-APL97. Cancer Sci. 2013;104:1339-45. doi:10.1111/cas.12230.

Sanz MA, Lo Coco F, Martin G, Avvisati G, Rayon C, Barbui T, et al. Definition of relapse
risk and role of nonanthracycline drugs for consolidation in patients with acute promyelo-
cytic leukemia: a joint study of the PETHEMA and GIMEMA cooperative groups. Blood.
2000;96:1247-53.

Ades L, Sanz MA, Chevret S, Montesinos P, Chevallier P, Raffoux E, et al. Treatment of
newly diagnosed acute promyelocytic leukemia (APL): a comparison of French-Belgian-
Swiss and PETHEMA results. Blood. 2008;111:1078-84.

Lehmann S, Ravn A, Carlsson L, Antunovic P, Deneberg S, Mollgard L, et al. Continuing
high early death rate in acute promyelocytic leukemia: a population-based report from the
Swedish Adult Acute Leukemia Registry. Leukemia. 2011;25:1128-34. doi:10.1038/
leu.2011.78.

Lo-Coco F, Avvisati G, Vignetti M, Thiede C, Orlando SM, lacobelli S, et al. Retinoic acid
and arsenic trioxide for acute promyelocytic leukemia. N Engl J Med. 2013;369:111-21.
doi:10.1056/NEJMoa1300874.


http://dx.doi.org/10.1002/ajh.23451
http://dx.doi.org/10.1182/blood-2010-08-302950
http://dx.doi.org/10.1182/blood-2010-03-276196
http://dx.doi.org/10.1182/blood-2010-02-269621
http://dx.doi.org/10.1182/blood-2010-02-269621
http://dx.doi.org/10.1111/j.1349-7006.2012.02390.x
http://dx.doi.org/10.1111/cas.12230
http://dx.doi.org/10.1038/leu.2011.78
http://dx.doi.org/10.1038/leu.2011.78
http://dx.doi.org/10.1056/NEJMoa1300874

Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene 209

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Burnett AK, Russell NH, Hills RK, Bowen D, Kell J, Knapper S, et al. Arsenic trioxide and
all-trans retinoic acid treatment for acute promyelocytic leukaemia in all risk groups
(AML17): results of a randomised, controlled, phase 3 trial. Lancet Oncol. 2015;16:1295—
305. doi:10.1016/S1470-2045(15)00193-X.

Yanada M, Matsushita T, Asou N, Kishimoto Y, Tsuzuki M, Maeda Y, et al. Severe hemor-
rhagic complications during remission induction therapy for acute promyelocytic leukemia:
incidence, risk factors, and influence on outcome. Eur J] Haematol. 2007;78:213-9.

De Botton S, Dombret H, Sanz M, Miguel JS, Caillot D, Zittoun R, et al. Incidence, clinical
features, and outcome of all trans-retinoic acid syndrome in 413 cases of newly diagnosed
acute promyelocytic leukemia. The European APL Group. Blood. 1998;92:2712-8.

Tallman MS, Andersen JW, Schiffer CA, Appelbaum FR, Feusner JH, Ogden A, et al.
Clinical description of 44 patients with acute promyelocytic leukemia who developed the
retinoic acid syndrome. Blood. 2000;95:90-5.

Montesinos P, Bergua JM, Vellenga E, Rayén C, Parody R, de la Serna J, et al. Differentiation
syndrome in patients with acute promyelocytic leukemia treated with all-trans retinoic acid
and anthracycline chemotherapy: characteristics, outcome, and prognostic factors. Blood.
2009;113:775-83. doi:10.1182/blood-2008-07-168617.

Asou N. Arsenic trioxide in the treatment of relapsed and refractory acute promyelocytic
leukemia. Intern Med. 2005;44:775-6.

Tland HJ, Bradstock K, Supple SG, Catalano A, Collins M, Hertzberg M, et al. All-trans-
retinoic acid, idarubicin, and IV arsenic trioxide as initial therapy in acute promyelocytic
leukemia (APML4). Blood. 2012;120:1570-80.

Specchia G, Lo Coco F, Vignetti M, Avvisati G, Fazi P, Albano F, et al. Extramedullary
involvement at relapse in acute promyelocytic leukemia patients treated or not with all-trans
retinoic acid: a report by the Gruppo Italiano Malattie Ematologiche dell’ Adulto. J Clin
Oncol. 2001;19:4023-8.

de Botton S, Sanz MA, Chevret S, Dombret H, Martin G, Thomas X, et al. Extramedullary
relapse in acute promyelocytic leukemia treated with all-trans retinoic acid and chemother-
apy. Leukemia. 2006;20:35—41.

Kelaidi C, Ades L, Chevret S, Sanz M, Guerci A, Thomas X, et al. Late first relapses in APL
treated with all-trans-retinoic acid- and anthracycline- based chemotherapy: the European
APL group experience (APL 91 and APL 93 trials). Leukemia. 2006;20:905-7.

Murray CK, Estey E, Paietta E, Howard RS, Edenfield W1J, Pierce S, et al. CD56 expression
in acute promyelocytic leukemia: a possible indicator of poor treatment outcome? J Clin
Oncol. 1999;17:293-7.

Ferrara F, Morabito F, Martino B, Specchia G, Liso V, Nobile F, et al. CD56 expression is an
indicator of poor clinical outcome in patients with acute promyelocytic leukemia treated with
simultaneous all-trans-retinoic acid and chemotherapy. J Clin Oncol. 2000;18:1295-300.
Montesinos P, Rayén C, Vellenga E, Brunet S, Gonzalez J, Gonzalez M, et al. Clinical signifi-
cance of CD56 expression in patients with acute promyelocytic leukemia treated with all-
trans retinoic acid and anthracycline-based regimens. Blood. 2011;117(6):1799-805.
doi:10.1182/blood-2010-04-277434.

Ono T, Takeshita A, Kishimoto Y, Kiyoi H, Okada M, Yamauchi T, et al. Expression of CD56
is an unfavorable prognostic factor for acute promyelocytic leukemia with higher initial white
blood cell counts. Cancer Sci. 2014;105:97-104. doi:10.1111/cas.12319.

Miller Jr WH, Kakizuka A, Frankel SR, Warrell Jr RP, DeBlasio A, Levine K, et al. Reverse
transcription polymerase chain reaction for the rearranged retinoic acid receptor alpha clari-
fies diagnosis and detects minimal residual disease in acute promyelocytic leukemia. Proc
Natl Acad Sci U S A. 1992;89:2694-8.

Lo Coco F, Diverio D, Avvisati G, Petti MC, Meloni G, Pogliani EM, et al. Therapy of
molecular relapse in acute promyelocytic leukemia. Blood. 1999;94:2225.

Lo-Coco F, Cimino G, Breccia M, Noguera NI, Diverio D, Finolezzi E, et al. Gemtuzumab
ozogamicin (Mylotarg) as a single agent for molecularly relapsed acute promyelocytic leuke-
mia. Blood. 2004;104:1995-9.


http://dx.doi.org/10.1016/S1470-2045(15)00193-X
http://dx.doi.org/10.1182/blood-2008-07-168617
http://dx.doi.org/10.1182/blood-2010-04-277434
http://dx.doi.org/10.1111/cas.12319

210

N. Asou

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Grimwade D, Jovanovic JV, Hills RK, Nugent EA, Patel Y, Flora R, et al. Prospective mini-
mal residual disease monitoring to predict relapse of acute promyelocytic leukemia and to
direct pre-emptive arsenic trioxide therapy. J Clin Oncol. 2009;27:3650-8. doi:10.1200/
JCO.2008.20.1533.

Gallagher RE. Retinoic acid resistance in acute promyelocytic leukemia. Leukemia.
2002;16:1940-58.

Tomita A, Kiyoi H, Naoe T. Mechanisms of action and resistance to all-trans retinoic acid
(ATRA) and arsenic trioxide (As20 3) in acute promyelocytic leukemia. Int J Hematol.
2013;97:717-25. doi:10.1007/s12185-013-1354-4.

Marasca R, Zucchini P, Galimberti S, Leonardi G, Vaccari P, Donelli A, et al. Missense muta-
tions in the PML/RARalpha ligand binding domain in ATRA-resistant As(2)O(3) sensitive
relapsed acute promyelocytic leukemia. Haematologica. 1999;84:963-8.

Gallagher RE, Moser BK, Racevskis J, Poiré X, Bloomfield CD, Carroll AJ, et al. Treatment-
influenced associations of PML-RAR«a mutations, FLT3 mutations, and additional chromo-
some abnormalities in relapsed acute promyelocytic leukemia. Blood. 2012;120:2098-108.
doi:10.1182/blood-2012-01-407601.

de Botton S, Fawaz A, Chevret S, Dombret H, Thomas X, Sanz M, et al. Autologous and
allogeneic stem-cell transplantation as salvage treatment of acute promyelocytic leukemia
initially treated with all-trans-retinoic acid: a retrospective analysis of the European acute
promyelocytic leukemia group. J Clin Oncol. 2005;23:120-6.

Yanada M, Tsuzuki M, Fujita H, Fujimaki K, Fujisawa S, Sunami K, et al. Phase 2 study of
arsenic trioxide followed by autologous hematopoietic cell transplantation for relapsed acute
promyelocytic leukemia. Blood. 2013;121:3095-102. doi:10.1182/blood-2012-11-466862.
Petti MC, Pinazzi MB, Diverio D, Romano A, Petrucci MT, De Santis S, et al. Prolonged
molecular remission in advanced acute promyelocytic leukaemia after treatment with gemtu-
zumab ozogamicin (Mylotarg CMA-676). Br J Haematol. 2001;115:63-5.

Mandelli F, Latagliata R, Avvisati G, Fazi P, Rodeghiero F, Leoni F, et al. Treatment of
elderly patients (> or =60 years) with newly diagnosed acute promyelocytic leukemia. Results
of the Italian multicenter group GIMEMA with ATRA and idarubicin (AIDA) protocols.
Leukemia. 2003;17:1085-90.

Sanz MA, Vellenga E, Rayon C, Diaz-Mediavilla J, Rivas C, Amutio E, et al. All-trans reti-
noic acid and anthracycline monochemotherapy for the treatment of elderly patients with
acute promyelocytic leukemia. Blood. 2004;104:3490-3.

Ades L, Chevret S, De Botton S, Thomas X, Dombret H, Beve B, et al. Outcome of acute
promyelocytic leukemia treated with all trans retinoic acid and chemotherapy in elderly
patients: the European group experience. Leukemia. 2005;19:230-3.

Latagliata R, Petti MC, Fenu S, Mancini M, Spiriti MA, Breccia M, et al. Therapy-related
myelodysplastic syndrome-acute myelogenous leukemia in patients treated for acute promy-
elocytic leukemia: an emerging problem. Blood. 2002;99:822—4.

Lobe I, Rigal-Huguet F, Vekhoff A, Desablens B, Bordessoule D, Mounier C, et al.
Myelodysplastic syndrome after acute promyelocytic leukemia: the European APL group
experience. Leukemia. 2003;17:1600—4.

Montesinos P, Gonzélez JD, Gonzélez J, Rayon C, de Lisa E, Amigo ML, et al. Therapy-
related myeloid neoplasms in patients with acute promyelocytic leukemia treated with all-
trans-retinoic acid and anthracycline-based chemotherapy. J Clin Oncol. 2010;28:3872-9.
doi:10.1200/JC0.2010.29.2268.

Schlenk RF, Dohner K, Kneba M, Gotze K, Hartmann F, Del Valle F, et al. Gene mutations
and response to treatment with all-trans retinoic acid in elderly patients with acute myeloid
leukemia. Results from the AMLSG Trial AML HD98B. Haematologica. 2009;94:54—60.
doi:10.3324/haematol.13378.

Burnett AK, Hills RK, Green C, Jenkinson S, Koo K, Patel Y, et al. The impact on outcome
of the addition of all-trans retinoic acid to intensive chemotherapy in younger patients with
nonacute promyelocytic acute myeloid leukemia: overall results and results in genotypic sub-


http://dx.doi.org/10.1200/JCO.2008.20.1533
http://dx.doi.org/10.1200/JCO.2008.20.1533
http://dx.doi.org/10.1007/s12185-013-1354-4
http://dx.doi.org/10.1182/blood-2012-01-407601
http://dx.doi.org/10.1182/blood-2012-11-466862
http://dx.doi.org/10.1200/JCO.2010.29.2268
http://dx.doi.org/10.3324/haematol.13378

Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene 211

118.

119.

120.

groups defined by mutations in NPM1, FLT3, and CEBPA. Blood. 2010;115:948-56.
doi:10.1182/blood-2009-08-236588.

El Hajj H, Dassouki Z, Berthier C, Raffoux E, Ades L, Legrand O, et al. Retinoic acid and
arsenic trioxide trigger degradation of mutated NPM1, resulting in apoptosis of AML cells.
Blood. 2015;125:3447-54. doi:10.1182/blood-2014-11-612416.

Martelli MP, Gionfriddo I, Mezzasoma F, Milano F, Pierangeli S, Mulas F, et al. Arsenic tri-
oxide and all-trans retinoic acid target NPM 1 mutant oncoprotein levels and induce apoptosis
in  NPMI-mutated =AML cells. Blood.  2015;125:3455-65.  doi:10.1182/
blood-2014-11-611459.

Verhagen HJ, Smit MA, Rutten A, Denkers F, Poddighe PJ, Merle PA, et al. Primary acute
myeloid leukemia cells with overexpression of EVI-1 are sensitive to all-trans retinoic acid.
Blood. 2016;127:458-63. doi:10.1182/blood-2015-07-653840.


http://dx.doi.org/10.1182/blood-2009-08-236588
http://dx.doi.org/10.1182/blood-2014-11-612416
http://dx.doi.org/10.1182/blood-2014-11-611459
http://dx.doi.org/10.1182/blood-2014-11-611459
http://dx.doi.org/10.1182/blood-2015-07-653840

The Molecular Basis of Arsenic Trioxide 1 2
Treatment for Acute Promyelocytic
Leukemia (APL)

Masahiro Kizaki

Abstract

Arsenic trioxide (ATO) is a highly effective treatment for acute promyelocytic
leukemia (APL). Early clinical studies conducted in China and the USA in the
1990s showed that ATO can induce sustained molecular remission when used as
a single agent in patients who relapsed after treatment with all-frans retinoic acid
(ATRA) with or without chemotherapy. ATO binds to the promyelocytic leuke-
mia protein (PML) moiety of the PML-RAR« oncoprotein, promoting the ubiqg-
uitination and degradation of the fusion protein by the ubiquitin-proteasome
pathway. The degradation of PML-RAR« removes the block to normal promy-
elocytic differentiation, leading ultimately to cell death of APL cells. Recent
studies have shown that the combination of ATRA and ATO has synergistic
effects in vitro and in vivo, and these findings have translated successfully to the
clinic with great improved outcome for APL patients.
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12.1 Introduction

Acute promyelocytic leukemia (APL) is classified as the M3 subtype of acute
myeloid leukemia (AML) according to the French-American-British leukemia clas-
sification scheme and is often associated with potentially life-threatening hemor-
rhagic complications due to disseminated intravascular coagulopathy (DIC).

Over the last decade, there have been significant advances both in the under-
standing of the molecular pathogenesis of APL and the development of more effec-
tive therapies for the disease.

APL is caused by a unique chromosomal translocation, t(15;17)(q22;q21), which
results in the fusion of the promyelocytic leukemia (PML) gene on chromosome 15
with the retinoic acid receptor (RARa) gene on chromosome 17, to produce the
PML-RARa chimeric gene and oncoprotein [1-3]. APL cells are blocked from dif-
ferentiating into mature granulocytes because PML-RAR« acts as a transcriptional
repressor of genes involved in granulocytic differentiation [4].

The introduction of all-frans retinoic acid (ATRA) as a differentiation-inducing
therapy in combination with conventional chemotherapy for patients with APL dra-
matically improved the outcome for this fatal disease, resulting in more than 90%
complete remission (CR) and 70% event-free survival (EFS) [5]. Subsequently, the
old drug arsenic trioxide (ATO), a drug that has been used to treat a broad spectrum
of illnesses for the millennia, was introduced into the clinical setting as a new option
for the treatment of relapsed/refractory patients with APL, with or without the addi-
tion of chemotherapy or ATRA [6]. Recent studies have shown that ATRA induces
differentiation of APL cells to mature granulocytes by subverting epigenetic modi-
fiers from corepressor complexes to coactivators on target genes by binding to the
ligand-binding domain of RARa on the PML-RAR« chimeric protein [7]. ATO
binds to the PML moiety of the PML-RAR«a chimeric protein and enhances the
conjugation of ubiquitin-like modifiers to PML-RAR« resulting in ubiquitination
and degradation of the chimeric oncoprotein [8—10]. Overall, ATRA and ATO act in
concert to inhibit the capacity of PML-RARa chimeric gene products to activate
oncogenic signaling pathways in APL, leading to a cure in the majority of cases.

12.2 Molecular Pathogenesis of APL

Most APL is caused by a t(15;17)(q22;q21) chromosomal translocation in a pro-
genitor level of myeloid cells, resulting in the production of chimeric gene PML-
RARa and its reciprocal RARa—PML chimeric genes [1-3]. PML-RARa, but not
RARa—PML, is the main oncogenic driver of APL and can be transformed hemato-
poietic progenitors to leukemic cells. Disruption of normal myeloid differentiation
by chimeric PML-RAR« proteins is associated with maturation arrest of hemato-
poietic progenitor cells at the promyelocyte stage and subsequent leukemic
transformation.

RAR« is a member of the steroid receptor superfamily and binds to retinoic acid
response elements (RARESs) as heterodimers with the retinoid X receptor (RXR)
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[11-13]. In the absence of ligands, the binding of RAR/RXR heterodimers to DNA
results in transcriptional repression, whereas in the presence of ligands, binding of
the complex strongly induces transcriptional activation. RARa seems to be a par-
ticularly efficient repressor of transcription because of its strong interaction with
transcriptional corepressors such as N-CoR/SMRT protein complexes, which con-
tain histone deacetylases (HDACs) [14—16] and histone methyl transferases [17,
18]. PML-RAR oligomerizes with RXR or with other oncogenic transcription fac-
tors, and the protein complexes aberrantly recruit epigenetic modifying enzymes,
such as HDACs and polycomb repressive complexes, which induce histone deacety-
lation and DNA methylation. The end result is transcriptional repression of down-
stream target genes essential for granulocytic differentiation, resulting in oncogenic
transformation [7, 10, 19]. Ultimately, the PML-RARa chimeric gene disrupts
myeloid differentiation programs mediated through the RARa signaling pathway
and impairs the tumor suppressor activity of PML. Although PML-RARa« rear-
rangement is present in most cases of APL, alternative partners of RARa have been
identified including PLZF, NPM1, NuMA, PRKARI1A, FIPL1, STATSb, and BCOR
[20-26]. In addition, it has reported the new variant of APL with OBFC2A-RAR«
and IRF2BP-RARa fusion proteins [27, 28].

Murine models of APL indicate PML-RAR« is necessary, but not sufficient for
leukemogenesis, and additional genetic abnormalities are required to provide a pro-
liferative signal. In 40-50% of patients with APL, that signal appears to be provided
by constitutive activation of FMS-related tyrosine kinase 3 (FLT3) resulting from
either an internal tandem duplication in the juxta-membrane domain (FLT3-ITD) or
missense mutation primarily affecting aspartate-835 (FLT3-D835Y) in the kinase-II
domain [29, 30]. The presence of FLT3-ITD is associated with APL patients with
higher white blood cell counts, truncated forms of PML-RARa (short-form), and
microgranular morphology [31, 32]. These recent findings provide important new
insights into the molecular pathogenesis of APL and may ultimately translate into a
major expansion of targeted therapy for APL. Further studies on the detail of molec-
ular pathogenesis of APL should be performed.

12.3 ATOand APL

Arsenic was first used by the Greeks and the Chinese more than 2000 years ago as
a panacea for the treatment of diseases ranging from infection to cancer. The anti-
leukemic effect of Fowler’s solution, essentially a dilute arsenic formulation, was
first documented in 1878 for reducing white blood cells [9]. Subsequently, arsenic
preparations were used for the treatment of leukemia until the introduction of mod-
ern chemotherapeutic agents [9]. The first treatment of APL with crude ATO was in
1973, and the details were published in 1981 before the introduction of ATRA for
induction therapy [9]. The first documented use of ATO for the treatment of APL
was in China in the 1990s, and high complete remission (CR) rate was achieved
when used as a single agent [33, 34]. In more recent studies, ATO led to CR in
approximately 70-85% of patients with APL and cure in about one third of patients
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who relapsed after treatment with ATRA and chemotherapy [35]. In the last few
years, combination of ATRA and ATO therapy was shown to produce a higher CR
rate and longer remission duration for low-/intermediate-risk APL [36, 37]. The
potential of ATO as a chemotherapeutic agent is reflected by the many clinical trials
using ATO as a single agent or in combination with other drugs for the treatment of
leukemia and other malignancies.

12.4 Mechanisms of Action of ATO in APL

The mode of action of ATO has been investigated with molecular basis. ATO
directly binds to the PML moiety of PML-RAR« fusion protein, resulting in ubiq-
uitination and degradation of the fusion protein. When this occurs, the nucleoplas-
mic PML-RAR« fusion protein is sequestered within micro-speckled pattern into
nuclear bodies (NBs) with a normal speckled pattern, and the subsequent degrada-
tion of PML-RAR« fusion proteins contributes to both induction of differentiation
and cell death of APL cells [38].

It has been shown that ATO has dose-dependent dual effects in APL in vitro,
namely, relatively higher concentrations of ATO (0.5-2.0 uM) induce cell death,
while lower concentrations of ATO (0.1-0.5 pM) induce partial differentiation of
APL cells to mature granulocytes [39]. One possible additional molecular basis of
ATO’s mode of action in APL cells is induction of the SUMOylation of PML-RARa:,
followed by Lys 48-linked poly-ubiquitination and proteasome-dependent degrada-
tion [40—43]. ATO directly binds to PML at the C-C motif in its B2 domain, and
subsequently, PML SUMOylation can be induced by enhancement of the SUMO-
conjugating enzyme UBC9 binding at the PML RING domain [40]. SUMOylated
PML recruits RING finger protein 4 (RNF4), ubiquitin, and proteasomes, which may
integrate the SUMOylation, ubiquitination, and degradation pathways [44, 45].
Therefore, ATO induces PML oligomerization, which increases its interaction with
the SUMO-conjugating enzyme UBC9, resulting in enhanced SUMOylation and deg-
radation by the ubiquitin-proteasome pathway (Fig. 12.1). Ultimately, ATO treatment
leads to the deactivation of the DNA-bound PML-RAR« corepressor complex, which
provides access to coactivator complexes and upregulation of target genes involved in
driving induction of granulocytic differentiation and cell death of APL cells.

12.5 Resistance to ATO in APL

During the use of ATO as a front therapy for APL, it has demonstrated that some
patients develop and acquire ATO resistance. However, the mechanisms underlying
this phenomenon remain unknown compared with that of ATRA resistance in
APL. As mentioned above, ATO binds directly to the cysteine motif (C212/C213) in
the PML-B2 domain of the PML-RAR« fusion protein, resulting in the SUMOylation,
multimerization, and degradation [40]. This would suggest that the PML-B2 domain
is a critical mediator ATO’s chemotherapeutic effect, and mutations affecting this
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Fig.12.1 The molecular mechanism of action of ATO in APL. ATO binds to the B2 domain of the
PML moiety of the PML-RAR« protein, inducing binding of UBC9 followed by multimerization
and SUMOylation of PML. SUMOylated PML-RAR« fusion protein is brought to the PML moi-
ety and further poly-ubiquitinated, finally leading to degradation by the proteasome. ATO treat-
ment leads to removal of the corepressor complex, in which PML-RARx binds to DNA. The
coactivator complex then binds to DNA, and this event leads to granulocyte differentiation and cell
death of APL cells

domain may contribute to the development of ATO-resistant APL. Indeed, mutations
have been identified in the PML-B2 domain (A216V, L218P, S214L, A216T, S220G)
in case of clinically acquired ATO-resistant APL, consistent with the existence of a
mutational hotspot (S214-S220) within the PML-RAR« fusion protein. Mutations
within the putative hotspot resulted in the impairment of direct ATO binding to PML-
RAR« due to conformational changes in the ATO binding sites [46, 47]. These
results suggest that the existence of a mutational hotspot (S214-S220) within the
PML-RARa fusion protein in acquired ATO-resistant APL.

More recently, varying responses to ATO linked to different point mutations in the
PML moiety of PML-RARa were reported [48]. Among these, the A216, S214L, and
A216T mutations attenuated the negative regulation of PML-RARa by ATO, result-
ing in the retention of the fusion protein. In contrast, the L217F and S220G mutations
functioned weakly in this context. Interestingly, high-dose ATO, or the combination of
ATO and ATRA, can overcome the ATO resistance driven by the acquired point muta-
tions. This may be relevant to the finding that the effects of ATO on APL cells are dose



218 M. Kizaki

dependent with relatively higher concentrations inducing cell death, while lower con-
centrations induce partial differentiation of APL cells to mature granulocytes [39].
Ultimately, these data may contribute to improved prognostication and the develop-
ment of more effective therapeutic strategies for the treatment of APL in the future.

12.6 Conclusion

APL exemplifies the great progress that has been made in the translation of basic
research into effective molecularly targeted therapies for hematological
malignancies.

Intensive research has addressed many important aspects of APL biology, includ-
ing transcriptional regulation, nuclear organization, epigenetics, and the role of prote-
olysis in leukemogenesis, contributing to the development of new therapeutic
strategies with significant clinical impact. APL is the first hematological malignancy
to be cured using molecular-targeting therapy with ATRA and ATO, and the details of
the molecular mechanisms underlying the curative effects of ATO, predominantly
mediated by the degradation of the PML-RARa oncoprotein, are gradually being
clarified. Future studies will aim to develop sophisticated new therapeutic strategies
for the treatment of APL based on a more comprehensive understanding of the molec-
ular mechanisms involved in the targeting and inhibition of PML-RARa by ATO.
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Abstract

Treatment with arsenic trioxide (ATO) has been shown to result in high CR rates
for a majority of patients with acute promyelocytic leukemia (APL). First, it was
demonstrated that ATO is effective against refractory and relapsed cases of
APL. Many trials have been conducted to determine the optimal schedule for
ATO as a single agent or in combination with other drugs. It has been suggested
that administration of ATO in the earlier stages of a therapy course is most ben-
eficial. However, the potential toxicity of ATO has been a matter of concern
because of the toxicity profile from people with long exposure through natural
contamination. In this chapter, the pharmacokinetics and results of clinical trials
of treatment of APL are presented. In addition, the toxicity and side effects of
ATO occurring during treatment are considered.

Keywords
Arsenic trioxide ¢ Acute promyelocytic leukemia ¢ Pharmacokinetics

13.1 History of Arsenic Compounds

Arsenic compounds have been used for over 2000 years, both as a medicine and as
a poison. History has it that Hippocrates used sulfur derivatives of arsenic to treat
skin lesions. In the eighteenth century, Fowler’s solution (1% potassium arsenite)
was used in the treatment of dermatological diseases. It was even used for chronic
myelogenous leukemia by traditional Chinese medicine [1].
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However, chronic arsenic exposure through occupational exposure and natural
contamination of drinking water can be a public health problem because of its asso-
ciation with bladder, lung, and skin cancers [2, 3]. Arsenic contamination of sugar
used in making beer caused 70 deaths among 6000 people affected in Northern
England in 1903, and in France 40,000 people were poisoned when wine and bread
were contaminated with arsenic in 1928 [4]. Between June and August 1955 in the
Western areas of Japan, 12,131 newborn babies were poisoned because arsenic had
been mixed in during production of the powdered milk used for their feeding formu-
las [5]. These incidents have created an unfavorable reputation for arsenic
compounds.

However, an arsenic compound was reintroduced into new medicine as a result
of Chinese studies on relapse after treatment of acute promyelocytic leukemia
(APL) [6]. Historically, ATO was introduced into the treatment of APL following
the findings of Chinese investigators at Harbin Medical University, who systemati-
cally studied the function and performance of an arsenic-based traditional Chinese
compound called “Ailing I’ [7]. Two subsequent Chinese studies confirmed the ben-
efits of this agent for APL. Subsequently, clinical trials with ATO, initiated at
Shanghai Second Medical University in 1994, confirmed the efficacy of ATO for
patients with APL who had undergone relapse after treatment with all-trans retinoic
acid (ATRA) plus chemotherapy [8].

At that time, Western authorities were concerned about the presence of mercury
and ATO in Chinese traditional medicines. However, after the Chinese results had
been rapidly validated in clinical trials performed in Japan, Europe, and the United
States [9, 10], ATO is now used worldwide to treat patients with APL who have suf-
fered relapse after their primary therapy. The drug has been licensed in Japan,
Europe, and the United States for the treatment of relapsed and refractory APL. It
can induce complete remission when used for remission induction with or without
the addition of chemotherapy or ATRA, and recently ATO and ATRA combination
therapy has been shown to be highly efficient and has low toxic effects [11, 12].
Figure 13.1 shows the timeline for the history of arsenic use.

13.2 Dosage, Schedule, and Pharmacokinetics of Arsenic
Trioxide

13.2.1 Dosage and Administration

For remission induction, ATO is administered by a 2-h infusion at a daily dose of
0.15 mg/kg until a complete hematological remission (CR) or a maximum of 60
days. One vial contains 10 mg of ATO in a 10 ml solution. ATO must be dis-
solved in 100-200 ml of 5% glucose solution or 0.9% saline solution immedi-
ately after it has been removed from the vial. The solution should be infused for
2-4 h after it has been prepared. If vasomotor reactions occur, the infusion should
take place over 4 h [8, 13]. Consolidation treatment is initiated 2—4 weeks after
completion of induction therapy. For an additional consolidation courses, it is
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Before AD Usage of sulphur derivatives of arsenic to treat skin ulcers.

140AD Usage of purified white arsenic for skin parasitosis and tuberculosis.

1700 Fowler’s solution is an arsenic solution in potassium bicarbonate as a
remedy.

1900 ) T .
The arsenic contamination incidents in England, France and Japan.

1970 AILING-1 (anticancer-1), a crude mixture of arsenic and herbal extracts, for APL
treatment.

1995

Reports of controlled clinical trials of ATO for fresh and relapsed APL.

2000
Marked synergy of ATO combined with ATRA therapy, confirmed by clinical data.

Fig.13.1 Timeline of the use of arsenic

recommended for ATO to be administered intravenously at a dose of 0.15 mg/kg
daily for 25 doses over a period up to 5 weeks. It is important to note that this
dosing is based on the use of ATO for native Chinese medicine and not in a phase
I study. Treatment with ATRA or chemotherapy or a combination thereof should
follow each protocol.

13.2.2 Pharmacokinetics of ATO

Only a few studies have described the pharmacokinetics of ATO, and in one of
these, a Chinese pharmacokinetic study, it was analyzed on the first day of ATO
administration for eight relapsed APL patients and it was found that MMN peak
plasma levels of 6.85 p moles/L (range: 5.54—7.30) were attained. The plasma half-
life was 12.13 £ 3.31 h and these parameters did not change with continuous admin-
istration [8]. In an unpublished study of ours, the trough levels of arsenic were
analyzed during the administration of ATO. Figure 13.2 shows the trough levels
gradually increased from 1 to 2 p moles during treatment.

Fukai et al. [14] found that urinary excretion is the major elimination route for
ATO. Other findings for daily urinary excretion reported in the literature vary from
between 1% and 8% to 32% and 65% of the daily dose administered [8]. ATO is
excreted in the urine unchanged in the form of AsIII.
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Fig.13.2 Plasma trough levels of arsenic

13.2.3 Arsenic Monitoring in the Hair of APL Patients

The hair has widely been used to assess content of a broad range of substances;
organic and inorganic, as well endogenous, metabolites; or exogenous contami-
nants. For assessing the content of arsenic, the hairs of two patients and control
individuals were measured in our study. The hair of the patients contained 1108—
7900 ppm, which is more than ten times higher than the reference value.

Nicolis et al. [15] reported the results of their analysis of hair of patients receiv-
ing ATO. A unique property of hair is that incorporated elements remain in place
during its growth. Since human hair grows at an average rate of 1.1 cm per month,
analysis of 1 cm of hair yields the history of approximately 1 month of past expo-
sure. According to the results obtained with clinical materials, arsenic content rap-
idly returns to normal levels after the end of administration [8].

13.2.4 Arsenic Metabolism

Arsenic is the 33rd element in the periodic table and exists ubiquitously in either
inorganic or organic forms. It has long been accepted that arsenic is metabolized via
a succession of oxidative methylation and reduction steps leading from inorganic
trivalent arsenic to pentavalent dimethylarsinic acid. When the inorganic, lyophi-
lized form of arsenic trioxide is placed into solution, it immediately forms the
hydrolysis product arsenious acid (AsIII), which is the pharmacologically active
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species of arsenic trioxide. In addition to arsenic acid (AsV), a product of AsIII
oxidation, monomethylarsonic acid (MMAV) and dimethylarsinic acid (DMAV) are
the main pentavalent metabolites formed during metabolism [16].

The pharmacokinetics of arsenical species (AsIII, AsV, MMAV, DMAV) were
determined in a study of six APL patients following once daily doses of 0.15 mg/kg
for 5 days per week. For a total single-dose range of 7-22 mg (administered at 0.15
mg/kg), systemic exposure (AUC) appears to be linear. Peak plasma concentrations
of arsenious acid (AsIII), the primary active arsenical species, were reached at the
end of infusion (2 h). Plasma concentrations of AsIII then declined in a biphasic
manner with a mean elimination half-life of 10-14 h and were characterized by an
initial rapid distribution phase followed by a slower terminal elimination phase. The
daily exposure to AsIII (mean AUCO0-24) was 194 ng-h/mL (n=5) on day 1 of cycle
1 and 332 ng-h/mL (n = 6) on day 25 of cycle 1, which represents an approximate
twofold accumulation. The primary pentavalent metabolites, MMAV and DMAYV,
were slow to appear in plasma (approximately 10-24 h after the first administration
of arsenic trioxide), but, due to their longer half-life, had accumulated more than
AsIII following multiple dosing. The mean estimated terminal elimination half-
lives of the metabolites MMAYV and DMAYV were determined as 32 and 72 h, respec-
tively. AsV was detected in plasma only at relatively low levels [13].

13.2.5 Drug Interactions

No formal assessments of pharmacokinetic drug-drug interactions between ATO
and other drugs have been conducted. However, it is known that the methyltransfer-
ases responsible for metabolizing arsenic trioxide are not members of the cyto-
chrome P450 family of isoenzymes [13, 17]. Moreover, in vitro incubation of
arsenic trioxide with human liver microsomes showed no inhibitory activity on sub-
strates of the major cytochrome P450 (CYP) enzymes such as 1A2, 2A6, 2B6, 2C8,
2C9, 2C19, 2D6, 2E1, 3A4/5, and 4A9/11. The pharmacokinetics of drugs that are
substrates for these CYP enzymes can therefore be assumed not to be affected by
concomitant treatment with ATO.

13.3 Clinical Results for the Use of ATO in the Treatment
of APL

13.3.1 ATO for Relapsed and Refractory APL

The introduction of ATO into the treatment of patients with APL was prompted by
the findings from two studies in China in the early 1990s and resulted in a high
complete remission (CR) rate with relatively long-term remissions when ATO was
used as a single agent. Initial studies at Harbin Medical University in 1992 found
that ATO induced CR in 72% of patients [7]. This was followed by a clinical trial at
the Shanghai Institute of Hematology in 1997, which documented a 90% CR rate
achieved with the use of ATO alone for patients with relapsed and newly diagnosed
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APL. The duration of ATO administration needed to attain such a high CR rate was
between 28 and 44 days [8]. These results showed that ATO is effective for cases
relapsed after ATRA and chemotherapy treatments.

An American study for single ATO conducted in 1998 showed a 91.7% CR rate
for 12 patients [10]. Additional study showed an 85% CR rate for 40 relapsed
patients. The rate of molecular remissions after an induction cycle with ATO was
50% and after consolidation with a further ATO cycle increased to 83%. The 3-year
overall survival (OS) rate was 50%. A subgroup analysis 4.2 years after the induc-
tion cycle showed a relapse-free survival (RFS) of 22% if ATO monotherapy was
used for induction and consolidation and of 86% if ATO monotherapy was followed
by an autologous or allogeneic transplant [18].

We studied the effect of ATO on 35 relapsed APL cases. The median age of the
patients was 46 years and the median white blood cell (WBC) count at presentation
was 2600/mm® (500-18,100). ATO was infused at 0.15 mg/kg/day for 2 h until
abnormal cells had disappeared from the bone marrow. Complete remission was
attained for 81% of those with hematologic relapse, and most patients became nega-
tive for PML-RARA after the first ATO consolidation course with only four patients
remaining positive [19]. Table 13.1 summarizes the results of ATO induction ther-
apy for relapsed and refractory APL. These studies clearly showed that ATO re-
induction therapy is highly effective in these settings. European LeukemiaNet
(ELN) registry data confirmed the efficacy of ATO for re-induction of remission,
since of the 115 patients with hematological or extramedullary relapse, 91% attained
CR and only 2% showed ATO-resistant leukemia [20].

Table 13.1 Summary of studies using ATO induction therapy for relapse or front-line APL

Regimen (RI/
Reference Patients Pt no. | Post-RI) CR (%) oS
Shen et al. [8] Relapsed 15 ATO 93 85% 1-year OS
Soignet et al. [10] | Relapsed 12 ATO/ATO 91.7 63% 2-year OS
Soignet et al. [18] | Relapsed 40 ATO/ATO 85 66% 1.5-year OS
Niu et al. [21] Fresh/relapsed | 11/47 | ATO/ATO or 72.7/85.1 | 50% 2-year OS
CHT
Ghavamzadeh Fresh 197 ATO/ATO 85.8 64% 5-year OS
et al. [22]
Mathews et al. Fresh 72 ATO/ATO 86.1 74% 5-year OS
[23]
Shigeno et al. [9] | Relapsed 34 ATO/ATO 91 56% 2-year OS
Yanada et al. [19] | Relapsed 35 ATO/ATO/ 81 77% 5-year OS
auto-HCT
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13.3.2 ATO in Frontline Therapy

The first report of the use of ATO for de novo APL cases came from China. Niu
et al. [21], for remission induction in 11 new cases of APL, observed a 72.7% CR
rate, but hepatotoxicity was observed in seven patients. Three large-scale studies
using ATO in frontline therapy have been conducted. Ghavamzadeh et al. [22] used
ATO alone for remission induction and consolidation in APL patients. The remis-
sion rate was 85.8% and the 5-year disease-free survival (DFS) rate was 66.7% (132
out of 197 patients). Between January 1998 and December 2004, 72 newly diag-
nosed cases of APL were treated with a regimen of single-agent ATO at the single
Indian center [23]. CR was achieved for 62 patients (86.1%), and 13 patients
relapsed. The 5-year Kaplan-Meier estimates of event-free survival (EFS), DFS,
and overall survival (OS) after a median follow-up of 60 months were 69% + 5.5%,
80% + 5.2%, and 74.2% + 5.2%, respectively.

The C9710 Study [24] was the first multicenter and randomized trial to empha-
size the importance of ATO in consolidation therapy. This study randomized 481
patients (age >15 years) with untreated APL to either a standard induction regimen
of tretinoin, cytarabine, and daunorubicin, followed by two courses of consolidation
therapy with tretinoin plus daunorubicin, or to the same induction and consolidation
regimen plus two 25-day courses of ATO consolidation immediately after induction.
EFS at 3 years was 80% for the latter versus 63% for the former regimen. ATO con-
solidation provided significant benefits both to patients with low/intermediate risk
and to those with high-risk APL. Lou et al. [25] also reached the conclusion that
with the involvement of ATO in the post-CR period improved the long-term out-
come. At a median follow-up of 49 months, the Kaplan-Meier estimates of 5-year
relapse-free survival were significantly better for patients in the ATO group than in
the non-ATO group, 94.4% vs. 54.8%, and the 5-year overall survival rate was
95.7% vs. 64.1%, in the two groups.

13.3.3 ATO Combined with ATRA as a Synergistic Therapy

Treatment outcomes for APL have improved dramatically since the advent of all-
trans retinoic acid (ATRA). While ATO is effective as induction therapy with a rela-
tively high CR rate, ATRA is believed to allow for better control over hemorrhagic
events in the early stages of APL. Preclinical models demonstrated synergism of the
combination of ATRA and ATO in inducing differentiation and apoptosis [26]. This
synergism between ATRA and ATO has been confirmed through specific binding of
the PML/RAR-a oncoprotein [27]. Investigators at the Shanghai Institute of
Hematology performed a randomized clinical trial in which patients received ATRA,
ATO, or the combination of ATRA plus ATO as induction therapy. Similar CR rates
(between 90% and 95.2%) were observed for the three groups, but the patients
receiving the combination ATRA+ATO therapy showed a statistically significant
improvement in the time until achievement of CR, the time needed for platelet
recovery, and decrease in the rate of relapse [28]. The long-term follow-up showed
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that the CR, 5-year EFS, and OS rates for the combination therapy were 94.1%,
89.2%, and 91.7%, respectively [29].

The Australasian Leukaemia and Lymphoma Group (ALLG) performed a phase
2, single-armed study (APMLA4), reporting the outcome of 124 patients with newly
diagnosed APL treated with triple induction with ATRA, ATO, and idarubicin, fol-
lowed by two courses of consolidation with ATRA and ATO and 2 years of mainte-
nance with ATRA, methotrexate, and 6-MP. Outcomes were compared with
historical controls from the APML3 study that used ATRA plus idarubicin (AIDA)
for induction and consolidation without ATO. With a median follow-up of 4.2 years,
the 5-year OS and EFS rates were 94% and 90%, respectively. Compared with
results for APML3, this trial demonstrated a statistically significant improvement in
EFS and OS [30]. This regimen thus appears to be very promising, although, given
its phase 2 nature and comparison with historical controls, it may be premature to
suggest it is superior.

Investigators at the MD Anderson Cancer Center demonstrated that the combina-
tion treatment of ATRA and ATO is an effective treatment for untreated APL with a
high CR rate of 92%. However, high-risk patients (WBC: >10,000/pl at presenta-
tion) showed an inferior CR rate of 81% because of early treatment failure due to
fatal hemorrhage and differentiation syndrome despite the addition of either gemtu-
zumab ozogamicin during induction to control elevated WBC counts. The estimated
3-year survival rate was 85%. The main advantage of this regimen was in patients
who are unlikely to tolerate cytotoxic chemotherapy (e.g., older patients or patients
with cardiac dysfunction or multiple comorbidities) [31].

Lo-Coco et al. [32, 33] compared the two approaches in a randomized trial
involving patients with non-high-risk APL (white cell count: <10 x 10° per liter).
With a median follow-up of 53 months, the event-free survival rate at 50 months for
the 156 patients whose data were used for the intention-to-treat analysis was 96%
for the ATRA+ATO group and 81% for the ATR A+chemotherapy group (P =0.003)
with corresponding overall survival rates of 99% and 88%.

To summarize, these studies suggest that the combination of ATRA and ATO,
particularly for patients with low-risk disease, is promising. For patients with high
WBC, however, the combined use of cytotoxic agents such as anthracyclines in
induction appears to be important to prevent rapid development of leukocytosis,
APL differentiation syndrome, and relapse. Table 13.2 shows a summary of the
studies using combination therapy with ATO and ATRA for de novo APL patients.

13.3.4 ATO for Post-Induction Therapy

The role of ATO in post-induction therapy for newly diagnosed APL patients has
been explored not only to enhance CR with the aim to minimize or even eliminate
chemotherapy but also to bolster standard ATRA+chemotherapy regimens. Results
of the four studies using ATO for induction and post-remission therapy demon-
strated the strong antileukemic activity of this agent.
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Table 13.2 Summary of studies using ATO and ATRA combined therapy in fresh APL patients

Regimen (RI/consolidation/ CR
Reference Pt no. maintenance) (%) Outcome/OS
Shen et al. 21 ATRA+ATO/CHT/ 95.2 | No relapsed in
[28] ATRA+ATO+CHT 20 months
20 ATRA/CHT/ATRA+CHT 95 26.3% relapsed in
13 months
20 ATO/CHT/ATO+CHT 90 11.1% relapsed in
12 months
Huetal. [29] |85 ATRA+ATO +CHT/CHT/ 94.1 |91.7% 5-year OS
ATRA+ATO+CHT
Ravandietal. |82 ATRA+ATO+GO/ATRA+ATO/ — 92 85% 3-year OS
[31, 49]
Powell et al. 244 ATRA+CHT/ATRA+ATO+CHT/ 90 86% 3-year OS
[24] ATRA+CHT
237 ATRA+CHT/ATRA+CHT/ 81% 3-year OS
ATRA+CHT
Lou et al. [25] | 109 ATRA+CHT/ATRA+ATO/ 96.3 | 95.7% 5-year OS
ATRA+ATO+CHT
ATRA+CHT/ATRA/ATRA+CHT 64.1% 5-year OS
Iland et al. 124 ATRA+ATO+CHT/ATRA+ATO/ 95 94% 5-year OS
[30] ATRA+CHT
Lo-Cocoetal. |77 ATRA+ATO/ATRA+ATO/ — 100 | 99% 4-year OS
32, 331 79 ATRA+CHT/ATRA+CHT/ 95 | 88% 4-year OS
ATRA+CHT

A European registry of relapsed APL recently reported its results [20]. The thera-
pies administered for hematological relapse were ATO monotherapy (61%),
ATO+ATRA (22%), and systemic chemotherapy (17%). This publication is also
important for a better understanding of the status of transplantation. After
ATO=ATRA induction and consolidation treatment, the patients (n = 148) under-
went autologous transplantation (n = 60) and allogeneic transplantation (n = 33) or
received other treatments (n = 55). For autologous transplantation, the stem cell
source was the peripheral blood in almost all cases. The preferred conditioning regi-
men was busulfan combined with cyclophosphamide or melphalan. Approximately
80% of the conditioning regimens before allogeneic transplantation were myeloab-
lative and 20% were of the reduced intensity type. The 3-year OS rates for autolo-
gous transplantation, allogeneic transplantation, and no transplantation were 77%,
79%, and 59%, respectively. However, these analyses of relapsed APL have been
retrospective and their results are heterogeneous. The results indicate that transplan-
tation may enhance survival when compared with no transplantation during second
CR. It should be emphasized, however, that the validity of the comparison of the
three patient groups is limited.
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13.3.5 Kinetics of PML-RARA Transcript Levels

Minimal residual disease (MRD) is the most important prognostic factor for APL
treated with different protocols. The rate of MRD detection is based on the method
used for the MRD assay and the sensitivity of the test [34]. Continuous positive
results for MRD after therapy are predictive of the extent of relapse. Several results
concerning MRD after ATO therapy have been reported. For patients treated with
ATO, almost half remain MDR positive after remission induction, but their status
changes to MRD negative after the consolidation phase of treatment.

Our results for the serial reverse transcription polymerase chain reaction
(RT-PCR) tests during the ATO treatment can be summarized as follows. The nega-
tivity of molecular remission after an induction cycle with ATO was 9 out of 31
(29%), but after consolidation with another ATO cycle, it increased to 24/28 (86%),
with four patients remaining positive for PML-RARA at that time. The PCR results
became negative for one patient, each after the second and third consolidation,
respectively. Of the two patients who remained positive for PML-RARA after the
third consolidation, one showed positive and the other negative PCR test results for
PBSCs [19].

These results indicate that continuous detection of MRD in APL patients treated
with several courses of ATO therapy can show the need to alter the treatment strat-
egy such as by changing to another medicine or allogeneic transplantation.

13.3.6 Mechanisms of Resistance to ATO

Although the CR rate is high even for relapsed patients, resistance to ATO treatment
has been recognized as a clinically critical problem. Information on ATO resistance
remains limited compared with that on ATRA resistance. Two cases have been
reported of clinical ATO resistance after treatment with ATRA/chemotherapy. These
cases exhibited missense mutations leading to substitution of amino acids in the
promyelocytic leukemia protein (PML)-B2 domain in PML-retinoic acid receptor o
(RARA). The presence of an M3 variant expressing PML (RARA-LBD mutation)
was confirmed in leukemia cells harvested from one patient at the terminal stage.
These results suggest that genetic mutations identified in ATO-resistant patients
resulting in substitution of A216V and L218P may contribute to ATO resistance
through impairment of direct ATO binding to PML-RARA due to conformational
changes in ATO-binding sites [35].

Some rare genetic variants have been detected in APL cases with the aid of cyto-
genetics, which is potentially useful for the characterization of cases lacking the
PML-RARA fusion. It may also facilitate identification of rarer molecular subtypes
of APL including those with t(11;17)(q23;q21), t(11;17)(q13;q21), t(X;11)
(pl1;g21), and t(5;17)(q35;q21), which lead to PLZF-RARA [36], NuMA-RARA
[37], BCOR-RARA [38], and NPMI1-RARA [39] fusions, respectively. PLZR-
RARA is relatively resistant, while the other three are known to be ATRA sensitive.
As for sensitivity to ATO, PLZF-RARA- and BCOA-RARA-positive APLs have



13 Arsenic Trioxide: Clinical Pharmacology and Therapeutic Results 231

been shown to be resistant and NPM1-RARA to be sensitive [40]. Findings for
other genetic variants have not been documented.

13.4 Toxicity Profile of Arsenic Trioxide
13.4.1 APL Differentiation Syndrome and Hyperleukocytosis

The major toxicity associated with ATO treatment during remission induction is
APL differentiation syndrome. It is characterized by fever, peripheral edema, pul-
monary opacities, hypoxemia, respiratory distress, hypotension, renal and hepatic
dysfunction, skin rash, and serositis resulting in pleural and pericardial effusions.
This complication has been observed in about 5-30% of patients. APL differentia-
tion syndrome is the major cause of remission induction failure and occurs in
patients with high or low initial WBC counts. Management of the syndrome has not
been fully investigated, but high-dose steroids have been used at the first suspicion
of the emergence of APL differentiation syndrome and appear to mitigate signs and
symptoms [34, 41]. Such suspicion, based on the detection of signs that could sug-
gest the presence of the syndrome [unexplained fever, dyspnea and/or weight gain,
abnormal chest auscultatory findings, or radiographic abnormalities (Fig. 13.3)],
should generate the immediate initiation of the administration of high-dose steroids
(dexamethasone 10 mg intravenously BID) irrespective of the leukocyte count,
which should be continued for at least 3 days or longer until signs and symptoms
have abated. Termination of the ATO therapy is recommended during treatment of
the APL differentiation syndrome.

Development of hyperleukocytosis (>10,000/pul) was observed in 10-20% of
patients treated. There was no relationship between baseline WBC counts and

Fig.13.3 Chest X-ray and CT performed on the 12th day of arsenic therapy. Interstitial infiltrates
(septal lines and ground glass opacity) are shown
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development of hyperleukocytosis nor between baseline WBC counts and peak
WBC counts. Hyperleukocytosis accompanied by disseminated intravascular coag-
ulation (DIC) should be treated with additional chemotherapy consisting of 12 mg/
m? of idarubicin (IDA) [34].

13.4.2 Hypereosinophilia

During induction therapy with ATO, significant amounts of eosinophils were
detected in the peripheral blood, with 20-40% of WBC that were identified as
eosinophils on days 30—40. In our experience, about 10% of patients with ATO
induction therapy developed eosinophilia, and these patients did not present any
eosinophilia-related symptoms such as fever, rash, or dyspnea [42]. An increase in
eosinophils was not observed during the first induction therapy with ATRA and
chemotherapy or during the consolidation therapy with ATO. Evidence from clini-
cal observations and in vitro data suggest that APL cells differentiated into an eosin-
ophilic granulocytic line.

13.4.3 Abnormalities on Electrocardiograms and Hepatotoxicity

Another major complication reported is QTc prolongation and sometimes torsade
de pointes (TdP) arrhythmia, which can cause sudden cardiac-related death [43].
Prior to initiating ATO therapy, a 12-lead electrocardiograph (ECG) and echocar-
diogram should be used for the assessment of cardiac function. Serum electrolytes
(potassium, calcium, and magnesium) and creatinine should be assessed. Patients
with preexisting heart disease may have a higher risk of cardiac toxicity secondary
to the treatment with ATO. The risk of TdP is related to the extent of QTc-interval
prolongation, history of TdP, preexisting QTc-interval prolongation, and the pres-
ence of congestive heart failure. Several drugs, such as diuretics and amphotericin
B, cause imbalance of serum electrolytes resulting in hypokalemia and hypomagne-
semia which induce QTc-interval prolongation. If feasible, drugs that are known to
prolong the QTc interval should be discontinued. Even if a high rate of cardiac
arrhythmia is not observed, it is suggested QTc should be monitored during the
treatment. If the QTc interval is prolonged, close monitoring of the ECGs and of the
electrolytes is necessary. Depending on the individual risk/benefit ratio, an interrup-
tion of ATO is indicated until the QTc interval is less than 460 ms, which may take
several days. In the case of renal insufficiency, the longer time needed for elimina-
tion of ATO must be taken into account [34, 43].

Hepatotoxicity has been widely observed in most clinical trials with incidence
rates ranging from 33% to 75%. In several of these trials, the incidence of grade 3/4
hepatotoxicity was as high as 10% for the ATO group. In comparison, the increase
in liver enzymes was mostly mild and reversible. The onset rate of hepatotoxicity
occurred in induction is 65.5%, during consolidation is 10.3%, and during mainte-
nance is 20.7% [44]. For the patients with grade 3/4 hepatotoxicity, ATO was with-
held till the liver function tests had returned to a level below grade 3.
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13.4.4 Other Complications

Other toxicities associated with arsenic trioxide include nephrotoxicity, neurotoxic-
ity, metabolic disturbance (hyperglycemia, hypomagnesemia, and hypokalemia),
fluid retention, skin discoloration and eruption (Fig. 13.4), and conjunctivitis.
Table 13.3 shows the main adverse events for patients with APL who received ATO
remission induction therapy [13]. During the consolidation phase, however, the
occurrence of these complications was very rare, and in most cases, the toxic effects
were eliminated with temporary discontinuation of ATO. Furthermore, an adequate
supply of vitamins should be ensured, as development of severe neurological disor-
ders (neuropathy, cramps) has been reported due to thiamine deficiency during ATO
administration [45]. N-Acetylcysteine (NAC) should not be administered as a con-
comitant medication, as in vitro study results have shown it has led to an increase in
glutathione concentration, which reduces the effect of ATO [46].
The following points should be stressed:

1. Depending on the specific circumstances, with any toxicity of WHO grade >3,
ATO treatment must either be stopped altogether or interrupted.

2. If ATO is used again, the dosage should only be 50% of the initial dose.

3. For clinical signs of overdose, dimercaprol or dimercaptosuccinic acid may be
administered [47, 48].

Patients should be closely monitored to detect any of the following:

. Cardiac insufficiency NYHA stages III and IV

. Refractory kidney function disorder (serum creatinine >2 mg/100 ml)

3. Severe liver function disorder (bilirubin >2 mg/100 ml, alanine aminotransfer-
ase/aspartate aminotransferase (ALAT/ASAT) >3 times normal)

N =

Fig.13.4 Skin eruption after ATO therapy. a Erythema on the tenth day of ATO administration. b
Erythema on the 14th day of ATO administration
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Table 13.3 Main adverse events for APL patients treated with ATO therapy

Adverse event Any grade (%) Grade 3/4 events (%)
General disorders

Fatigue 63 5

Fever 63 5

APL differentiation syndrome 24 [9] 6191, 14 [30], 16 [31]
Gastrointestinal disorders

Nausea 75

Anorexia 23

Metabolism

Hypokalemia 50 13
Hypomagnesemia 45 13

Nervous system disorders

Headache 60

Paresthesia 33

Skin disorders

Urticaria 8

Eruption 13, 24 [21]

Cardiac disorders

ECG QT prolongation 40, 74 [9] 18 [9],
Tachycardia 55

Liver and renal disorders

ALT/AST increased 33,35 [9] 8,619],3.4[21]
Renal failure 8 3

Hematologic disorders

Leukocytosis 50, 58 [21] 3
Thrombocytopenia 18 13

Neutropenia 10 10

13.5 Conclusion

In the early 1970s, a group of medical researchers from Harbin Medical University
in China were studying about compounds of the Chinese medications. Such research
was focused on which among the Chinese medications used in rural areas were
effective for cancer treatment. Finally, they discovered a remedy which is the arse-
nic stone powder, used by a family practicing traditional medicine. This was the first
stage of the development of ATO. The intensive study of this compound by Dr.
Wang’s group led to the worldwide publication of their exceptional results. Although
at first many researchers did not trust the robustness of these findings, hematologists
began to take a closer look at this compound after follow-up studies in Europe, the
United States, and Japan confirmed the effectiveness of ATO therapy.

Many clinical trials using ATO have been launched in the last two decades, and
some important results of these studies are introduced in this chapter. These findings
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have led to the suggestion that ATO combined therapy may be a suitable first-line
agent. However, in order to achieve more favorable outcome in conjunction with
minimized toxicity, risk-adapted optimization of the use of ATO is needed.
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Abstract

Nelarabine (2-amino-9-f-D-arabinofuranosyl-6-methoxy-9H-purine) is a water-
soluble prodrug of 9-fB-D-arabinofuranosylguanine (ara-G). Nelarabine is deme-
thoxylated to ara-G by adenosine deaminase in the blood. The ara-G is
subsequently transported into cancer cells via nucleoside transporters. Inside the
cells, ara-G is phosphorylated by either deoxycytidine kinase to cytosolic ara-G
monophosphate or by deoxyguanosine kinase to mitochondrial ara-G mono-
phosphate; these are further phosphorylated to ara-G triphosphate, an intracel-
lular active metabolite, by nucleotide kinases. Ara-G triphosphate is incorporated
into DNA strands, thereby inhibiting DNA synthesis and eventually inducing
apoptosis. Nelarabine is approved as a treatment for relapsed/refractory T-cell
acute lymphoblastic leukemia/T-cell lymphoblastic lymphoma. The recom-
mended dose of the drug in adult patients is 1500 mg/m? by intravenous (IV)
infusion given over 2 h on days 1, 3, and 5 and repeated every 21 days. In pedi-
atric patients, the recommended dose is 650 mg/m?* IV given over 1 h for five
consecutive days and repeated every 21 days. In a large phase II study conducted
by the German Multicenter Study Group for Adult Acute Lymphoblastic
Leukemia, nelarabine at 1500 mg/m? was administered on days 1, 3, and 5 in
patients with relapsed or refractory T-cell acute lymphoblastic leukemia or T-cell
lymphoblastic lymphoma. Thirty-six percent of the patients achieved a complete
remission, and 10% achieved a partial remission.
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14.1 Introduction

Purine nucleoside phosphorylase (PNP) is a key enzyme in the purine-salvage meta-
bolic pathway. PNP catalyzes the phosphorolysis of the N-ribosidic bonds of both
purine nucleosides and deoxyribonucleosides (inosine, guanosine, and 2'-deoxy-
guanosine), splitting the substrates into purine bases and ribose monophosphates/
deoxyribose monophosphates. 9-(-D-Arabinofuranosyl)guanine (ara-G) is a deox-
yguanosine derivative that is resistant to degradation by endogenous PNP and is
toxic to T lymphoblasts [1, 2]. Inside cells, ara-G is phosphorylated by deoxycyti-
dine kinase or deoxyguanosine kinase into ara-G triphosphate [2—4]. The resultant
accumulation of intracellular ara-G triphosphate inhibits DNA synthesis [5]. Similar
to deoxyguanosine, ara-G exhibits antileukemic activities in T-cell malignancies
through the T-cell-specific accumulation of ara-G triphosphate in the cells [6, 7].

Nelarabine (2-amino-9-3-D-arabinofuranosyl-6-methoxy-9H-purine) is a water-
soluble prodrug of ara-G (Fig. 14.1). It belongs to a group of guanosine analogues
in which the hydrogen of the hydroxide group at the 6-position of the guanine ring
is substituted by a methoxy group. In 2005, nelarabine received European Medicines
Agency orphan drug status. The agent was also approved by the US Food and Drug
Administration for the treatment of relapsed/refractory T-cell acute lymphoblastic
leukemia/T-cell lymphoblastic lymphoma [8—12]. Nelarabine has been shown to be
cytotoxic to T-cell malignancies, including T-cell acute lymphoblastic leukemia and
T-cell lymphoblastic lymphoma [13].

14.2 Mechanisms of Action
14.2.1 Mechanisms of Action (Fig. 14.2)

In the blood, nelarabine is rapidly demethoxylated to ara-G by adenosine deami-
nase. The ara-G is subsequently transported into cancer cells via
p-nitrobenzylthioinosine-sensitive and p-nitrobenzylthioinosine-insensitive trans-
porters, including human equilibrative nucleoside transporters [14]. Ara-G is phos-
phorylated by either deoxycytidine kinase to cytosolic ara-G monophosphate or by
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Fig. 14.2 The intracellular activation and the mechanism of action of ara-G. dCK deoxycytidine
kinase, dGK deoxyguanosine kinase, ara-GMP ara-G monophosphate, ara-GTP ara-G
triphosphate

deoxyguanosine kinase to mitochondrial ara-G monophosphate [4]. These nucleo-
tides are further phosphorylated to ara-G triphosphate, an intracellular active metab-
olite, by nucleotide kinases. Nucleosides are degraded by adenosine deaminase,
nucleotidase, or PNP [4]. Ara-G triphosphate competes with intrinsic deoxyribo-
nucleotides as a substrate for incorporation into DNA by DNA polymerases. DNA-
incorporated ara-G monophosphate inhibits DNA synthesis and consequently
induces apoptosis [13].

14.2.2 Mechanisms of Drug Resistance

We developed a novel ara-G-resistant variant of the human T-lymphoblastic leuke-
mia cell line CCRF-CEM, and we investigated the mechanisms behind its resistance
to ara-G [15]. The CEM-resistant variant cells were 70-fold more ara-G resistant
than the control CEM cells. The transcription level of human equilibrative nucleo-
side transporter 1 and the protein levels of deoxycytidine kinase and deoxyguano-
sine kinase were decreased in the resistant cells when compared to the control CEM
cells. The production of intracellular ara-G triphosphate was one-fourth that of the
control CEM cells. The level of antiapoptotic Bcl-xL was increased, and those of
proapoptotic Bax and Bad were decreased in the resistant cells when compared to
the control CEM cells. It was concluded that the reduction of drug incorporation
into nuclear DNA and the inhibition of apoptosis were the crucial mechanisms
behind the ara-G resistance in this cell line.
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14.2.3 Adult T-Cell Leukemia/Lymphoma

Adult T-cell leukemia/lymphoma is an aggressive malignancy of mature activated
CD4+ T cells that is associated with human T-cell leukemia virus 1 infection. Adult
T-cell leukemia/lymphoma is difficult to treat, and the therapeutic outcomes of che-
motherapy and allogeneic stem cell transplantation are still unsatisfactory [16]. The
cytotoxicity of ara-G was evaluated using 12 cultured adult T-cell leukemia/lym-
phoma cell lines (ATL-43T, KOB, SO4, M8166, MT-2, MT-4, ED-40515 (+),
ED-40515 (-), ST-1-dependent, ST-1-independent, KK1-dependent, and KKI-
independent) in vitro [17]. The production of intracellular ara-G triphosphate in
these cell lines was less than one-fourth of that in the CEM cell line. Moreover, the
majority of the 50% inhibitory concentration values of these cell lines was higher
than 1 mM. Thus, ara-G was not cytotoxic to adult T-cell leukemia/lymphoma cells.

14.3 Pharmacokinetics

The pharmacokinetics of nelarabine has been evaluated in patients with hemato-
logic malignancies.

Gandhi et al. conducted a phase I multicenter trial of nelarabine in 26 patients
with hematologic malignancies [6]. In their study, nelarabine (20-60 mg/kg) was
administered for 5 days. The serum level of nelarabine increased over the duration
of the intravenous (IV) infusion, reaching a peak (190 pmol/L) at the end of the
infusion (dose of 30 mg/kg); the half-life of nelarabine was 16 min. The peak con-
centration of ara-G was 115 pmol/L, and it had a half-life of 3.4 h. The median peak
intracellular ara-G triphosphate concentrations after the administration of 20, 30,
40, and 60 mg/kg of nelarabine were 23, 42, 85, and 93 pmol/L, respectively. Blasts
from patients with T-cell acute lymphoblastic leukemia or T-cell lymphoid blast
crisis of chronic myeloid leukemia accumulated relatively greater levels of ara-G
triphosphate when compared to other lineages.

Kisor et al. evaluated the pharmacokinetics of nelarabine and ara-G in pediatric
and adult patients with refractory hematologic malignancies [18]. Seventy-one
patients with leukemia (acute lymphoblastic leukemia, chronic lymphocytic leuke-
mia, acute myeloid leukemia, or chronic myeloid leukemia) or lymphoma (non-
Hodgkin lymphoma) were evaluated in this study. The patients received 0.75-2 h IV
infusions of nelarabine at 5-75 mg/kg for 5 consecutive days. The maximum con-
centration of nelarabine occurred at the end of the drug infusion. The harmonic
mean half-lives of nelarabine were 14.1 and 16.5 min in the pediatric patients and
adult patients, respectively. The maximum concentrations of ara-G, ranging between
11.6 and 308.7 pmol/L, occurred at or near the end of the nelarabine infusion.

Gandhi et al. also performed a phase I trial of nelarabine in 35 patients with
relapsed/refractory indolent leukemias [19]. Patients were treated with nelara-
bine at 20, 30, 40, or 60 mg/kg by IV infusion for 1 h daily for 5 days, with
nelarabine at a dose range between 1500 and 2900 mg/m? on days 1, 3, and 5, or
with nelarabine at 1200 mg/m? on days 1, 3, and 5 combined with 30 mg/m? of
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fludarabine on days 3 and 5. Pharmacokinetic data demonstrated that the dose-
adjusted plasma nelarabine area under the concentration-time curve from base-
line to infinity value was 59 pmol/L-h, and the half-life was 23 min. The maximum
concentration of ara-G occurred at or near the end of the nelarabine infusion. The
ara-G concentration increased with increasing doses of nelarabine. The dose-
adjusted area under the concentration-time curve for ara-G was 521 pmol/L-h
(range, 315-1177 pmol/L-h), and the half-life of ara-G was 3.7 h (range, 2.4—
7.2 h). Leukemic cells isolated from the patients receiving nelarabine were ana-
lyzed for the intracellular production of ara-G triphosphate. The median peak
concentration of ara-G triphosphate was 89 pmol/L (range, 22—-1438 pmol/L),
and the dose-adjusted median value was 65 pmol/L (range, 17-1438 pmol/L).

In a Japanese phase I study, 13 patients with relapsed/refractory T-cell acute
lymphoblastic leukemia/T-cell lymphoblastic lymphoma were treated with nelara-
bine [20]. The maximum serum concentration of nelarabine on day 1 was 28.3 pM
with the administration of 1000 mg/m? nelarabine and 26.3 pM with the administra-
tion of 1500 mg/m? nelarabine in adults; the half-life of nelarabine was 0.2-0.3 h.
The area under the concentration-time curve of nelarabine from zero to infinity was
36.3 pM-h with the administration of 1000 mg/m? nelarabine and 33.0 pM-h with
the administration of 1500 mg/m? nelarabine. The maximum serum concentration
of ara-G on day 1 was 87.0 pM with the administration of 1000 mg/m? nelarabine
and 131.8 pM with the administration of 1500 mg/m? nelarabine; the half-life of
ara-G was 3.0-3.5 h. The area under the concentration-time curve of ara-G from
zero to infinity was 440.7 pM-h with the administration of 1000 mg/m? nelarabine
and 622.5 pM-h with the administration of 1500 mg/m? nelarabine. In children-
administered 400 or 650 mg/m? nelarabine, the maximum concentrations of nelara-
bine at the end of the infusions were 16.1 and 34.6 uM, respectively, and the
half-lives of nelarabine were 0.2 and 0.2-0.3 h, respectively. The maximum concen-
trations of ara-G at the end of the 400 and 650 mg/m? nelarabine infusions were 41.0
and 63.8 pM, respectively, and the half-life of ara-G was 1.5-2.0 h.

14.4 The Method of Administration

The recommended dose of nelarabine in adults is 1500 mg/m? IV given over 2 h on
days 1, 3, and 5 and repeated every 21 days. In pediatric patients, the recommended
dose is 650 mg/m? IV given over 1 h for five consecutive days and repeated every
21 days [11, 21].

14.5 Toxicities

Kurtzberg et al. conducted a phase I study of nelarabine administered for five con-
secutive days in 93 patients with refractory hematologic malignancies [22]. The
maximum tolerated dose was 60 mg/kg daily, and the dose-limiting toxicity was
neurologic events. Neurotoxicity was observed in 72% of the patients; this occurred
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typically within 12 days of the start of drug administration in the first treatment
course. The most frequent symptoms included transient somnolence, malaise, con-
fusion, fatigue, and gait disorder, particularly in adult patients. Both central and
peripheral neurotoxicities were observed. Other toxicities included nausea, vomit-
ing, diarrhea, fever, and anorexia. As hematologic toxicities, grade 1 and 2 neutro-
penia and thrombocytopenia were observed.

A phase I trial of nelarabine was performed by Gandhi et al. in 35 patients with
indolent leukemia, including B-cell chronic lymphocytic lymphoma and T-cell pro-
lymphocytic leukemia [19]. The patients were treated with 20, 30, 40, or 60 mg/kg
of nelarabine daily for 5 days, with 1500-2900 mg/m? nelarabine on days 1, 3, and
5 or with 1200 mg/m? nelarabine combined with fludarabine. Hematologic toxicity
was modest. Grade 4 neutropenia and thrombocytopenia occurred in <15% of the
patients. Neurotoxicities, including weakness, tiredness, drowsiness, ataxia, myal-
gia, and confusion, were noted, but they were transient and self-limiting. Symmetric
sensorimotor peripheral neuropathy complications occurred in 21% of the patients.

Gokbuget et al. conducted a single-arm phase II study of nelarabine in 126
patients with T-cell acute lymphoblastic leukemia/T-cell lymphoblastic lymphoma
[23]. Nelarabine was administered as a 2 h infusion at 1500 mg/m?/day on days I,
3, and 5. Toxicity was evaluated in 201 cycles administered to 126 patients. As
hematologic toxicities, grade 3—4 leukopenia, granulocytopenia, and thrombocyto-
penia were observed after 41%, 37%, and 17% of the cycles, respectively. Increases
in the levels of transaminases and bilirubin were observed after 6-8% and 3% of the
cycles, respectively. Neurologic toxicities were found in 20 patients (16%); the
majority was grade 1-2 neurologic toxicities. Seven percent of the patients pre-
sented with grade 3—4 neurotoxicities, among which dizziness and mood alterations
were the most frequent. Other toxicities included cognitive disturbance, confusion,
memory impairment, and neuropathy.

A Japanese phase I study evaluated the administration of nelarabine in patients
with relapsed/refractory T-cell acute lymphoblastic leukemia/T-cell lymphoblastic
lymphoma [20]. A total of 13 patients (7 adults, 6 children) were studied. The most
frequently encountered events were somnolence and nausea in the adults and leuko-
cytopenia and lymphopenia in the children. Neurotoxicities, including somnolence
and headache, were observed in all of the 7 adults and in 2 children.

14.6 Clinical Studies (Table 14.1)
14.6.1 Phase | Studies

Kurtzberg et al. reported the clinical efficacy of nelarabine in a phase I study of 93
patients with refractory hematologic malignancies, including T-cell acute lympho-
blastic leukemia and T-cell non-Hodgkin lymphoma [22]. Nelarabine at seven dose
levels between 5 and 75 mg/kg/day was administered for 5 days in 198 cycles to 93
patients (59 adults, 34 children). Nine complete remissions (23%) and 12 partial
responses (31%) were attained in 39 patients with T-cell acute lymphoblastic
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Table 14.1 Clinical studies of nelarabine in patients with hematologic malignancies

Patient
Study Disease number | Dose of nelarabine Results
Phase 1 study by | Hematologic 93 Intravenous infusion Nine CR, 12
Kurtzberg (2005) maligqancies 5 and 75 mg/kg, 5 days PR in T-ALL
including T-ALL, and T-LBL
T-LBL

Phase 1 study by | T-ALL, T-LBL 13 1000 or 1500 mg/m? Three CR, 2
Horibe (2011) (1,3,5) SD

400 or 650 mg/m?, 5 days
Phase 2 study by | T-ALL, T-LBL 39 1500 mg/m? (1,3,5) CR (31%),
DeAngelo (2007) overall

response
(41%)

Phase 2 study by | T-ALL, T-LBL 126 1500 mg/m? (1,3,5) CR (36%),
Gokbuget (2011) PR (10%)
Combination by | T-ALL, T-LBL 7 Etoposide (100 mg/ Five CR
Commander m?/5 days)+
(2010) Cyclophosphamide

(440 mg/m?/5 days)+

Nelarabine (650 mg/

m?/5 days)

T-ALL T-cell acute lymphoblastic leukemia, 7-LBL T-cell lymphoblastic lymphoma, CR complete
remission, PR partial response, SD stable disease

leukemia and T-cell lymphoblastic lymphoma. One additional response was attained
in a patient with lymphoid blast crisis of chronic myeloid leukemia.

A Japanese phase I study was performed for evaluating the clinical efficacy of
nelarabine in 13 patients with relapsed/refractory T-cell acute lymphoblastic
leukemia/T-cell lymphoblastic lymphoma [20]. Nelarabine at 1000 or 1500 mg/m?
was used as an IV infusion on days 1, 3, and 5 in the adults. In the children, the
agent was administered at 400 or 650 mg/m? for 5 days. One complete remission
and two stable diseases were reported in the seven adults, and two complete remis-
sions were attained in the four children.

14.6.2 Phase Il Studies

DeAngelo et al. treated 26 patients with T-cell acute lymphoblastic leukemia and 13
patients with T-cell lymphoblastic lymphoma in a phase II open-label multicenter
clinical trial to evaluate the efficacy and safety of nelarabine as a single agent
(Cancer and Leukemia Group B study 19801) [24]. A dose of 1.5 g/m*day was
administered on days 1, 3, and 5 to decrease the potential risk of neurological toxici-
ties. Complete remission was attained in 31% of the patients, and the overall
response rate was 41%. The median disease-free survival was 20 weeks, and the
median overall survival was 20 weeks.
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The German Multicenter Study Group for Adult Acute Lymphoblastic Leukemia
conducted a prospective phase II study with nelarabine as a single agent in patients
with relapsed or refractory T-cell acute lymphoblastic leukemia or T-cell lympho-
blastic lymphoma [23]. Nelarabine at 1500 mg/m* was administered on days 1, 3,
and 5. Thirty-six percent of the patients achieved a complete remission (45 of 126
evaluable patients), and 10% achieved a partial remission (12 patients). The proba-
bility of survival after 1 and 3 years was 24% and 12%, respectively, and the median
survival was 6 months. The 3-year survival rate of patients with failure to respond or
a partial response was 4%, while that of those with a complete remission was 28%.

14.6.3 Nelarabine Combined with Other Anticancer Agents

Commander et al. investigated the therapeutic efficacy of nelarabine combined with
etoposide and cyclophosphamide as salvage therapy in seven children (2-19 years
old) with relapsed/refractory T-cell leukemia/lymphoma [25]. Etoposide (100 mg/
m?*day) + cyclophosphamide (440 mg/m*/day) was administered from day 1 to 53,
followed by nelarabine (650 mg/m?/day) for 5 days. Four patients obtained a com-
plete remission after one course of the therapy, and one patient attained a complete
remission after two courses of the therapy.

Luskin et al. reported the administration of nelarabine + etoposide + cyclophos-
phamide as salvage therapy for five adult patients (50-63 years old) with relapsed
T-cell leukemia/lymphoma [26]. Nelarabine (650 mg/m?) was administered on days
1-5, followed by the administration of etoposide (100 mg/m?) + cyclophosphamide
(440 mg/m?) on days 7—11, or the reverse order. Three patients achieved a complete
remission. The remaining two patients died from toxicity prior to disease reassess-
ment. Luskin et al. concluded that the results provide a rationale for chemotherapy
with nelarabine in combination with other anticancer agents as a method of inducing
remission in adults in the salvage setting to prepare for stem cell transplantation.
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Abstract

Purine nucleoside phosphorylase (PNP) is a key enzyme in the purine-salvage
metabolic pathway. A deficiency in PNP is associated with significant T-cell
depletion and immune deficiency. Forodesine is a potent PNP inhibitor that was
designed based on the transition-state structure stabilized by the enzyme. When
PNP is inhibited by forodesine, 2’-deoxyguanosine remains unmetabolized and
is transported into cancer cells via nucleoside transporters. Inside the cells,
2’-deoxyguanosine is phosphorylated to deoxyguanosine monophosphate by
deoxycytidine kinase and then to deoxyguanosine triphosphate by other kinases.
The intracellular deoxyguanosine triphosphate inhibits ribonucleotide reductase,
induces deoxyribonucleotide pool imbalance, and inhibits DNA synthesis and
repair. In early clinical trials, forodesine demonstrated modest anticancer effica-
cies. Drug-related adverse events, including lymphocytopenia and neutropenia,
were generally tolerable. Forodesine is now being investigated for its clinical
efficacy against T-cell malignancies, such as T-cell leukemia and cutaneous
T-cell lymphoma.
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Guanosine —— > Guanine
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Fig. 15.1 Metabolism of purine nucleotides

15.1 Purine Nucleoside Phosphorylase

Purine nucleoside phosphorylase (PNP) is an enzyme that catalyzes the phospho-
rolysis of N-ribosidic bonds of both purine nucleosides and deoxyribonucleosides
(inosine, guanosine, and 2’-deoxyguanosine) and splits the substrates into purine
bases and ribose monophosphates/deoxyribose monophosphates (Fig. 15.1) [1, 2].
Congenital defects in PNP result in severe immunodeficiency syndromes, and PNP
inhibition has been shown to selectively deplete T cells [3—6]. Giblett et al. reported
that a 5-year-old girl with a history of recurrent infection and anemia had no measur-
able PNP activity in her red blood cells [3]. Her serum immunoglobulin levels were
normal; however, she had severe lymphocytopenia, a lack of lymphocyte response to
mitogenic and allogeneic cell stimuli, and decreased T-cell rosette formation. They
concluded that the PNP inactivity was responsible for her syndrome. Subsequent
studies have shown that T-cell deficiency is attributable to an altered purine metabo-
lism pathway in the absence of PNP, that is, the accumulation of plasma 2’-deoxy-
guanosine and intracellular deoxyguanosine triphosphate. In the case of PNP
deficiency, 2’'-deoxyguanosine accumulates in the blood and is thereby incorporated
into blood cells. Inside the cells, deoxyguanosine is phosphorylated to deoxyguano-
sine triphosphate, which induces a nucleotide imbalance and consequently cellular
damage [7-9]. Therefore, the inhibition of PNP was soon identified as a target for
treating malignant T cells, including T-cell leukemia and lymphoma [10, 11].

15.2 Forodesine

Forodesine [BCX-1777, immucillin-H, 7-[(2S,3S,4R,5R)-3,4-dihydroxy-5-
hydroxymethyl-2-pyrrolidinyl]-1,5-dihydro-4H-pyrrolo-[3,2-d]-pyrimidin-4-one,
monohydrochloride] is a transition-state analog that potently inhibits PNP enzyme
activity (Fig. 15.2) [12-15]. Forodesine has shown anticancer effects against several
types of cancer cells in preclinical studies and is now being investigated for its clini-
cal efficacy against T-cell malignancies, including T-cell leukemia and cutaneous
T-cell lymphoma [12, 16, 17].
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Fig. 15.2 The structure of
forodesine

15.3 Mechanisms of Action
15.3.1 Mechanisms of Action of the Usual Nucleoside Analogs

The mechanisms of action of forodesine are different from those of the usual nucle-
oside analogs. After exposure to patients, these conventional nucleoside analogs are
transported into cancer cells via nucleoside transporters and are then phosphory-
lated to their corresponding triphosphates. These analog triphosphates are subse-
quently incorporated into DNA by DNA polymerases, thereby inducing the
termination of DNA synthesis and consequently inducing apoptosis [18-20]. In
contrast to these nucleoside analogs, forodesine itself is not phosphorylated to its
triphosphate form, nor is it incorporated into DNA strands.

15.3.2 Mechanisms of Action of Forodesine

In the blood, 2'-deoxyguanosine is converted to guanine and deoxyribose mono-
phosphate via phosphorolysis in the presence of PNP. The guanine is then deami-
nated to xanthine, and the xanthine is subsequently metabolized to uric acid by
xanthine oxidase (Fig. 15.3). If PNP is inhibited by forodesine, 2'-deoxyguanosine
remains unmetabolized and is transported into cancer cells via nucleoside transport-
ers. Inside the cells, 2'-deoxyguanosine is phosphorylated to deoxyguanosine
monophosphate by deoxycytidine kinase and then to deoxyguanosine triphosphate
by other kinases. The intracellular deoxyguanosine triphosphate inhibits ribonucle-
otide reductase, induces deoxyribonucleotide pool imbalance, and inhibits DNA
synthesis and repair [15, 21-23]. Forodesine selectively inhibits the in vitro growth
of malignant T-cell lines in the presence of 2’-deoxyguanosine. It is preferentially
cytotoxic to T cells, because T cells possess a relatively high level of kinase activity
and a relatively low level of nucleotidase activity [8].
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Fig. 15.3 Inhibition of purine nucleoside phosphorylase. PNP purine nucleoside phosphorylase

15.3.3 The Role of p53 in the Cytotoxic Activity of Forodesine

Balakrishnan et al. reported that when chronic lymphocytic leukemia lymphocytes
were treated with forodesine and 2’-deoxyguanosine, intracellular deoxyguanosine
triphosphate accumulated in the cells. This accumulation was associated with
DNA damage-induced p53 stabilization, phosphorylation of p53 at Ser15, and acti-
vation of p21 [24]. In another study, Alonso et al. demonstrated that forodesine was
highly cytotoxic as a single agent or in combination with bendamustine and ritux-
imab in primary chronic lymphocytic leukemia cells. This cytotoxicity was inde-
pendent of CD38/ZAP-70 expression and p53 or ATM deletion [25].

15.3.4 The Cytotoxicity of Forodesine in Combination
with Nelarabine

We investigated the cytotoxicity of forodesine in combination with nelarabine
in vitro using the human T-lymphoblastic leukemia cell line CCRF-CEM, because
both agents are cytotoxic to T-cell malignancies [26]. Nelarabine is a purine nucleo-
side analog with anticancer properties that is used for treating refractory or relapsed
T-cell acute lymphoblastic leukemia and T-cell lymphoblastic lymphoma. When the
CCRF-CEM cells were treated with forodesine in the presence of 2’-deoxyguano-
sine, the forodesine was active and inhibited cell growth. However, the addition of
9-p-D-arabinofuranosylguanine, an active compound of nelarabine, to the forode-
sine and 2'-deoxyguanosine did not enhance the growth inhibition effect of forode-
sine. The combination index revealed antagonism between forodesine and
9-p-D-arabinofuranosylguanine. The intracellular production of 9-f-D-
arabinofuranosylguanine triphosphate was reduced in the presence of forodesine. A
CEM subclone resistant to 9-p-D-arabinofuranosylguanine was cross-resistant to
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forodesine. Thus, the combination of forodesine and nelarabine would not be an
effective regimen for treating patients with T-cell malignancies.

15.4 Pharmacokinetics
15.4.1 Phase | Studies

A phase I clinical trial was conducted by Gandhi et al. in five patients with previ-
ously treated T-cell malignancies, such as T-cell lymphoblastic lymphoma, T-cell
acute lymphoblastic leukemia, and T-cell prolymphocytic leukemia, as the first
study of forodesine in humans [11]. Forodesine (40 mg/m?) was infused over 30 min
on the first day. Plasma and cellular pharmacokinetics and pharmacodynamics were
investigated. The median plasma peak level of forodesine (5.4 puM; range, 4.9
7.8 pM) occurred at the end of the infusion. The half-life of plasma forodesine was
between 6 and 17 h. The plasma 2’-deoxyguanosine concentration after eight intra-
venous infusions of forodesine reached a maximum of 20 pM (range, 2.6-36.8 uM).
The intracellular deoxyguanosine triphosphate concentrations were also determined
in leukemic cells. After the administration of forodesine on day 1, deoxyguanosine
triphosphate concentrations increased by five- to tenfold within the first 8 h and by
10- to 20-fold within the first 24 h after the start of therapy [11].

A phase I study was conducted in 13 Japanese patients with relapsed or refrac-
tory peripheral T/natural killer-cell malignancies [27]. Forodesine was administered
orally once daily at 100, 200, or 300 mg. The mean maximum concentrations of
plasma forodesine were 139.2 ng/mL (day 1) and 216.5 ng/mL (day 5) at 100 mg,
335.3 ng/mL (day 1) and 499.0 ng/mL (day 5) at 200 mg, and 328.0 ng/mL (day 1)
and 421.6 ng/mL (day 5) at 300 mg. The area under the plasma concentration-time
curve values at the doses of 100, 200, and 300 mg were 1948 ng-h/mL (day 1) and
2730 ng-h/mL (day 5), 4608 ng-h/mL (day 1) and 6303 ng-h/mL (day 5), and
4596 ng-h/mL (day 1) and 5587 ng-h/mL (day 5), respectively. As for the pharma-
codynamics, the mean maximum concentrations of plasma 2'-deoxyguanosine were
270.4 ng/mL (day 1) and 315.5 ng/mL (day 15) at 100 mg, 348.7 ng/mL (day 1) and
410.7 ng/mL (day 15) at 200 mg, and 374.4 ng/mL (day 1) and 515.8 ng/mL (day
15) at 300 mg. The area under the plasma concentration-time curve values of
2'-deoxyguanosine at the doses of 100, 200, and 300 mg were 4023 ng-h/mL (day
1) and 5384 ng-h/mL (day 15), 5705 ng-h/mL (day 1) and 7696 ng-h/mL (day 15),
and 6074 ng-h/mL (day 1) and 9533 ng-h/mL (day 15), respectively.

15.4.2 A Phase Il Study

In a phase II study by Balakrishnan et al., 200 mg of forodesine was administered
orally in eight patients with chronic lymphocytic leukemia [28]. On day 1, a plasma
forodesine level of 300 nM was achieved (range, 126-600 nM). Overall, the plasma
forodesine levels on days 2, 3, 4, and 5 ranged between 200 and 1300 nM. The level
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of 2’-deoxyguanosine in pretreated samples was below the level of detection. On
day 1, the plasma concentration of 2’-deoxyguanosine reached a median of 1.2 pM
(range, 0.57-2.2 pM), and on day 27, it was between 1.1 and 2.3 pM.

15.5 The Method of Administration

Clinical studies of forodesine are underway. In such studies, forodesine is mainly
administered orally once a day at 200-600 mg. The bioavailability of forodesine
after oral administration was 40-59% in humans [29].

15.6 Toxicities
15.6.1 Phase | Studies

In the phase I study performed by Gandhi et al., the most common toxicity observed
was grade 3—4 neutropenia associated with infection. Other grade 3—4 toxicities
included dyspnea, renal failure, depression, and hypoxemia. The grade 1-2 toxici-
ties observed during the period of forodesine infusion were hyperbilirubinemia,
hypotension, headache, hypocalcemia, tremors, constipation, and nausea/vomiting
[11]. Hematologic toxicities other than neutropenia were inevaluable owing to base-
line cytopenias.

In the Japanese phase I study, the grade 3—4 adverse events included lymphocy-
topenia, anemia, leukocytopenia, and pyrexia. Laboratory test results showed no
remarkable changes, and vital signs and body weight showed no consistent changes
during the study treatment period. None of the patients showed any new, clinically
significant abnormal findings on 12-lead electrocardiograms, and none of them
developed any dose-limiting toxicities due to the treatment with forodesine at the
designated dose range of 100-300 mg [27].

15.6.2 Phase Il Studies

The phase II trial reported by Balakrishnan et al. demonstrated mild adverse events
in patients with chronic lymphocytic leukemia treated with oral forodesine [28].
The adverse events were fatigue, bronchitis/pneumonia, diarrhea, fever, neutrope-
nia, and thrombocytopenia.

In the phase II study by Dummer et al., the most commonly reported adverse
events were peripheral edema, fatigue, insomnia, pruritus, diarrhea, headache, and
nausea [30]. Severe adverse events included anemia, lymphocytopenia, arterial
fibrillation, fatigue, edema, Herpes zoster, skin infection, CD4 lymphocyte deple-
tion, depression, pruritus, and rash.

Apart from these reports, serum uric acid level decreases have also been reported
as a consequence of PNP inhibition (Fig. 15.1).
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Table 15.1 Clinical studies of forodesine in patients with hematological malignancies

Patient | Dose of
Study Disease number | forodesine | Results
Phase 1 study by T-ALL, T-PLL 5 IV inf Three SD patients, 2 PD
Gandhi (2005) 30 min patients
5 days,
40-90 mg
Phase 2 study by CLL 8 200 mg Two patients had
Balakrishnan orally, daily | transient decrease in
(2010) lymphocyte count to
normal. Progressed in 5
patients
Phase 1 study by Peripheral T/natural 13 100— One CR patient, 2 PR
Ogura (2012) killer-cell 300 mg patients, 3 SD patients
malignancies orally, daily
Phase 2 study by Cutaneous T-cell 144 200 mg Among 101 patients, 11
Dummer (2014) lymphomas (Mycosis orally, daily | PR patients, 50 SD
fungoides, Sézary patients
syndrome)

T-ALL T-cell acute lymphoblastic leukemia, 7-PLL T-cell prolymphocytic leukemia, CLL Chronic
lymphocytic leukemia, CR complete remission, PR partial response, SD stable disease, PD pro-
gressive disease

15.7 Clinical Studies (Table 15.1)
15.7.1 Phase | Studies

The first-ever clinical study of forodesine was performed by Gandhi et al. [11]. Five
patients (three T-cell acute lymphoblastic leukemias, two T-cell prolymphocytic
leukemias) were treated with an intravenous infusion of forodesine (40 mg/m?) on
day 1; treatment continued on day 2, and thereafter, forodesine was administered
every 12 h for an additional eight doses. The dose of forodesine was increased to
90 mg in the subsequent courses in one patient. Overall, no objective responses
were observed. Three patients had stable disease after one course of forodesine. The
disease progressed in two patients.

In Japan, a phase I multicenter, open-label, dose escalation study was conducted
in patients with peripheral T/natural killer-cell malignancies (peripheral T-cell lym-
phoma, not otherwise specified; anaplastic large cell lymphoma; anaplastic lym-
phoma kinase-negative lymphoma; primary cutaneous anaplastic large cell
lymphoma; and mycosis fungoides) [27]. Forodesine as a single agent was admin-
istered orally at an escalating dose from 100 to 300 mg. A total of 13 patients were
enrolled; five patients received 100 mg once daily, three patients received 200 mg
once daily, and five patients received 300 mg once daily. In the overall response
assessment, there was a complete response in one patient (anaplastic lymphoma
kinase-negative lymphoma) and partial responses in two patients (mycosis fungoides).
Three patients had stable diseases. The researchers concluded that the forodesine



258 T. Yamauchi and T. Ueda

treatment was well tolerated, showing preliminary evidence of its therapeutic
activity that warranted further investigation.

15.7.2 Phase Il Studies

Balakrishnan et al. conducted a phase II study of oral forodesine in patients with
chronic lymphocytic leukemia acquiring fludarabine resistance. Forodesine was
administered at a dose of 200 mg orally once daily for 4 weeks to complete one
cycle of therapy, with the intent of administering forodesine continuously without
interruptions between cycles, up to a maximum of six cycles in eight patients.
Among the evaluable seven patients, the median number of cycles of forodesine
received was two (range, 1-4 cycles), and the median duration of therapy was
8.7 weeks (range, 4-20 weeks). Only two patients showed a decrease in the periph-
eral blood absolute lymphocyte count to normal levels after the first cycle, but this
was short-lasting and the counts increased thereafter. In the other five patients, the
white blood cell counts increased progressively, and in three patients, there was also
progression in the lymph nodes [28].

Dummer et al. conducted an open-label, single-arm, multicenter phase II study
of oral forodesine at 200 mg daily in relapsed or refractory advanced cutaneous
T-cell lymphomas. The response rate, safety, and tolerability were evaluated. A total
of 144 patients with a performance status of 0-2 were included. The median number
of prior therapies received was four. None of the patients achieved a complete
remission. Eleven percent (11/101) of the patients achieved a partial remission, and
50% (51/101) of the patients had stable diseases. The median time to the therapeutic
response was 56 days, and the median duration of the response was 191 days. The
authors concluded that oral forodesine at a dose of 200 mg daily was feasible and
that it showed partial efficacy and induced relatively long-lasting responses in this
highly selected cutaneous T-cell lymphoma population.
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Abstract

Similar to fludarabine and cladribine, clofarabine (2-chloro-2’-fluoro-2’-
deoxyarabinosyladenine) is resistant to deamination by adenosine deaminase
due to the presence of a halogen group at the two position of the base. However,
unlike other 2’'-deoxyadenosine analogs, clofarabine also has a halogen in the
sugar that prevents cleavage of the glycosidic bond by purine nucleoside phos-
phorylase. The cytotoxic activity of clofarabine is due to both its inhibition of
ribonucleotide reductase and its efficient incorporation in DNA, where it inhibits
DNA synthesis. While some activity has been observed in lymphoid malignan-
cies, clinical efficacy has primarily been observed in acute leukemias. The rec-
ommended dose of clofarabine for adult acute leukemia (40 mg/m?day x 5 days)
results in plasma levels of around 1 pM. The accumulation of clofarabine tri-
phosphate in circulating leukemia cells is dose dependent, with a long half-life.
This is particularly the case in responders, resulting in incremental increases in
clofarabine triphosphate with every daily infusion of the drug. The actions of
clofarabine triphosphate on ribonucleotide reductase and incorporation in the
DNA repair patch suggest that a mechanism-based combination with arabinosyl-
cytosine and DNA-damaging agents would be effective. Combination clinical
trials have been conducted, while new trials are underway.

Keywords
Acute leukemia * Clofarabine ¢ Chloro-fluoro-arabinosyladenine ¢ Clofarabine
triphosphate ¢ Pharmacology

W.B. Parker
PNP Therapeutics, Inc., Birmingham, AL, USA

V. Gandhi (2<)

Department of Experimental Therapeutics and Leukemia, The University of Texas MD
Anderson Cancer Center, P.O. Box 301429, 1515 Holcombe Blvd, Houston,

TX 77230-1429, USA

e-mail: vgandhi@mdanderson.org

© Springer Nature Singapore Pte Ltd. 2017 261
T. Ueda (ed.), Chemotherapy for Leukemia, DOI 10.1007/978-981-10-3332-2_16


mailto:vgandhi@mdanderson.org

262 W.B. Parker and V. Gandhi

16.1 Introduction

The natural nucleobases and nucleosides, such as adenine and adenosine, are impor-
tant molecules in cells because they are components of DNA, RNA, and various
intracellular nucleotides, such as cAMP, ATP, CTP, GTP, and UTP as well as their
corresponding deoxynucleotides. Nucleotides are synthesized de novo in human
cells, and nucleobases and nucleosides are usually only present in cells at low con-
centrations. However, if available, these compounds are salvaged from the environ-
ment and used for the synthesis of DNA, RNA, and nucleotide triphosphates, a
process that involves many enzymes. Analogs of these compounds are a major class
of drugs (referred to as antimetabolites) that are important in the treatment of viral
infections and cancer. The FDA has approved over 25 nucleoside analogs for use in
the treatment of viral infections [1] and 14 antimetabolites for the treatment of can-
cer [2].

Nucleobase and nucleoside analogs are structurally similar to the natural com-
pounds and are used by many of the anabolic enzymes in a manner similar to that of
the natural compounds, usually without interfering with the activity of the enzyme.
For the most part, the analog and its metabolites must appear to the cell as the natu-
ral compound. However, because of the small structural difference in these mole-
cules, one of its metabolites eventually interacts with an enzyme in a negative way,
resulting in its inhibition, and the resulting disruption of nucleic acid synthesis or
function results in the death of the cancer cell or virus. The structural modifications
must be small so that the anabolic enzymes recognize them as substrates and con-
vert them to a metabolite that eventually disrupts a vital enzyme in nucleotide
metabolism. However, it is important to realize that small structural differences in
nucleoside analogs can have a major impact on their mechanism of action and their
clinical activity. As we illustrate in this chapter, clofarabine (abbreviated in the lit-
erature as CAFDA, chloro-fluoro-ara-A, and Cl-F-ara-A) or 9-p-D-[2-deoxy-2-
fluoro-arabinofuranosyl]-2-chloroadenine (Fig. 16.1) is an excellent example of this
principle. The drug is sold as Clolar in the USA and Evoltra in Europe. The only
structural difference between clofarabine and cladribine is the replacement of a
hydrogen atom at the 2’ position with a fluorine atom. However, this small differ-
ence endows clofarabine with biochemical activities that are sufficiently different
from cladribine as to result in different clinical activities.

The basis of selectivity with antiviral agents usually involves selective activation
by an enzyme expressed by the virus or selective inhibition of an enzyme important
to the synthesis of the viral genetic material. With anticancer analogs, the basis for
selectivity is much less clear because the enzymes involved in activation and activ-
ity in cancer cells are identical to those found in normal cells. However, the antitu-
mor selectivity of nucleoside analogs can be attributed to enhanced metabolism in
cancer cells or inhibition of DNA synthesis or function. The goal of cancer drugs is
to prevent replication of the cancer cell because it is this replication that leads to the
death of the patient. Since most host cells in humans are not replicating and there-
fore are not sensitive to agents that inhibit DNA synthesis, inhibition of DNA syn-
thesis in cancer cells affords modest selectivity. However, some tissues have cells
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Fig.16.1 Structures of deoxyadenosine, cladribine, fludarabine, and clofarabine

with rapid turnover (bone marrow, gastrointestinal tract, and hair follicles), and tox-
icity in these tissues due to the inhibition of DNA synthesis limits the amount of
drug that can be administered.

Because clofarabine is an analog of 2’-deoxyadenosine (dAdo), the metabolism
of dAdo in human cells, summarized in Fig. 16.2, introduces the enzymes that are
important in the activation and antitumor activity of clofarabine. Adenosine deami-
nase is expressed in the plasma; therefore, the primary metabolic route for dAdo
that is injected into animals is deamination by adenosine deaminase to deoxyino-
sine, which is rapidly cleaved by purine nucleoside phosphorylase (PNP) to hypo-
xanthine. Hypoxanthine can be reused by hypoxanthine/guanine phosphoribosyl
transferase (HGPRT) for the generation of purine nucleotides, although it is more
likely to be converted by xanthine oxidase to xanthine and uric acid, which is even-
tually excreted. Adenine-containing nucleosides are extremely poor substrates for
mammalian PNP [3]; therefore, little, if any, dAdo that is administered intrave-
nously is cleaved to adenine in mammalian systems. However, dAdo is a good sub-
strate for bacterial PNP [4] and would be readily cleaved in the gastrointestinal
tract. A small amount of dAdo administered to animals is phosphorylated to dAMP,



264 W.B. Parker and V. Gandhi

DNA RNA
|
dATP ATP
o - +

NDP kinase - « .
guanine
—_——

dADP ADP nucleotides
] [
dAMP AMP «— — IMP GMP

_—
| dCyd kinase | I 1 | 5’- nucleotidase | \

De novo purine synthesis
dAdo ——» dlno

Hx —> Xa —— uricacid — excretion

Fig.16.2 Schema depicting the metabolism of deoxyadenosine. Enzymes are boxed in rectan-
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adenosine, dIno 2'-deoxyinosine, Hx hypoxanthine, Xa xanthine, AD adenosine deaminase, PNP
purine nucleoside phosphorylase, HGPRT hypoxanthine-guanine phosphoribosyl transferase,
RNR ribonucleotide reductase, /MP inosine 5’-monophosphate, GMP guanosine 5’-monophos-
phate, AMP adenosine 5’-monophosphate

primarily by deoxycytidine kinase (dCyd kinase), which is further phosphorylated
to dADP and dATP. dATP is the primary acid-soluble intracellular metabolite of
dAdo, and it is used as a substrate for the synthesis of DNA. An important enzyme
in the generation of deoxynucleotides for DNA synthesis is ribonucleotide reduc-
tase. The activity of this enzyme is controlled by the natural NTPs and dNTPs to
maintain the proper balance of nucleotides for DNA synthesis. As can be seen in
Fig. 16.2, dATP represses ribonucleotide reductase activity, whereas ATP stimulates
its activity.

16.2 Rationale for the Synthesis of Clofarabine

Numerous enzymes are involved in the activation and activity of nucleoside ana-
logs, which is a primary reason why drug discovery within this class of compounds
is a very empirical process. It is difficult, if not impossible, to design a compound
that will behave as needed with each of the enzymes that must be involved in its
activity. Therefore, the rational drug discovery strategy with these molecules is to
generate numerous analogs that are based on a thorough understanding of the bio-
logical activity of the many synthesized compounds and then evaluate them in
appropriate model systems to identify the agents with the desired activities.

A thorough explanation of the rationale for the synthesis of clofarabine can be
found in a review by Secrist et al. [5]. In brief, nucleosides with halogens at the two
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position of the adenine base are known to be very poor substrates for adenosine
deaminase [6] and therefore are known to be stable in plasma. These compounds
(2-halo-2'-deoxyadenosine analogs) potently inhibit tumor cell growth. In addition,
2’-flouro nucleosides have been synthesized and are known to have biological activ-
ity [7]. 2’-Halogens on nucleoside analogs are also resistant to cleavage by acid and
purine nucleoside phosphorylases, another feature that would contribute to their
in vivo stability. Therefore, in a search for new anticancer agents, numerous 2’-halo
(F, Cl, or Br) and 2-halo (F, Cl, or Br) dAdo analogs have been synthesized and
evaluated for biological activity in both in vitro and in vivo tumor models [8].
Clofarabine was the most potent compound in in vitro cell-killing assays and demon-
strated excellent activity against numerous human tumor xenografts in mice [9, 10].

16.3 Transport

Human cells will salvage natural nucleosides, if available, for nucleic acid synthesis
in place of de novo synthesis, and cells express numerous transporters to aid the
entry of these compounds. Both equilibrative transporters (hHENT1, hENT2, and
hENT3) and concentrative transporters (hCNT1, hCNT2, and hCNT3) are expressed
on most human cells [11]. Because of the abundance of these transporters, natural
nucleosides in the cell culture will equilibrate across the cell membrane in just a few
seconds. To be active, all nucleoside analogs (with the possible exceptions of deoxy-
coformycin and forodesine) must be able to cross cellular membranes to interact
with their cellular targets. Most nucleoside analogs that are useful in the treatment
of various diseases are recognized by these transporters; therefore, they also equili-
brate across cell membranes very quickly. Precise transport studies have been con-
ducted with clofarabine, and it has been shown that it is transported into cells by
both human equilibrative and concentrative nucleoside transporters [12]. Cells pro-
ducing hENT1 exhibited the highest uptake of clofarabine (0.14 pmole/pl), fol-
lowed by hCNT2 (0.025 pmole/pl), whereas uptake in cells producing hENT2 or
hCNT1 was not higher than that in cells that were nucleoside transport deficient. In
oocytes expressing recombinant transporters, the efficiency of transport by hCNT3
(1.3) was much greater than that of hENT1, hENT2, or hCNT2 (0.11, 0.20, or 0.15).
Although not entirely consistent, these results indicate that clofarabine can enter
cells by all known transporters except hCNT1, which is selective for pyrimidine
nucleosides. In addition, at high concentrations, diffusion of clofarabine directly
through the membrane is also possible [12].

Comparative studies have shown [12] that cladribine had the highest efficiency
of transport with hENT1, with a V ,,,/K,, value of 1.8 versus 0.7 for clofarabine and
0.8 for fludarabine (9-p-D-[arabinofuranosyl]-2-F-adenine). The uptake and flux of
clofarabine, cladribine, and fludarabine were very similar in human renal proximal
tubule cells, which express equilibrative hRENT1, hENT2, and hCNT3 [13]. These
results indicate that although there are some differences in transport, all of these
compounds are readily transported across human membranes.
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Some studies have evaluated the importance of ABCG?2 to the activity of clofara-
bine. This ABC transporter is known as the breast cancer resistance protein and
transports various metabolites, including nucleoside monophosphates, out of cells.
Cells transfected with DNA constructs, resulting in overexpression of human or
mouse ABCG?2, had significantly reduced transport of both clofarabine and cladrib-
ine metabolites [14]. These results were correlated with decreased levels of cellular
metabolites of cladribine in ABCG2-expressing cells, which were much less sensi-
tive to clofarabine and cladribine. In these studies, the ABCG?2 transporter trans-
ported both cladribine monophosphate and cladribine itself. The results of a study
by Nagai et al. [15] supported these conclusions and showed that ABCG2 primarily
transports clofarabine. Their results indicate that the metabolism of clofarabine and
its cytotoxicity are strongly determined by the interplay between dCyd kinase and
ABCG?2, and they suggest that inhibition of ABCG2 will improve antitumor activity
in tumors in which dCyd kinase levels are low. The role of ABC transporters in
nucleoside analog metabolism and activity has recently been reviewed [16].

16.4 Metabolism

The metabolism of clofarabine is schematically presented in Fig. 16.3. Once inside
the cell, clofarabine is converted to clofarabine triphosphate [17]. Xie and Plunkett
[18] showed that at low concentrations, the primary intracellular metabolite was
clofarabine monophosphate, which was approximately twice the level of clofara-
bine triphosphate. At high concentrations of clofarabine, the monophosphate and
triphosphate levels were similar. Clofarabine diphosphate levels were very low,
indicating that phosphorylation of the monophosphate of clofarabine is the rate-
limiting step in its activation to the triphosphate. This characteristic is similar to that
of cladribine [19] and indicates that the monophosphate kinase does not prefer mol-
ecules with substitutions at the two position of a purine nucleoside as large as a Cl
atom. In the case of most other deoxynucleoside analogs used for the treatment of
cancer, the nucleoside kinase is usually the rate-limiting enzyme in their activation,
and the triphosphate usually accounts for more than 90% of the intracellular
metabolites.

Clofarabine triphosphate accumulates at high levels in CEM cells [17, 18]: treat-
ment of cells with low concentrations of clofarabine (1-3 pM for 2—4 h) resulted in
concentrations of clofarabine triphosphate that were 50—100 pM, which were simi-
lar to intracellular dATP concentrations in untreated cells. The accumulation of clo-
farabine triphosphate was dose dependent up to 10 pM. Similar intracellular
concentrations of clofarabine triphosphate were achieved in all phases of the cell
cycle (Gy, S, and G,-M) [18]. Clinical studies have indicated that plasma clofarabine
levels of 1.5 pM are achieved at the maximally tolerated dose of clofarabine in
patients with acute leukemias after a 1-h infusion, and this treatment resulted in a
clofarabine triphosphate concentration of approximately 19 pM in blast cells [20].

When clofarabine was removed from the medium of K562 and CEM cell cul-
tures, clofarabine triphosphate had a half-life in cells of 1-3 h [18, 21]. However, in
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Fig. 16.3 Schematic of clofarabine’s mechanism of action. Clofarabine is transported into cells
by both diffusion and facilitated diffusion. It is monophosphorylated by deoxycytidine kinase
(dCK) and then serially phosphorylated by other kinases to form clofarabine triphosphate, the
active moiety. The triphosphate acts to terminate DNA chain elongation and inhibit repair by incor-
porating it into the DNA chain through competitive inhibition of DNA polymerases. It also inhibits
ribonucleotide reductase, with a reduction of dNTP pools, and induces apoptosis through direct
and indirect actions on mitochondria by releasing cytochrome ¢ and other proapoptotic factors
(Obtained with permission from Bonate et al. [73])

circulating leukemic cells, more than 50% of the clofarabine triphosphate was still
present 24 h after clofarabine transfusion [20]. The metabolism of clofarabine and
cladribine has been compared in ex vivo studies with CLL and AML cells that were
obtained from patients [22]. In these studies, the half-life of clofarabine triphos-
phate was longer than that in CEM cells but similar to that of cladribine triphosphate
(7.3 vs. 4.3 h, respectively). The enzymes involved in the degradation of nucleoside
triphosphates in cells have not been studied in great detail. Triphosphate metabolites
of nucleoside analogs do not readily cross cell membranes and are therefore trapped
in the cells in which they were created, whereas nucleosides themselves will freely
distribute across the cell membrane. Therefore, the antitumor activity of these
agents can be extended well beyond the time that the drug circulates in the plasma
because the active metabolite is maintained in tumor cells long after the drug has
disappeared from the plasma. The long retention time of clofarabine triphosphate
contributes to its lasting antitumor activity, even though the plasma half-life is fairly
short [20, 23].

Cytoplasmic 5'-nucleotidase cN-II is one of the seven 5'-nucleotidases found in
mammals. This enzyme catalyzes the removal of the 5’-phosphate from purine
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5’-monophosphates and is involved in the maintenance of cellular nucleotide pools.
Therefore, it can also degrade analogs of purine nucleoside monophosphates and
could theoretically interfere with the activation of clofarabine. In cell culture experi-
ments with CEM and RL cells, inhibition of this enzyme did not affect the cytotox-
icity of clofarabine and had only modest effects on the induction of apoptosis [24],
indicating that it has only a modest effect on the metabolism of clofarabine when
clofarabine is constantly present in the cell culture medium. The results of these
studies suggest that the monophosphate pool maintained by the dCyd kinase/5’-
nucleotidase activity ratio in the presence of excess extracellular clofarabine is suf-
ficient to maintain cytotoxic clofarabine triphosphate levels in the cell. However, it
is possible that such inhibitors would have a more dramatic effect on metabolism
after the removal of clofarabine from the external environment, which happens
in vivo. As clofarabine triphosphate is degraded to the clofarabine monophosphate,
inhibition of this enzyme could prevent further degradation, resulting in re-
phosphorylation by the monophosphate kinase and an increase in the intracellular
half-life of clofarabine triphosphate.

As expected for a dAdo analog, clofarabine was incorporated into DNA, but not
RNA, indicating that it is a DNA-directed drug [18]. At low concentrations, clofara-
bine is mostly incorporated into internal positions in the DNA (>80%), suggesting
that DNA synthesis is not inhibited by the incorporation of clofarabine monophos-
phate into the growing DNA strand. However, at high concentrations (1 or 10 pM),
much more clofarabine is found at terminal positions in DNA. At 10 pM, 65% of the
clofarabine in DNA is found at terminal positions, which suggests that DNA synthe-
sis is inhibited at the site of incorporation.

The primary enzyme involved in the activation of clofarabine in tumor cells is
dCyd kinase [17, 18, 22]. Clofarabine is a very good substrate for this enzyme, with
K., and V,,, values that are similar to those of dCyd [21] but much better than those
of dAdo (the catalytic efficiency of dAdo is only 0.3% that of dCyd). Clofarabine
was modestly better substrate for dCyd kinase than was cladribine. Its catalytic
efficiency was three to four times that of cladribine, with a V,,, that was ten times
greater. The X-ray crystal structure of dCyd kinase with clofarabine in the active
site has been determined [25]. The results of these studies indicate that the confor-
mation of the enzyme/clofarabine complex was similar to structures of the
pyrimidine-bound complexes and that the interactions between the 2-Cl group and
its surrounding hydrophobic residues contribute to the high catalytic efficiency of
dCyd kinase with clofarabine.

Decreased dCyd kinase activity has been shown to result in resistance to clofara-
bine in various cell culture systems [22, 26-29]. Decreased histone acetylation [28],
but not methylation of the dCyd kinase gene [26, 28, 29], was associated with
decreased dCyd kinase expression. In HL-60 cells, the decreased activation of clo-
farabine was associated with decreased expression of dCyd kinase, deoxyguanosine
kinase, and hENT1, hENT2, and hCNT3 genes [30]. Studies have shown that there
are genetic variations in the expression of dCyd kinase activity in patient popula-
tions and suggest that these variations are responsible for the variable rates of acti-
vation of clofarabine and other nucleoside analogs [31].
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Treatment of cells with clofarabine and other nucleoside analogs can enhance
dCyd kinase activity in many, but not all, cell lines [32-34]. Others have shown that
inhibition of DNA synthesis can enhance dCyd kinase activity [35, 36] by phos-
phorylating dCyd kinase at serine 74 [35, 37, 38]. The enhancement of dCyd kinase
activity by clofarabine can be exploited to improve antitumor activity by combining
clofarabine with other nucleoside analogs that are activated by dCyd kinase [33, 34,
39-41].

Clofarabine is also a good substrate for deoxyguanosine kinase [42], an enzyme
that is expressed in mitochondria. The catalytic efficiency of clofarabine with this
enzyme is similar to that of both deoxyguanosine and cladribine, although both the
K., and V,,, values for the two deoxyadenosine analogs are 10-20 times greater
than are those for deoxyguanosine. The contribution of deoxyguanosine kinase to
the phosphorylation of clofarabine in cells is low due to the much higher expression
of dCyd kinase activity in most cell types [43, 44], but it could be important in cells
that express low amounts of dCyd kinase. Resistance to clofarabine in CEM cells
was correlated with decreased dCyd kinase activity but not with decreased deoxy-
guanosine kinase [22, 27].

16.5 Mechanisms of Action

The mechanism of action of clofarabine resembles that of other dAdo analogs and
is schematically presented in Fig. 16.3. Below, we describe the primary actions of
this nucleoside analog.

16.5.1 Inhibition of DNA Synthesis

As with other anticancer nucleoside analogs, the primary activity of clofarabine that
is responsible for its antitumor activity is the inhibition of DNA synthesis [17, 18,
21, 45]. RNA and protein synthesis are inhibited by clofarabine only at high concen-
trations. Clofarabine triphosphate also inhibited yeast poly(A) polymerase activity
[46], but it is unclear how much the inhibition of this enzyme contributes to the
antitumor activity of clofarabine. DNA synthesis is immediately inhibited in cells
treated with clofarabine, and a 3-h incubation with 0.3 pM clofarabine resulted in
prolonged inhibition [45], which did not recover to more than 20% of control values
72 h after removal of the drug. The immediate and long-lasting inhibition of DNA
synthesis in cells treated with clofarabine strongly suggests that the enzymes that
are critical for DNA replication, such as DNA polymerase and ribonucleotide reduc-
tase, are the primary targets for clofarabine and that disruption of DNA function as
a result of the incorporation of clofarabine into daughter strands is of secondary
importance to the activity of clofarabine.
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16.5.1.1 Inhibition of Ribonucleotide Reductase

Incubation of cells with clofarabine results in significant decreases in intracellular
deoxynucleotide pools [17, 18, 45], suggesting that clofarabine triphosphate is a
potent inhibitor of ribonucleotide reductase, a critical enzyme that is involved in the
de novo synthesis of deoxynucleotides [47]. This hypothesis was confirmed in
experiments in which clofarabine triphosphate potently inhibited ribonucleotide
reductase in cell-free extracts [17], and incubation of cells with clofarabine dramati-
cally decreased the conversion of radiolabeled purines and pyrimidines to their
respective deoxynucleotide triphosphates [45]. Clofarabine had the most impact on
dCTP and dATP pools, a modest impact on dGTP pools, and no effect on dTTP
pools [17, 45]. The concentration of clofarabine triphosphate that is required to
inhibit ADP reduction from ribonucleotide reductase isolated from K562 cells by
50% is 65 nM, which is similar to that seen with cladribine triphosphate [17].

The activity of ribonucleotide reductase in cells is tightly controlled by the natu-
ral nucleotides to ensure that the cell has all of the deoxynucleotides needed for
DNA synthesis in the correct concentrations. It is known that dATP is a potent regu-
lator of ribonucleotide reductase activity and inhibits the reduction of ADP, UDP,
and CDP [47]. Therefore, the results described above suggest that clofarabine tri-
phosphate interacts with ribonucleotide reductase in the allosteric binding site as an
analog of dATP. However, in studies with purified human ribonucleotide reductase,
Aye and Stubbe [48] showed that both clofarabine diphosphate and clofarabine tri-
phosphate were potent inhibitors of ribonucleotide reductase activity. They showed
that clofarabine triphosphate is a rapid reversible inhibitor, with a K; of 40 nM, and
that clofarabine diphosphate is a slow-binding, reversible inhibitor, with a K; of 17
nM. Their results indicated that clofarabine triphosphate bound to the allosteric
binding site (A site) on the a subunit. The A site controls the rate of the reaction, and
when dATP is bound, the enzyme is inactive. Clofarabine diphosphate bound to the
substrate-binding site (C site). Although clofarabine diphosphate levels are much
lower than clofarabine triphosphate levels in cells [18], the relatively long half-life
of the inhibited state means that clofarabine diphosphate could still significantly
contribute to the inhibition of ribonucleotide reductase in cells. Finally, inhibition of
enzyme activity by either compound was associated with protein oligomerization
that was more kinetically stable than were dATP-induced hexamers [48—50].

16.5.1.2 Inhibition of DNA Polymerization

Clearly, inhibition of ribonucleotide reductase is sufficient to result in the inhibition
of DNA synthesis; however, clofarabine triphosphate is also a good substrate and
inhibitor of DNA polymerases « and €, two important enzymes that are involved in
the replication of chromosomal DNA [17, 45]. Clofarabine triphosphate was found
to be a potent inhibitor of the incorporation of dATP by DNA polymerase o, with a
K value of approximately 1 uM (K,, for dATP was 4 pM), but it was a weak inhibi-
tor of DNA polymerase f (involved in DNA repair) and y (involved in mitochon-
drial DNA synthesis). A nucleoside triphosphate analog can interact with a DNA
polymerase in one of three ways: it can interfere with DNA synthesis without being
used as a substrate; it can be used as a substrate but not interfere with continued
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DNA synthesis; or it can be used as a substrate and cause disruption of subsequent
DNA chain elongation. The results of studies in intact cells with radiolabeled clo-
farabine indicate that it is incorporated into DNA in internal and terminal positions
[18], but these studies did not indicate whether DNA synthesis was inhibited due to
the incorporation. In addition, inhibition of dATP incorporation by isolated poly-
merases does not indicate that DNA synthesis is actually inhibited because it is
possible that clofarabine triphosphate inhibited dATP incorporation by acting as an
alternative substrate without interfering with subsequent elongation.

The results of DNA-sequencing studies supported those of the radiolabeled stud-
ies, showing that clofarabine triphosphate is used by DNA polymerase o [17], with
K, and V,,,, values that are similar to those of dATP (as well as cladribine triphos-
phate). These studies also showed that the ability of polymerase « to add new nucle-
otides after the incorporation of clofarabine triphosphate was significantly less than
that after the incorporation of dATP. The K, of adding dGTP after the incorporation
of clofarabine triphosphate was 100-fold greater than that after the incorporation of
dAMP. The V,,,, for the incorporation of dGTP was similar, regardless of whether
dAMP or clofarabine monophosphate was incorporated previously. Interestingly,
the incorporation of cladribine had only a modest effect on the subsequent use of
dGTP as a substrate (only a threefold difference to that seen after the incorporation
of dAdo). The effect of clofarabine incorporation on subsequent chain elongation
was similar to that of fludarabine, an agent known to interfere with DNA synthesis.
The effect of clofarabine triphosphate on DNA polymerase € activity was similar to
that seen with DNA polymerase «, except that it more effectively inhibited chain
elongation by DNA polymerase € [45]. This enhanced inhibition of chain elonga-
tion resulted in significant inhibition of DNA synthesis by this enzyme at clofara-
bine triphosphate concentrations that were only 3% those of dATP.

Under conditions in which control reactions extended all of the labeled DNA
primer to the end of the template strand, DNA polymerase a was able to extend the
DNA chain with clofarabine triphosphate in place of dATP across a single thymi-
dine residue in the template strand, but it was not able to extend past two consecu-
tive thymidine residues [17]. This result was very similar to that seen with fludarabine
triphosphate but was different from that seen with cladribine triphosphate. DNA
polymerase a was able to extend the DNA chain with cladribine triphosphate across
two consecutive thymidine residues in the template strand, but it could not extend
beyond three consecutive thymidine residues. These results indicate that clofarabine
caused significant chain termination by DNA polymerase o, which is consistent
with the immediate and lasting inhibition of DNA synthesis seen in cells treated
with clofarabine [18].

These results seem to be in conflict with the results that indicate that at low con-
centrations, more than 80% of the clofarabine incorporated into DNA is incorpo-
rated into internal positions [18], which suggests that elongation of DNA is not
inhibited by the incorporation of clofarabine into DNA. The above results indicate
that DNA polymerases can easily extend the DNA chain across single thymidine
residues with clofarabine triphosphate but that chain extension is dramatically
inhibited by the incorporation of two successive clofarabine nucleotides. Since
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it is likely that single incorporations are more prevalent in DNA than are multiple
incorporations, there would be many more internal clofarabine molecules in DNA,
even though the inhibition of DNA synthesis due to chain termination is the primary
action of clofarabine that is responsible for its antitumor activity. In addition, chain
termination caused by two successive clofarabine incorporations would have one
internal and one terminal, for a ratio of 50%. These results indicate that DNA repli-
cation is severely inhibited, even under circumstances in which most of the incorpo-
rated clofarabine is in internal positions in the DNA.

Clofarabine has also been shown to inhibit nucleotide excision DNA repair in
chronic lymphocytic leukemia (CLL) lymphocytes isolated from patients that were
induced by treatment with 4-hydroperoxycyclophosphamide [51]. Clofarabine was
as potent as fludarabine in the inhibition of DNA repair in this model; however,
clofarabine triphosphate demonstrated maximal inhibition at one-tenth the concen-
tration of fludarabine triphosphate. Although not directly studied in this paper, the
inhibition of nucleotide excision repair could be due to the inhibition of the DNA
polymerases involved in the repair or to the inhibition of ribonucleotide reductase
activity. In addition, inhibition of DNA repair could explain the activity of clofara-
bine against resting non-proliferating tumor cells [52].

Collectively, the results presented in the previous paragraphs indicate that DNA
synthesis is inhibited in cells treated with clofarabine through two distinct but com-
plementary actions: inhibition of ribonucleotide reductase and DNA polymerase
activity. The potent inhibition of ribonucleotide reductase activity by clofarabine
nucleotides enhances its inhibition of the replicative DNA polymerases (self-
potentiation) by decreasing the intracellular concentration of the natural substrate,
dATP, which competes with clofarabine triphosphate for use as a substrate by these
enzymes (i.e., in the presence of ribonucleotide reductase inhibition, less clofara-
bine triphosphate is needed to inhibit DNA polymerase activity). Indeed, clofara-
bine combines the strong DNA-terminating activity of fludarabine (a weak inhibitor
of ribonucleotide reductase) and the strong inhibition of ribonucleotide reductase by
cladribine (a weak inhibitor of DNA polymerases) into one molecule that is a strong
inhibitor of both DNA elongation and ribonucleotide reductase. The relative impor-
tance of clofarabine’s actions to the antitumor activity of clofarabine is not known,
but it is likely that both targets significantly contribute to its cell-killing action.

16.5.2 Repair of DNA Containing Clofarabine

The removal of clofarabine from the 3’-end of DNA chains by 3’-exonucleases that
are associated with the DNA replication complex is an important part of the mecha-
nism of action of this compound that has not yet been evaluated. If clofarabine is
quickly removed from the 3’-terminus of the DNA chain, DNA synthesis can con-
tinue normally, although the polymerase would still have a chance to incorporate
another molecule of clofarabine in the repair site, resulting in a futile incorporation
and removal cycle. The incorporation of two or more clofarabine residues sequen-
tially in the DNA may be harder to repair than single incorporations and could
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represent a greater block to DNA synthesis. Once the DNA polymerase extends
beyond the incorporated analog, DNA synthesis can continue normally. It is not
known whether clofarabine that is successfully incorporated into the DNA chains
(beyond the replication sites) results in DNA that cannot function normally.
However, Hentosh and colleagues [53, 54] demonstrated that the random incorpora-
tion of cladribine into DNA can disrupt transcriptional regulation by altering DNA
binding of TATA-binding protein and can have deleterious effects on cell function.
It is likely that the random incorporation of clofarabine would have similar effects.
However, if there are negative consequences to the incorporation of clofarabine into
DNA chains, these actions are secondary in importance to the cell-killing mecha-
nism of action of clofarabine.

16.5.3 Induction of Apoptosis

The inhibition of replication in cells normally leads to the turning on of replication
checkpoint pathways. Stalled replication forks can threaten DNA replication fidel-
ity, and cells respond to replication blocks by triggering checkpoint pathways that
monitor replication fork progression [55]. This monitoring of DNA synthesis oper-
ates normally during low-intensity replication stress and is required for tumor cells
to resume cell cycle progression. However, during chronic or high-intensity replica-
tion stress, stalled forks do not restart after removal of the stressor, resulting in
irreversible S-phase arrest, possible mitotic catastrophe, and cell death.

The inhibition of DNA synthesis and the DNA damage caused by clofarabine
resulted in the induction of apoptosis in CEM and HCT116 cells [56-58]. Replication
stress induced by the treatment of CEM cells with 10 pM clofarabine leads to Chkl
phosphorylation, which is accompanied by Chkl downregulation, concomitant
apoptosis, and cell death [5]. Incubation with clofarabine resulted in a dose- and
time-dependent downregulation of Bcl-X;, Mcl-1, and Cdc25A proteins, but it did
not affect Cdc25C [57]. Treatment with clofarabine also resulted in the dephos-
phorylation of Akt and its downstream effectors (Bad and FKHRL1). In addition,
there was a marked increase in the population of cells in G1/S and early S phase.
Clofarabine led to more apoptotic cell death than did fludarabine, suggesting that
DNA damage caused by clofarabine is more easily recognized by the surveillance
systems that initiate apoptotic cascades [51].

16.5.4 Activity Against Non-proliferating Cancer Cells

Clofarabine is also active against quiescent human lymphocytes and monocytes
[52]. Treatment of these cells with clofarabine induced DNA strand breaks, which
were markedly reduced by supplementation of the culture medium with dCyd.
Clofarabine also interfered with mitochondrial integrity in primary CLL cells [59],
which led to the release of the proapoptotic mitochondrial proteins cytochrome C
and apoptosis protein-activating factor (Apaf-1). The activity of clofarabine was
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similar to that of cladribine, and both agents induced mitochondrial damage more
effectively than did fludarabine. The investigators proposed three mechanisms that
may be responsible for the mitochondrial damage in non-proliferating CLL cells:
(1) incorporation into nuclear DNA, resulting in DNA damage and inducing an
apoptotic cascade; (2) binding to Apaf-1, resulting in the induction of apoptosis
[60]; and (3) direct interference with mitochondrial function. They felt that mito-
chondrial damage caused by clofarabine or cladribine resulted from all three effects,
whereas mitochondrial damage caused by fludarabine resulted from only nuclear
DNA damage and Apaf-1 binding. They suggested that the direct activity against
mitochondrial function could be due to the binding of clofarabine and cladribine
nucleotides to proteins that are known to regulate mitochondrial functions.
Clofarabine triphosphate was able to activate Apaf-1-dependent caspase activity in
CLL cell extracts with kinetic parameters that were identical to those of dATP [60].

The caspase cascade is initiated by cytochrome ¢ binding to Apaf-1; this induces
it to undergo a conformational change in the presence of dATP, leading to the for-
mation of Apaf-1 multimers and the recruitment of procaspase-9, forming a com-
plex known as the apoptosome. The subsequent autocatalysis of procaspase-9 is
followed by the proteolytic activation of procaspases 3, 6, and 7. Therefore, clofara-
bine triphosphate can contribute to the formation and activation of the apoptosome,
which results in the activation of the caspase cascade. These studies notwithstand-
ing, the mechanisms responsible for the disruption of mitochondrial integrity have
not been fully elucidated, and it is possible that mitochondrial damage is the result
of an apoptotic cascade resulting from the inhibition of ribonucleotide reductase or
DNA polymerase activity.

Clofarabine has also been shown to inhibit DNA repair in quiescent cells [51].
Although clofarabine triphosphate is a weak inhibitor of DNA polymerase p [17], a
polymerase that is involved in base excision repair, it is a potent inhibitor of DNA
polymerase € [45] and likely DNA polymerase §, two enzymes that are also involved
in DNA repair [61]. As noted, clofarabine is a potent inhibitor of ribonucleotide
reductase, and the reduction in intracellular deoxynucleotides could inhibit DNA
repair due to the lack of substrates. Because DNA is constantly being repaired in
quiescent cells due to its spontaneous degradation, inhibition of DNA repair could
induce the apoptotic response that has been observed in these cells.

16.5.5 Miscellaneous Activities

Clofarabine and cladribine were both found to bind to the A(2A) receptor, with K;s
of 17 and 15 pM, respectively [62]. Clofarabine was the only adenosine analog to
bind to the A(3) receptor, with a K; of 10 pM. None of the adenosine analogs bound
to the A(2B) receptor. Clofarabine was an agonist of the A(1) receptor. These results
suggest that interaction with the adenosine receptors contributes to the toxicity
observed with clofarabine and other deoxyadenosine analogs.

Treatment of breast cancer cell lines with clofarabine has been shown to reacti-
vate silenced tumor suppressor genes such as APC, PTEN, and RARp2 through
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hypomethylation and transcriptional upregulation [63, 64]. This action needs to be
evaluated in liquid tumor cell lines as well as in primary tumor cells during therapy.

16.6 Cancer Selectivity of Clofarabine

Similar to other nucleoside analogs, clofarabine is not selective to cancer or to a
specific cancer histological type. Nonetheless, as described above, most of the cell
line studies are directed toward acute myelogenous or lymphoblastic diseases. The
activity of the drug in the clinical setting also suggests that it has preferred activity
toward ALL and AML. Within AML, cell line data suggest that in cells harboring
FLT3 internal tandem duplication, prolonged treatment would be more effective, as
there is a failure of the cell cycle checkpoint in FLT3-ITD mutant cells [65]. In addi-
tion to leukemias, other hematological malignancies, such as myeloma [41, 66, 67]
and lymphoma [68-70], appear to show sensitivity to this analog. Among solid
tumors, breast [63, 71], colon [9, 58], and brain tumors [72] have been evaluated.

In the clinical setting, described in detail in the next chapter (Chap. 17), most of
clofarabine’s activity has been observed in acute leukemias. For these diagnoses,
the drug has been approved for pediatric leukemias and is also effective in the treat-
ment of adult leukemias. Solid tumors showed limited activity, perhaps due to
myelosuppression as a dose-limiting toxicity. Unlike other drugs, clofarabine was
approved first in pediatric leukemias. Clofarabine’s development, leading to its
approval in acute leukemias, was reviewed in detail by Bonate et al. [73].

16.7 Clinical Pharmacology

To obtain investigational new drug approval and to use clofarabine clinically, MD
Anderson conducted animal toxicology and pharmacology studies. On the basis of
tolerated doses in mice and dogs, an IC, of 15 mg/m?/day was selected for humans.
Because of clofarabine’s similarity to fludarabine, the clinical trial design was based
on this dAdo analog (i.e., every cycle consisted of a daily dose for 5 days, and the
cycle was repeated every 28 days). The initial phase I investigation of clofarabine
was performed in patients with solid tumors and hematological malignancies. As
with fludarabine, the dose of clofarabine that was selected as the starting dose was
high [74]. Myelosuppression was the dose-limiting toxicity; thus, the maximum
tolerated dose in the solid tumor setting was much lower than the starting dose: 2
mg/m?/day for 5 days. For acute leukemias, where myelosuppression is not a con-
cern, the dose was identified as 40 mg/m?/day [75].

16.7.1 Plasma Pharmacology

During phase I investigations, a de-escalation of dose in solid tumor patients and an
increase in acute leukemia patients resulted in the evaluation of several doses (2, 4,
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7.5,11.25,15,22.5, 30, 40, and 55 mg/m?*/day). The number of patients at each dose
was low; however, there appeared to be a dose-dependent accumulation of plasma
clofarabine (Fig. 16.4). The peak concentration occurred at the end of the 60-min
infusion. For adult acute leukemias at the defined MTD, the plasma peak level was
1.5 pM (range, 0.4-3.2 pM) [75]. For pediatric acute leukemias, the doses were
tested between 11.25 and 70 mg/m?/day for 5 days. The MTD was 52 mg/m?/day,
which was slightly higher than what was identified for adult acute leukemia patients.
At this MTD, the plasma concentration was a median of 1.1 pM [76]. On the basis
of clofarabine’s clinical activity, identified specifically in adult acute leukemias dur-
ing phase I clinical studies, a phase II study was conducted in 62 individuals with
acute leukemias [23]. Plasma pharmacological studies in 25 patients elucidated that
at the recommended phase II dose in acute leukemias (40 mg/m?%day x 5 days), the
peak plasma concentration of clofarabine was 1 pM (range, 0.26-1.94 pM).
Elimination kinetics in five patient samples suggested biphasic kinetics. With this
pharmacokinetic profile, there was 0.04 pM clofarabine remaining in plasma at 24
h after infusion. This is when the second dose is administered.

Clofarabine is eliminated renally. In the isolated perfused rat kidney model, clo-
farabine clearance was nonlinear. However, the concentration of drug was much
higher than the physiological level achieved in humans [77]. The findings in a rat
in vivo model system suggested that clofarabine is a substrate for the cimetidine-
sensitive organic cation transporter (probably OCT2) system in kidneys [77].

Population pharmacokinetic studies, initially in pediatric patients [78] and then
in both children and adults, demonstrated [79] that while there were no differences
in plasma pharmacology by sex, tumor type, or race, age was a variant. For adults,
the volume of distribution and f half-life of clofarabine elimination were much
higher, resulting in a higher exposure of the drug. In addition to clofarabine,
6-ketoclofarabine, a metabolite of clofarabine, was also detected in the plasma;
however, this was a minor metabolite of no known significance. Since clofarabine is
also used in the clinic as an oral drug [68, 80-84], it is important to mention that the
bioavailability of oral clofarabine is around 60%, suggesting that this is a viable
formulation of this drug [79]. Clofarabine is resistant to purine nucleoside phos-
phorylase cleavage, which provides a rationale for an oral formulation of clofara-
bine that is not cleaved by microbial PNP in the gut. Clinically, oral clofarabine was
well tolerated and had an MTD of 3 mg/m?day for 21 days in relapsed and refrac-
tory non-Hodgkin lymphoma [68].

16.7.2 Cellular Pharmacology

As mentioned in the plasma pharmacology section, there were nine different doses
used during the phase I clinical trial of clofarabine. The clofarabine triphosphate
level analyzed in 40 patients suggested a dose-dependent increase in cellular tri-
phosphate levels. However, there was heterogeneity at each dose level. For adult
acute leukemias, at the MTD, the median triphosphate value was 19 pM (range,
3-52 pM) [75], which was similar to that observed in pediatric patients (range, 6
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Plasma Clofarabine, uM

Clofarabine, rng/m2

Fig.16.4 Dose-dependent accumulation of plasma clofarabine. Blood samples were obtained on
the first day from each patient at the end of clofarabine infusion. Plasma was separated, and clo-
farabine concentrations were quantitated as described by Gandhi et al. [20]. The numbers of sam-
ples were 2 at 7.5, 3 at 11.5, 3 at 15, 3 at 22.5, 2 at 30, 7 at 40, and 3 at 55 mg/m?*day. The dashed
lines represent 95% confidence intervals (Obtained with permission from Gandhi et al. [20])

and 19 pM). Importantly, this level of cytotoxic triphosphate was sufficient in the
complete and sustained inhibition of DNA synthesis [76].

The efficacy of clofarabine in acute leukemia resulted in a phase II investigation
in relapsed refractory acute leukemias. At the MTD (40 mg/m*day x 5 days), the
peak clofarabine triphosphate level was 15 pM (range, 1-44 pM, n = 29). The accu-
mulation was similar in different diagnoses, such as AML, ALL, and CML. The
elimination profile of clofarabine triphosphate indicated that the triphosphate was
retained, with a half-life of 24 h. Interestingly, the 5-day profile of triphosphate
accumulation suggested that the levels of triphosphate had an incremental increase
in responders, while they remained fairly similar in nonresponders (Fig. 16.5) [23].
A detailed comparison of clofarabine triphosphate pharmacological traits demon-
strated that in responders, the peak value at the end of the first infusion was higher
(18 pM; range, 5-44 uM; n = 16) than that in nonresponders (10 pM; range, 1-23
pM; n = 11). Furthermore, because of longer retention of triphosphate in leukemia
blasts of responders, the second day end-of-infusion value was 30 pM (1-67 pM,
n = 15) for responders and 9 pM (1-23 pM, n = 10) for nonresponders.

Clofarabine triphosphate competes with the endogenous dATP pool for incorpo-
ration into DNA and inhibition of DNA synthesis. The concentration of dATP was
a median of 1.8 pM (range, 0.4-22 uM; n = 9). These data suggest that the ratio of
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Fig. 16.5 Incremental accumulation of clofarabine triphosphate in two representative patients.
Pretreatment and end-of-infusion samples were obtained from two patients after several infusions
of clofarabine to quantitate the intracellular levels of triphosphate. Rectangular bars on the abscissa
indicate clofarabine infusions. a Nonresponder; b responder (Obtained with permission from
Kantarjian et al. [23])

clofarabine triphosphate to dATP favors incorporation of the analog into DNA. While
DNA incorporation was not studied, DNA synthesis inhibition showed a dose-
dependent [20] decrease in the DNA synthetic capacity of circulating leukemia cells
in patients receiving this therapy. The decline was almost complete and was main-
tained at higher doses (Fig. 16.6).

16.8 Combination Rationales and Trials

Clinically, the maximum use of clofarabine was in pediatric and adult acute leuke-
mias. The standard of care for AML is high-dose cytarabine (ara-C) or ara-C-
containing regimens. Biochemically, it was demonstrated that clofarabine
triphosphate modulated the accumulation of ara-C triphosphate (the cytotoxic
metabolite of ara-C), resulting in two- to threefold higher levels of ara-C triphos-
phate in AML cell lines and AML primary blasts [33]. This is similar to the fludara-
bine- and cladribine-mediated modulation of ara-C triphosphate accumulation in
AML [85-87]. The maximum augmentation of ara-C triphosphate accumulation
was observed with 1 pM clofarabine, a concentration that is achievable at the MTD
(40 mg/m?/day).
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These observations were the basis of several clinical trials in which clofarabine
was combined with ara-C. With these combinations, the plasma pharmacology of
clofarabine was not impacted; however, clofarabine infusion prior to ara-C adminis-
tration resulted in a 1.4-fold median increase in the ara-C triphosphate accumulation
in five of eight patients [88]. Because of the phase I nature of this study, the doses of
clofarabine varied. Systematic cellular pharmacokinetic studies of ara-C triphos-
phate are needed to fully evaluate the impact of MTD clofarabine on ara-C triphos-
phate accumulation in AML blasts. Clinically, a randomized study of ara-C, alone
and in combination with clofarabine, demonstrated that the overall response rate was
47% in the combination arm compared to 23% in the single-agent arm. Importantly,
the addition of clofarabine doubled the rate of complete remissions from 18% to
35%; however, toxicity was also increased with the combination [89]. A retrospec-
tive comparison of the clofarabine and ara-C combination with fludarabine and the
ara-C couplet combined with granulocyte colony-stimulating factor suggested that
there was an advantage to replacing fludarabine with clofarabine [90].

As described above, clofarabine’s actions on DNA replication are also mimicked
during DNA repair. Both inhibition of ribonucleotide reductase and incorporation of
analog triphosphate in DNA inhibit synthesis of the DNA repair patch [51]. For the
initiation of a DNA damage response, alkylating agents such as cyclophosphamide
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and busulfan have been combined with clofarabine in the preclinical setting [91, 92]
and during clinical trials in both adult AML [93] and ALL [94]. During these inves-
tigations, it was demonstrated that clofarabine administration, before or after cyclo-
phosphamide, resulted in greater cytotoxicity as well as an increased damage
response, measured as phosphorylation of H2AX (yH2AX).

In addition to these above-mentioned combination approaches, sorafenib has
been combined with clofarabine and ara-C [95]. Pharmacodynamic endpoints sug-
gested that this combination inhibited the phosphorylation of Akt, S6 ribosomal
protein, and 4EBP-1 in leukemia blasts. Although this was a small study, it showed
a high response rate. For example, all five patients with FLT3-ITD and four of six
patients with wild-type FLT3 showed a response. Such combinations need to be
evaluated in a large cohort of patients. Inhibition of the mTOR pathway by temsiro-
limus was also shown to be effective in combination with clofarabine in AML cell
lines [96]. The opposite actions of clofarabine and decitabine on the R2 subunit of
ribonucleotide reductase were evaluated and modeled in AML. This modeling study
suggested that a synergistic interaction occurs between these two nucleoside ana-
logs [97]. Low-dose decitabine and clofarabine have been combined in the treat-
ment of MDS and AML [98]. In addition, clofarabine has been combined with other
therapeutics, such as gemtuzumab ozogamicin [99].

16.9 Summary

Clofarabine’s actions, its similarities to and differences from cladribine and fludara-
bine, and its efficacy in acute leukemias led to its FDA approval. When combined
with other chemotherapeutic drugs and targeted agents, it has resulted in clinical
improvements in pediatric and adult acute leukemias. New combination strategies
are being designed and tested for acute leukemias.
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Abstract

Clofarabine is a second-generation nucleoside analogue designed to be more
effective than precursor nucleoside analogues such as fludarabine and cladribine.
Early clinical studies of clofarabine demonstrated its activity in hematologic
malignancies, and clofarabine was approved by the United States Food and Drug
Administration (FDA) for the treatment of relapsed and refractory pediatric
acute lymphoblastic leukemia (ALL) in 2004. Clofarabine has significant effi-
cacy in adults and children with hematologic malignancies including ALL, acute
myeloid leukemia (AML), and myelodysplastic syndrome (MDS). The unique
biochemical modulation properties of clofarabine when used in combination
with other established antileukemic drugs also make it an appealing agent for use
in combination therapy with purine nucleoside analogues or DNA-damaging
agents; these combinations have been tested in a number of studies in patients
with ALL or AML. In this chapter, we review the development of clofarabine,
the rationale and history of its use in combination regimens, and the potential
roles and toxicities of these regimens in the treatment of adult and pediatric leu-
kemias. The use of clofarabine in conditioning regimens prior to stem cell trans-
plantation and for histiocytosis is also discussed.
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17.1 Introduction

Clofarabine (CI-F-ara-A, 2-chloro-2’'-fluoro-2’'-deoxyarabinosyladenine) is a
nucleoside (2'-deoxyadenosine) analogue. Precursor nucleoside drugs include
fludarabine and cladribine, which have the disadvantages of being susceptible to
bacterial cleavage and causing moderate myelosuppression, profound and pro-
longed immunosuppression, and neurologic toxicity at high doses [1-3]. While the
mechanism of action of clofarabine is similar to that of cladribine, the unique bio-
chemical properties of clofarabine result in a more rapid onset of action with higher
efficacy and the potential for increased tolerability. Specifically, compared to
cladribine, clofarabine has improved transmembrane transport, causes greater dis-
ruption of DNA elongation due to higher substrate specificity for DNA polymerase,
and inhibits tumor cell growth at more than tenfold lower concentration [3-5].

Deoxycytidine kinase (dCK) is the key enzyme involved in the activation of
nucleoside analogues. Clofarabine is initially phosphorylated into its monophos-
phate metabolite by dCK. Following additional phosphorylation steps, it is eventu-
ally converted to the active triphosphate derivative [3]. Clofarabine is cytotoxic to
proliferating cells as well as nondividing cells. The level of cytotoxicity of nucleo-
side analogues depends on the intracellular accumulation of their triphosphate
metabolites. Lymphocytes are especially susceptible because of the high level of
dCK and low level of 5’-deoxynucleotidase in these cells [6]. The anticancer activity
of clofarabine triphosphate occurs through multiple pathways, which are described
in Chap. 16 [3, 6]; here, we focus on the clinical development and evidence of
clofarabine efficacy, tolerability, and toxicity in adult and pediatric patients with
leukemia.

17.2 Clofarabine for Adult Leukemia

Acute leukemia affects approximately four out of every 100,000 individuals each
year, with nearly 20,000 new cases estimated to occur in 2016 [7]. Despite improve-
ments in risk stratification and supportive care, leukemia remains a deadly disease
that will claim an estimated 10,430 lives in 2016 [7]. Myelodysplastic syndrome
(MDS), which is characterized by dysplastic and ineffective blood cell production
and a variable risk of transformation to acute leukemia, is diagnosed in more
than 20,000 people annually [8]. Acute myeloid leukemia (AML) and MDS pre-
dominantly affect patients >60 years of age in which myelosuppression,
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immunosuppression, and neurologic toxicities are often amplified by comorbid
conditions. Even in the era of targeted therapy and immunotherapy, there remains a
significant unmet need among patients with these diseases. Standard treatment
remains suboptimal, with low response rates of brief duration.

Clofarabine has demonstrated antitumor activity in various in vitro [9, 10] and
in vivo [9-12] models of both solid [13] and hematological tumors [14]. Initially,
there was little interest in clofarabine as an anticancer agent, and it was not studied
in humans until more than a decade after these preclinical studies. Kantarjian and
colleagues conducted the first phase 1 study of clofarabine in 51 patients with hema-
tologic and solid malignancies [15]. Patients with solid tumors experienced dose-
limiting myelosuppression at 2 mg/m? intravenously (IV) daily for 5 days. However,
those with acute leukemia were able to tolerate higher doses, up to 55 mg/m? IV
daily for 5 days. Dose-limiting, but reversible, hepatotoxicity was observed at this
higher dose. Subsequent studies using 40 mg/m? IV daily for 5 days in patients with
acute leukemia demonstrated a tolerable safety profile, and this dosing schedule was
subsequently used in phase 2 studies. In these studies, clofarabine also showed
promising activity in patients with leukemia and MDS. Patients with AML, acute
lymphoblastic leukemia (ALL), chronic myeloid leukemia-blast phase (CML-BP),
and high-risk MDS receiving clofarabine had an overall response rate (ORR) of
48% (n = 62) [16]. These trials laid the groundwork for further investigations into
the efficacy of clofarabine in subsequent clinical studies.

17.2.1 Acute Myeloid Leukemia (AML)

Cure for AML is achieved in up to 40% of patients under the age of 60 years, with
the best available therapy including chemotherapy and allogenic stem cell trans-
plant (alloSCT). For older individuals, however, cure rates drop to less than 10% [7,
17]. While our understanding of AML has increased in recent years, this has not
translated to substantial advances in therapies delivered or outcomes achieved. For
more than 40 years, standard induction therapy has consisted of 7 days of cytarabine
and 3 days of an anthracycline (i.e., 7 + 3); however, 7 + 3 is a challenging regimen
to tolerate. It is associated with 10-30% mortality at 30 days post-induction in
patients >60 years of age and has a 8- to 12-month median survival for unselected
older individuals [18]. Patients with AML have a high rate of relapse after initial
response, with treatment of relapsed individuals posing additional challenges,
including low response rates and the presence of cumulative toxicities.

17.2.1.1 Clofarabine Monotherapy in Adults with AML

The CLASSIC 1I trial was a phase 2 study that looked at clofarabine efficacy as an
outpatient-based induction monotherapy in 112 untreated patients with AML who
were >60 years of age. Subjects enrolled in the trial were a median age of 71 [19].
The ORR was 46%, of which 38% achieved complete response (CR) and 8%
achieved CR with incomplete platelet recovery (CRp). Of the study population with
unfavorable prognostic factors, the ORR was 39% for patients >70 years, 32% with
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Table 17.1 Studies of first-line clofarabine in adults with AML

Median

Patients | age ORR |CR
Reference Regimen (no.) (years) (%) (%) (0N
Kantarjian Clofarabine 112 71 46 38 41 weeks
etal. [19] monotherapy
Faderl et al. Clofarabine + 70 71 31-63 |31- |5.8-114
[26]* cytarabine 63 months
Burnett et al. Clofarabine 406 74 38 22 12%"
[20] monotherapy
Kadia et al. Clofarabine + 118 74 68 60 11.1 and
[25]¢ cytarabine 18.5 months
Foran et al. Clofarabine 727 68 42.8 42.8 | 1.41¢
[21] monotherapy

CR complete response, ORR overall response rate, OS overall survival

2Study evaluated clofarabine + idarubicin and clofarabine monotherapy; ranges represent (clofara-
bine + idarubicin) — clofarabine monotherapy

2-year OS was 12% for clofarabine monotherapy compared to 13% for LDAC; demonstrated no
OS benefit

‘Median OS was 11.1 months for all patients and 18.5 months for responders

dRepresents the weighted hazard ratio of clofarabine/7 + 3 instead of OS

Eastern Cooperative Oncology Group (ECOG) performance status of 2. 42% with
unfavorable cytogenetics, and 51% with antecedent hematologic disease. The
median overall survival (OS) was 41 weeks with a 30-day all-cause mortality of
9.8% (Table 17.1).

A large randomized ECOG trial established that clofarabine does not increase
survival for older patients with de novo or secondary AML [20]. Burnett et al. com-
pared clofarabine and low-dose cytarabine (LDAC), a common treatment for induc-
tion in elderly patients unable to tolerate 7 + 3, in 406 patients (median age of 74
years) with newly diagnosed de novo AML, secondary AML, or high-risk MDS. The
ORR was 38% in the clofarabine arm compared to 19% in the LDAC arm, and
2-year survival was 13% for clofarabine compared to 12% for LDAC. While there
was no difference in OS, relapse-free survival was 20% for the clofarabine arm
compared to 8% for the LDAC arm.

Clofarabine monotherapy was unable to improve survival compared to 7 + 3 in a
recent trial sponsored by ECOG. A total of 727 patients >60 years of age and newly
diagnosed with AML were randomized to clofarabine monotherapy or 7 + 3 with
the option of decitabine maintenance following induction. Preliminary results pre-
sented at the American Society of Hematology Annual Meeting in 2015 revealed no
significant difference in OS, with a hazard ratio (HR) of 1.41 [21]. Furthermore, CR
rates were nearly identical: 42.8% for the clofarabine arm and 43.8% in the 7 + 3
arm.
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Table 17.2 Clofarabine studies in adults with relapsed AML

Median
Patients | age ORR |CR oS
Reference Regimen (no.) (years) (%) (%) (months)
Faderl et al. | Clofarabine + 25 59 42 25 7.9
[28]* cytarabine
Faderl et al. | Clofarabine + 44 56-58 48 48 Not
[26]° idarubicin + reported
cytarabine
Becker et al. | Clofarabine + 46 53 61 46 Not
[22] cytarabine reported
Faderl et al. | Clofarabine + 320 67 46.9 352 6.6
[23] cytarabine

ALL acute lymphoblastic leukemia, AML acute myeloid leukemia, CML-BP chronic myeloid
leukemia-blast phase, CR complete response, MDS myelodysplastic syndrome, ORR overall
response rate, OS overall survival

“Median age of entire study population which included ALL, MDS, and CML-BP, ORR/CR
includes AML and MDS patients; OS of the entire study population

"ORR was not a primary end point

17.2.1.2 Clofarabine/Cytarabine Combination Therapy in Adults
with AML

The promising responses observed with clofarabine monotherapy in hematologic
malignancies led to the studies of clofarabine in combination with other cytotoxic
agents in patients with AML. FLAG [i.e., fludarabine and cytarabine with
granulocyte-colony stimulating factor (G-CSF) priming] is a common regimen used
for patients with relapsed AML and has been in use since the 1990s. Becker et al.
substituted clofarabine for fludarabine, based on their structural similarity and the
higher response rates achieved with clofarabine [22]. The study evaluated 46
patients with refractory/relapsed AML and a median age of 53 years and demon-
strated an ORR of 61% with CR rate of 46%. The authors suggested that this com-
bination therapy could be a viable option for this patient population given the lack
of dose-limiting toxicity (DLT; Table 17.2).

In 2012, the CLASSIC I trial was conducted as a follow-up to the phase 1/2 study
that had established the activity of clofarabine in relapsed AML [23]. This phase 3
trial was a double-blind, placebo-controlled study that compared clofarabine com-
bined with cytarabine to cytarabine and placebo in patients >55 years of age with
relapsed or refractory AML. A total of 320 patients with a median age of 67 were
evaluated. Patients in the clofarabine + cytarabine arm had a better ORR than cyta-
rabine + placebo (46.9% vs. 22.9%). Clofarabine also had a 37.7% 4-month event-
free survival (EFS) compared to 16.6% with placebo; however, there was no
significant difference in the median OS between clofarabine and placebo (6.6 vs. 6.3
months, P =1.00).

Similar results were seen when 5 days of clofarabine monotherapy at 30 mg/m?
was compared to clofarabine + LDAC dosed subcutaneously for 14 days at 20 mg/
m? [24]. In this study, 70 patients >60 years of age with AML or high-risk MDS
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were randomized. The median age of the patients was 71 years. Clofarabine com-
bined with LDAC had a CR rate of 63% with an induction mortality of 19%, whereas
clofarabine monotherapy had a CR rate of 31% with an induction mortality of 31%.
OS was equivalent between clofarabine combined with LDAC and clofarabine
monotherapy (11.4 vs. 5.8 months; P = 0.10). In another study, Kadia et al. evaluated
118 patients with a median age of 74 and newly diagnosed AML and treated with
clofarabine and LDAC followed by alternating cycles of decitabine maintenance/
consolidation [25]. Though there was no comparator arm, the ORR was 68% with a
60% CR rate, which was higher than any rates seen in any prior induction AML
clofarabine trials.

17.2.1.3 Clofarabine/Anthracycline Combination Therapy in Adults
with AML

A phase 1 study investigated the efficacy of clofarabine in 44 patients >18 years of
age in the first relapse or with primary refractory AML [26]. Patients were random-
ized to either clofarabine and idarubicin or clofarabine, idarubicin, and cytarabine
(CIA). The maximum tolerated dose (MTD) in the clofarabine/idarubicin arm was
clofarabine 22.5 mg/m? IV daily for 5 days and idarubicin 10 mg/m? IV daily for 3
days. The MTD for CIA was the same, with the addition of cytarabine 0.75/m? IV
for 5 days. DLTs were hyperbilirubinemia, hepatic transaminitis, mucositis, and
diarrhea. Though it was not a primary end point of the study, a response rate of 48%
was seen.

This study was followed by a phase 2 study of CIA in patients with newly diag-
nosed AML 60 years of age or younger [27]. Induction therapy consisted of clofara-
bine given at a dose of 20 mg/m? for 5 days, idarubicin given at a dose of 10 mg/m?
on days 1-3, and cytarabine given at a dose of 1 g/m? on days 1-5. Patients in remis-
sion were consolidated with up to six cycles of CIA given on an attenuated dosing
schedule. Of the 57 patients evaluable, an ORR of 79% was attained, with the
median OS not yet reached after a median follow-up of 10.9 months. Median EFS
was 13.5 months. Therapy was well tolerated with 4-week mortality rate of 2%. OS
and EFS of patients treated with CIA compared favorably to historical controls
treated with 7 + 3, even after multivariate analysis.

17.2.2 Myelodysplastic Syndrome (MDS)

In addition to activity in AML, the previously discussed study by Faderl et al. also
demonstrated clofarabine activity in patients with MDS [28]. In a small patient
population, a CR rate of 25% was achieved in high-risk MDS patients. Subsequent
studies looked at oral dosing of clofarabine and higher-risk MDS (Table 17.3).
Thirty-two patients with intermediate- and high-risk disease based on the
International Prognostic Scoring System were evaluated [29]. Nearly all of the
patients had secondary MDS or were refractory to hypomethylating agents (HMA).
Despite the population having a median age of 70 years, an ORR of 43% was seen,
with 25% achieving complete remission. Toxicity increased at higher doses. Of
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Table 17.3 Clofarabine studies in adults with higher-risk MDS

Median

Patients | age oS
Study Regimen (no.) (years) ORR (%) CR (%) (months)
Faderl Clofarabine + 25 59 42 25 7.9
etal. [28]* | cytarabine
Faderl Oral 32 70 43 25 9.2 and
etal. [29]° | clofarabine 13.8
Faderl Clofarabine 58 68 36 26 7.4,13.4,
et al. [30]° and 21.7
Ghanem Clofarabine 109 67 Not Not 4.3
etal. [31]¢ evaluated evaluated

ALL acute lymphoblastic leukemia, AML acute myeloid leukemia, CML-BP chronic myeloid
leukemia-blast phase, CMML chronic myelomonocytic leukemia, CR complete response, MDS
myelodysplastic syndrome, ORR overall response rate, OS overall survival

iMedian age of entire study population, which included ALL, MDS, and CML-BP, ORR/CR
includes AML and MDS patients; OS of the entire study population

08, entire study population, 9.2 months; responders, 13.8 months

OS, entire study population, 7.4 months; responders, 13.4 months; complete responders, 21.7 months
dMDS and CMML patients, post-clofarabine failure

note, 16% of patients experienced acute renal failure. Hepatic and gastrointestinal
adverse events (AEs) were seen at all doses. The toxicity profile was studied further
in a phase 2 trial; the results of which were reported in 2012. Fifty-eight patients
with a median age of 68 years and higher-risk MDS were adaptively randomized to
lower- and higher-dose treatment arms [30]. The side effect profile was similar for
both arms and consistent with prior reports but more severe at the higher-dose level.
The ORR was 36% with a CR rate of 26%. Despite the response rate seen in these
trials, the majority of high-risk MDS patients will fail all available therapy or relapse
quickly after response [31]. One hundred and nine patients with MDS or chronic
myelomonocytic leukemia (CMML) and a median age of 67 years were evaluated.
Of the patients evaluated, 38 had received clofarabine as first-line therapy, 59
received it after failing an HMA, and 22 had failed 2 or more MDS-directed thera-
pies. Following failure, the OS in this patient population was 4.3 months, which
correlates closely with OS post-HMA failure [31, 32]. Given that survival for high-
risk MDS patients is between 11 and 13 months after clofarabine therapy, there
remains significant opportunity to research and improve the outcomes of these
patients [30, 31].

17.2.3 Acute Lymphoblastic Leukemia (ALL)

Two Southwest Oncology Group (SWOG) studies, led by Advani and colleagues,
explored the use of clofarabine in adult ALL. In the first study, 37 patients were
treated with clofarabine 40 mg/m?/day and cytarabine 1 g/m?*/day on days 1-5 [33].
The median age was 41 years; 44% of patients were in a second or subsequent
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relapse or had refractory disease and 59% of patients had high-risk cytogenetics.
Six out of thirty-six patients (17%) achieved a complete remission with or without
complete count recovery. Median OS was 3 months. In the second study, SWOG
study S0910, epratuzumab, a humanized monoclonal antibody against CD22, was
combined with clofarabine and cytarabine in adults with relapsed/refractory pre-B
ALL [34]. The complete remission rate with or without complete count recovery
with the addition of epratuzumab was 52%.

Faderl and colleagues treated 50 patients with a median age of 30 years with
clofarabine 40 mg/m? daily for 3 days and cyclophosphamide 200 mg/m? every 12
h for 3 days [35]. The response rate of the whole study group was 14%, including
10% of patients who achieved CR or CR without hematologic recovery. Three
responses occurred in patients with primary refractory disease. The early mortality
rate (<30 days) was 6%. The median duration of response was 69 days, and the
median OS was 3 months. Another retrospective study of 55 patients treated with
clofarabine combination therapy showed a 50% remission rate in relapsed/refrac-
tory patients, with 17-35% of patients proceeding to alloSCT [36].

17.3 Clofarabine for Pediatric Leukemia

Since the first phase 1 study of clofarabine was initiated in 1993 in adult patients
with hematologic and solid malignancies [37], several clinical trials have dem-
onstrated the clinical activity of clofarabine monotherapy for hematological
malignancies. Moreover, combination regimens have been tested that leverage
the pharmacological properties of clofarabine by combining it with traditional
antileukemic drugs, revealing promising results [38—40]. Development of new
therapeutic agents for children has historically lagged behind their introduction in
adults. Most published studies of clofarabine have been conducted in adult patients
with AML or MDS. However, unlike its predecessors, clofarabine was approved by
the FDA in 2004 specifically for use in pediatric patients with relapsed or refractory
ALL who have failed treatment with at least two prior regimens.

17.3.1 Clofarabine in Pediatric Acute Lymphoblastic Leukemia
(ALL)

With contemporary first-line chemotherapy regimens, the vast majority of newly
diagnosed pediatric patients with ALL will achieve remission, and the OS rate is
approaching 90% [41]. Despite our overall success in treating newly diagnosed
ALL, long-term cure rates for children who relapse remain poor, and relapsed ALL
is still the leading cause of death among pediatric oncology patients [41]. The FDA
approval of clofarabine was based on phase 1 and 2 studies in pediatric patients with
refractory or relapsed ALL in which clofarabine monotherapy had demonstrated
activity [42]. Based on the promising monotherapy data, several combinations of
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Table 17.4 Published studies of clofarabine in children with ALL

Phase Combination References

Phase 1 CLO [47]
CLO212 Phase 2 CLO [42]
A report from UK - CLO (n=5)CLO,CTX, VP (n=18) |[83]
CLO21800205 Phase 1/2 | CLO, CTX, VP [43, 44]
Italian multicenter study Phase 2 CLO, CTX, VP [46]
Italian study - CLO, CTX, VP (n=24) [58]
COG AALLI1131 Phase 3 CLO, CTX, VP, PEG, VCR [57]
COG AAML0523 Phase 1/2 | CLO, ara-C [45]
POEO07-01 Phase 1 CLO, CTX [52]
VANDEVOL Study Phase 1 CLO, Mito, VP, Asp, Dex [53]
TVTC protocol Phase 2 CLO, Thio, Topo, Vinorel, Dex [59]
CoALL trial 08-09 Phase 2 CLO, PEG [84]

ALL acute lymphoblastic leukemia, ara-C cytarabine, Asp L-asparaginase, CLO clofarabine,
CoALL the German Co-operative Study Group for treatment of ALL, CTX cyclophosphamide, Dex
dexamethasone, Mito mitoxantrone, PEG PEG-asparaginase, Thio thiotepa, Topo topotecan, VCR
vincristine, Vinorel, vinorelbine, VP etoposide

clofarabine with other agents were subsequently evaluated in pediatric patients with
relapsed ALL [43-46].

17.3.1.1 Clofarabine Monotherapy in Pediatric ALL

The initial phase 1 study of clofarabine monotherapy for children with ALL was
done at MD Anderson Cancer Center in conjunction with a study in adults [15, 47]
(Table 17.4). Twenty-five children with ALL (n = 8) or AML (n = 17) received six
dose levels between 11.25 and 70 mg/m? IV over 1 h for 5 consecutive days. Five
patients (one AML and four ALL) achieved CR, and three patients (two AML and
one ALL) achieved a partial response (PR), yielding an ORR of 32%. Four out of
17 children (24%) with ALL and one of eight patients with AML (13%) attained
CR. The DLTs were reversible hepatotoxicity and skin rash, which were seen at 70
mg/m?/day for 5 days, and the MTD was 52 mg/m?/day for 5 days.

A phase 2 study of clofarabine monotherapy was conducted in several institu-
tions across the US [42]. Sixty-one children with ALL had received a median number
of three prior regimens (range 2—6), including prior hematopoietic stem cell trans-
plantation (HSCT) in 30% of the patients, and 35 patients (57%) were refractory to
the last salvage regimen received before clofarabine. Patients received clofarabine
at the MTD of 52 mg/m?/day for 5 days every 2-6 weeks [42] (Table 17.4). Of the
61 children in the study, seven (12%) attained CR and five (8%) CR without platelet
recovery (CRp) for an ORR of 20%; 10% had PR. The remission was durable, and
patients were able to proceed to HSCT after receiving clofarabine. Remissions were
sustained in patients who did not undergo an HSCT for a median of 6 weeks. Four
patients remained in CR or CRp for 8+, 12, 37+, and 48 weeks after receiving only
clofarabine. Febrile neutropenia, anorexia, hypotension, and nausea were the most
common side effects.
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Another phase 2 study of clofarabine monotherapy was conducted in Europe
[48]. In this study, 65 pediatric patients with relapsed/refractory ALL were enrolled,
and data from the first 53 patients have been presented. In this study, patients
received clofarabine also at the MTD of 52 mg/m? for 5 days. Fourteen of fifty-three
(26%) patients who received at least one course of clofarabine had a response: six
achieved CR, seven CRp, and one PR. Four patients proceeded to HSCT after
receiving clofarabine, and one patient had durable remission for 20+ months. Three
patients developed liver toxicity (hyperbilirubinemia, transaminitis).

17.3.1.2 Clofarabine Combination Therapy
There are a few clofarabine combinations that have been studied based on the mech-
anism of action of clofarabine. As an inhibitor of ribonucleotide reductase (RnR),
clofarabine accumulates cytarabine triphosphate in leukemic cells, thereby increas-
ing the antileukemic activity of cytarabine [40, 49]. Clofarabine also causes deple-
tion of dNTPs, resulting in the inhibition of deoxycytidine kinase through a feedback
mechanism. Thus, a combination of clofarabine and cytarabine increases retention
of ara-CTP. This combination has been widely investigated in various studies in
adult AML [28], pediatric ALL [50], and pediatric AML [51].

Clofarabine inhibits DNA synthesis as well as repair [43]; therefore, combinations
of clofarabine and different DNA-damaging agents such as cyclophosphamide [38,
44, 52], epipodophyllotoxins [44, 53], anthracyclines [26], and anthracenedione
[53, 54] have also been explored. An in vitro study showed that the cross-links
were rapidly repaired in chronic lymphocytic lymphoma (CLL) lymphocytes after
exposure to activated cyclophosphamide or 4-hydroperoxycyclophosphamide
(4-HC), but DNA repair was impaired when the cells were pretreated with clofara-
bine [55]. A combination treatment with 4-HC and clofarabine had a synergistic
effect on apoptotic cell death, greater than the sum of the effect of each agent [55].
In a phase 1 study of clofarabine and cyclophosphamide in adult patients with
leukemia [38], 18 patients received cyclophosphamide (200 mg/m?) alone on day 0
and clofarabine (20 mg/m? and 10 mg/m? as dose level 1 [n = 6] and 0 [n = 12],
respectively) plus cyclophosphamide on day 1. Prolonged bone marrow suppression
was seen as the DLT at dose level 1. Increased DNA damage measured as H2AX
phosphorylation was observed in 12 of 13 patients with clofarabine and cyclophos-
phamide compared with cyclophosphamide alone.

17.3.1.3 Clofarabine Combination Therapy Studies in Pediatric ALL

Clofarabine in Combination with Cyclophosphamide and Etoposide

A combination of clofarabine with cyclophosphamide and etoposide was designed
based on evidence of the synergistic effect of clofarabine and DNA-damaging
agents [38, 55], as well as previous experience with a regimen of cyclophosphamide
and etoposide [56] (Table 17.4). A phase 1/2 study [43, 44] of this combination was
conducted. In the phase 1 portion, the primary objectives were to determine the
DLT, MTD, and recommended doses for the phase 2 portion of the study [44]. All
three drugs were given IV for 5 consecutive days in induction and for 4 consecutive
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days in consolidation, for a maximum of eight cycles. G-CSF was given to 25
patients (20 with ALL and five with AML) enrolled in 5 cohorts starting 1 day after
the last dose of study treatment and continuing until an absolute neutrophil count of
0.75 x 10°/L was reached. No DLT was seen in cohorts 1-3. A patient in cohort 4
(clofarabine 30 mg/m?/day, cyclophosphamide 440 mg/m?*day, and etoposide 100
mg/m?*day) had a DLT of grade 3 lipase elevation, grade 3 abdominal pain, and
hepatomegaly. Symptoms for which veno-occlusive disease (VOD) could not be
excluded occurred in this patient but resolved without any sequelae. Pancreatitis
(grade 2) and lipase elevation (grade 3) were observed in another patient in this
cohort, but neither met the DLT criteria. This cohort was expanded to ten patients,
and no further DLTs occurred. In cohort 5 (clofarabine 40 mg/m?*day, cyclophos-
phamide 440 mg/m?/day, and etoposide 100 mg/m?/day), a DLT of prolonged bone
marrow aplasia beyond day 42 was observed in one patient. Five additional patients
were enrolled in cohort 5, and no further DLTs occurred; therefore, MTD was not
reached, and the recommended phase 2 doses were determined to be clofarabine 40
mg/m?day, cyclophosphamide 440 mg/m?/day, and etoposide 100 mg/m?/day for 5
consecutive days. In the phase 1 study, CR was attained in nine patients and CRp in
two patients among the 20 patients with ALL. All five patients with AML attained
CR (n=1) or CRp (n =4). Nine out of sixteen responders proceeded to HSCT.

In the phase 2 portion of the study [43], patients aged 1-21 years with refractory/
relapsed ALL were enrolled and received treatment at the recommended dose deter-
mined in the phase 1 study (Table 17.4). The primary end point of this study was an
overall remission rate (ORR = CR + CRp). Minimal residual disease (MRD) by
flow cytometry was evaluated as an exploratory end point. Among the 25 patients
enrolled in this study, 14 had two prior induction regimens, seven had three prior
induction regimens, and four had one prior induction regimen. Notably, 15 patients
(60%) had disease refractory to the immediately preceding regimen and four patients
had received a prior HSCT. The ORR was 44%, which comprised seven patients
who achieved CR (28%) and four who achieved CRp (16%). In addition, three
patients (12%) achieved PR. MRD was evaluable in eight patients. Five of the eight
patients were MRD negative (defined as <0.01%), and three were MRD positive. A
total of 10 patients, which included 7 of 11 responders, proceeded to HSCT. The
median number of cycles patients received was one (range: 1-3). Ten of eleven
responders achieved the best response after one cycle. Treatment-related AEs that
occurred in >25% of patients were as follows: vomiting (88%); nausea (72%);
febrile neutropenia and thrombocytopenia (60% each); anemia (56%); neutropenia
and pyrexia (52% each); decreased appetite (44%); ALT increased, AST increased,
hypokalemia, and hypotension (36% each); diarrhea (28%); and hyperbilirubinemia
(28%). Treatment was discontinued for one patient because of fungal sinusitis,
which occurred 17 days after the last dose of study drug. Eighty-eight percent of
patients had serious AESs, regardless of relationship to study drug. It should be noted
that six patients (24%) died within 30 days of the last dose of study treatment; these
deaths were attributed to hepatic VOD (two patients), septic shock (two patients),
pulmonary edema (one patient), and infection (one patient). Four of the initial eight
patients developed severe hepatotoxicity, and two of the patients with VOD had
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prior HSCT within 12 months. Therefore, the protocol was amended to exclude
patients with prior HSCT, viral hepatitis and/or cirrhosis, or elevated conjugated
bilirubin levels at study entry; there were no further events of severe liver toxicity in
the remaining 17 patients. Nevertheless, among all 25 patients enrolled, the inci-
dence of severe infections (grade 3 or greater) was high (72%). The study concluded
that the combination treatment of clofarabine, etoposide, and cyclophosphamide in
pediatric patients with refractory or relapsed ALL was effective in heavily treated
patients but also suggested a need for optimization of the regimen with careful
patient selection, dosing, and better supportive care to minimize toxicity.

The Children’s Oncology Group (COG) included this regimen in the post-
induction consolidation phase for newly diagnosed, very high-risk patients with
pre-B ALL [57]. The patients were randomized to a control arm (cyclophosphamide,
fractionated cytarabine, mercaptopurine), experimental arm 1 (cyclophosphamide
and etoposide), or experimental arm 2 (clofarabine 30 mg/m? for 5 days, cyclophos-
phamide, and etoposide). All arms included vincristine and PEG-asparaginase,
which were identical. More grade 4-5 infections and pancreatitis were seen in
experimental arm 2 compared to the control arm or experimental arm 1. The dose of
clofarabine was then reduced to 20 mg/m? for 5 days and myeloid growth factor
was required. However, 3 of 39 patients in experimental arm 2 with clofarabine
developed grade 4 infections, compared to none in the control arm (n = 20) or
experimental arm (n = 47). In addition, one of the patients who had a grade 4 infec-
tion developed grade 5 renal toxicity. Based on these results, experimental arm 2
was permanently closed.

Other studies using the same drug combination (clofarabine, cyclophosphamide,
etoposide) [46, 58] had more favorable toxicity profiles but a similar efficacy. A
study by Miano et al. investigated the same doses of the drugs used in the study
described above (clofarabine 40 mg/m?%day, cyclophosphamide 440 mg/m?*/day, and
etoposide 100 mg/m?/day for 5 days). A total of 40 children with refractory or
relapsed acute leukemia (24 ALL and 16 AML) were treated. Twenty of forty
patients (50%) had prior HSCT. Seventeen patients (43%) had an overall response
after the first cycle, which included nine CR (22%), eight CRp (15%), and two PR
(5%). Seven of sixteen AML patients (44%) and ten of twenty-four ALL patients
(42%) were responders. Twenty-six patients (65%) had at least one grade 3—4 toxic-
ity, of which the most common toxicity was infection. Two patients who received
the study treatment after HSCT died due to infection following prolonged bone
marrow suppression after the first cycle. However, no death from liver toxicity was
reported in this study. Locatelli et al. [46] used a slightly different dosing schedule:
clofarabine 40 mg/m*day, cyclophosphamide 400 mg/m*day, and etoposide 150
mg/m?day for 5 days (Table 17.4). Twenty-five children with refractory or multiple-
relapsed ALL were enrolled in this study. Among them, eight patients were in a
second (n = 6) or third (n = 2) relapse, and 17 patients were resistant to the last
course of chemotherapy. Thirteen patients (52%) achieved CR and one (4%)
achieved CRp; therefore, the ORR was 56%. Seven of the 13 patients (54%) who
achieved a response proceeded to HSCT. The regimen was reported to be well toler-
ated. Febrile neutropenia, mucositis, and reversible liver toxicity were the most
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common AESs, but there were no cases of VOD, and most notably, no patients died
of treatment-related complications. It should be noted that all patients received pro-
phylactic antibiotics. Vigilant supportive care and dose modification may help to
improve toxicity profiles with this regimen.

Clofarabine in Combination with Cytarabine

The COG conducted a phase 1/2 study of the combination of clofarabine and cyta-
rabine in pediatric patients with ALL in second or subsequent relapse and AML in
first relapse [50, 51] (Table 17.4). In the phase 1 portion of the study, cytarabine
1 g/m? was given on days 1-5, and clofarabine in varying doses was given on days
2-6. Ten patients were enrolled in each dose cohort. The first cohort of patients
received clofarabine at 40 mg/m*day. Among the ten patients enrolled on the first
cohort, eight patients had ALL and two had AML. Fever and neutropenia, infection,
and transaminitis were the most common grade 3 or greater toxicities. DLT was
observed in two ALL patients with prior HSCT: grade 4 fungal infection and pneu-
monitis in one patient and grade 4 fungal infection in the other. The MTD was not
reached, and ten patients (three patients with ALL in second relapse and seven with
AML) were enrolled in the second cohort with clofarabine 52 mg/m?, which is the
pediatric single-agent MTD. Ten patients completed cycle 1, and seven of them also
received cycle 2. Diarrhea, nausea, febrile neutropenia, and infection were the most
common grade 3 or greater toxicities in both cycles. In this cohort, one patient with
AML experienced DLT of prolonged bone marrow aplasia, grade 4 hypokalemia,
grade 3 nausea, and grade 3 dehydration.

Other Combinations of Clofarabine

Other combinations of clofarabine investigated in pediatric clinical trials are sum-
marized in Table 17.4. Time sequential combination of clofarabine followed by
cyclophosphamide was tested in a phase 1 study by POETIC (Pediatric Oncology
Experimental Therapeutics Investigator’s Consortium) [52]. Another objective of
that study was to determine the MTD of this combination in children with relapsed/
refractory leukemia as well as test whether clofarabine would augment
cyclophosphamide-mediated toxicity by inhibiting repair of cyclophosphamide-
induced DNA strand breaks.

The VANDEVOL study of the French SFCE Acute Leukemia Committee was a
phase 1 study of escalating doses of clofarabine (20-40 mg/m?) with fixed doses of
mitoxantrone, etoposide, asparaginase, and dexamethasone [53]. Twenty patients
with very early, second, or posttransplant relapse of ALL were enrolled and 19 of
them were evaluable. DLT (liver) occurred at the clofarabine dose of 32 mg/m? in
one of six patients. Four patients treated at the dose level of clofarabine 40 mg/m?
had DLT (two fungal infections and two liver). MTD was determined to be 32 mg/m>.
Eleven of nineteen patients (57.9%) achieved CR. There were no deaths related to
the treatment in this study.

The TVTC regimen (clofarabine with topotecan, vinorelbine, and thiotepa) was
tested in a phase 1/2 study. In the phase 2 portion of the study, 17 patients with
relapsed or refractory ALL, AML, or biphenotypic leukemia were treated [59]. The
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ORR was 69%, which included ten patients who achieved CR and one who achieved
CRp. Of note, 8 of 12 (67%) patients with relapsed/refractory AML achieved CR or
CRp. The most common grade 3 or greater toxicities were febrile neutropenia
(82%) and transaminitis (47%).

17.3.2 Clofarabine for Pediatric AML

The OS rate in pediatric acute myeloid leukemia has improved significantly in
recent decades, from less than 40% to more than 70% [60, 61]. This has been
achieved by treatment intensification, improved supportive care, and progress in
alloSCT. The most important and effective anticancer agents used in AML are
anthracyclines and cytarabine, including their analogues, and the combination of
cytarabine, daunorubicin, and etoposide has been established as standard in both
children and adults with AML. Variations in scheduling of formulation (i.e., liposo-
mal daunorubicin) aimed to increase intensity or to reduce toxicities. Despite all
these efforts, approximately 30% of children with AML relapse and succumb to the
disease. In AML relapse, a combination of fludarabine and cytarabine is one of the
most commonly used treatment regimens. It is typically used with G-CSF, which is
considered to have priming effect (FLAG). The recent International AML Relapse
2001/01 trial showed an OS rate of 38% in children with first relapse or primary
refractory disease [62, 63]. The re-induction utilized the synergism of cytarabine
and fludarabine. The randomized addition of liposomal daunorubicin demonstrated
benefit mostly in relapsed core-binding leukemia (t (8; 21); inv. (16)). The OS rate
in this study was approximately 60% [63]. Nevertheless, further improvement of
outcomes of both de novo and relapsed pediatric AML is urgently needed. Although
it would be preferable to develop compounds that have precise targets or use immu-
notherapies, only conventional cytotoxic chemotherapeutic drugs with or without
alloSCT have been proven to cure children with AML.

As described above, clofarabine, as a structural hybrid of fludarabine and cladrib-
ine, inhibits both DNA polymerase and RnR and results in induction of apoptosis
[64] and enhanced accumulation of cytarabine in lymphocytes [65]. In vitro studies
showed a particular sensitivity of AML blasts to the combination and synergy of
clofarabine with cytarabine, but epigenetic drugs such as decitabine have also been
shown to have synergy with clofarabine in vitro [25, 40, 66].

The initial phase 1 trial of clofarabine monotherapy in pediatric ALL described
above included children with AML (n = 8) who were heavily pretreated. Only one
of the eight patients achieved CR [47]. The phase 2 trial in relapsed/refractory
pediatric AML enrolled 42 children, and only 11 responded. The ORR was just 26%
(1 CRp and 10 PR). Following alloSCT, three children remained in remission for
more than a year [67]. Usually, children with AML in a second relapse or refractory
to relapse treatment receive a significant amount of purine analogues including
similar compounds such as cytarabine, fludarabine, and cladribine. This might
explain the limited efficacy in these heavily pretreated patient groups.
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In adults with AML, several clinical trials at different stages of disease and ages
have been performed. In most trials, superior response rates in comparison to pla-
cebo or other chemotherapy-based regimens have been reported [19, 20, 23, 27, 68].
Regarding OS, the results are conflicting. In trials enrolling elderly patients with
AML (median age >70 years), not unexpectedly, higher morbidity and mortality,
mostly due to infections, have been observed that counterbalance the higher
response rates [20]. By contrast, in younger adults with AML, some trials demon-
strated a better EFS, disease-free survival (DFS), or OS in patients treated with
combinations including clofarabine. In a randomized trial of clofarabine/cytarabine
versus idarubicin/cytarabine, Nazha et al. showed an improved EFS, DFS, and OS
in AML patients younger than 60 years of age [27]. The detailed analysis confirmed
that this result was mainly due to improvements in patients younger than 40 years
and in those in an unfavorable genetic risk group.

Supported by these data, several pediatric study groups evaluated clofarabine in
pediatric AML. The CLOUD trial applied an intermediate dosage of clofarabine (30
mg/m?) in combination with liposomal daunorubicin (60 mg/m?) in children with
relapse within 12 months of initial AML diagnosis, refractory to induction therapy,
or in a second or subsequent relapse [69]. Out of nine children, three achieved CR
and proceeded to alloSCT (personal communication). The St. Jude Group demon-
strated the feasibility of combining clofarabine, cytarabine, and the multikinase
inhibitor sorafenib in refractory and relapsed pediatric AML [70]. The COG
AAMLO0523 study (cytarabine 1 g/m* with clofarabine 52 mg/m?) almost exclu-
sively focused on children at first relapse [51]. The study resulted in an ORR of 48%
in 48 evaluable patients, and 21 of 23 responders underwent alloSCT. The OS rate
at 3 years was 46% =+ 27% for responders, which included mostly patients with low-
risk characteristics, compared to a 3-year OS rate of 16% for nonresponders.

A recently completed phase 1/2 trial with 34 heavily pretreated children with
refractory or relapsed AML (early first relapse, n = 15; refractory first relapse, n =
11; second or subsequent relapse, n = 8) combined clofarabine, liposomal daunoru-
bicin, and cytarabine (CLARA-L-DNR). The response rate, including CR and CR
with incomplete hematological recovery, was 59%. The treatment schedule was
based on an adapted Faderl regimen developed in adult AML [23, 71, 72]. The final
recommended schedule was clofarabine 40 mg/m? for 5 days, liposomal daunorubi-
cin 60 mg/m? for 3 days, and cytarabine 2 g/m?* for 5 days. Subsequent stem cell
transplantation (SCT) was left at the discretion of the treating physician. No particu-
lar toxicities were noted during the SCT procedure, and pretreatment with this che-
motherapy combination did not preclude a successful SCT procedure. The 1-year
projected overall survival (pOS) was 53 + 9%. This was even higher in responding
patients (n = 21) with a I-year pOS of 75.9% (SE 9.4%) and a 1-year projected
event-free survival (pEFS) of 56.1% (SE 11%) [73]. In general, the combination of
clofarabine, liposomal daunorubicin, and high-dose cytarabine was well tolerated,
after excluding patients with subclinical fungal infections. Most observed AEs were
expected (febrile neutropenia and infections, gastrointestinal symptoms, dermato-
logical manifestations, and pain).
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Based on the promising data in adults with AML and subsequent pediatric trials,
the AML-BFM study group investigated clofarabine as a first-line treatment. The
prospective randomized AML-BFM 2012 trial compared standard ADxE (cytara-
bine, liposomal daunorubicin, etoposide) and a combination of clofarabine, cyta-
rabine, and liposomal daunorubicin (CDxA). In this ongoing trial, the toxicity
rates were closely monitored because intensification and the occurrence of unusual
side effects should be documented. Since clofarabine is clearly an effective cyto-
static drug, myelosuppression and all associated complications are expected.
Specifically, a greater incidence of clofarabine-associated skin toxicities and cap-
illary leak syndrome is anticipated. On the other hand, better efficacy in acute
monoblastic leukemia, and possibly in cytogenetically high-risk patients, may
also be possible.

17.4 Other Aspects of Clofarabine

17.4.1 Clofarabine as a Conditioning Regimen for Allogeneic
Stem Cell Transplant (alloSCT)

Conditioning regimens for alloSCT are used for immunosuppression to prevent
graft rejection and for eradiating residual tumor cells. Fludarabine is a potent immu-
nosuppressant but does not have great anticancer activity against leukemia or MDS
[74]. Given the antileukemic activity of clofarabine and its similar mechanism of
action to fludarabine, a number of studies have substituted clofarabine in place of
fludarabine in conditioning regimens. Some utilized a clofarabine combination to
reduce the intensity or toxicity of the conditioning regimens. Table 17.5 summarizes
pediatric and adult studies of the use of clofarabine as a conditioning regimen for
alloSCT.

Several studies have evaluated the use clofarabine-based conditioning regimens
for patients with active disease at the time of transplantation [75, 76]. Chevallier
reported a retrospective study of 90 patients with acute leukemia receiving a
clofarabine-containing reduced-intensity conditioning regimen. In this series, 73%
of patients had active disease at the time of transplantation, and 38 patients had
received prior SCT. The 2-year OS rate of patients with AML was 35%, compared
to 0% in ALL. To better evaluate the utility of clofarabine, Chevallier designed a
prospective, multicenter phase 2 trial testing the use of clofarabine as part of the
conditioning regimen in combination with IV busulfan and antithymocyte globulin
[77]. Thirty patients with high-risk myelodysplastic syndromes (MDS) or acute leu-
kemia in remission at the time of transplantation were treated. Engraftment occurred
in 100% of patients. The 1-year OS rate was 63%. Patients with MDS and AML had
better outcomes in terms of survival and relapse than patients with ALL or bipheno-
typic leukemia [77]. Conditioning regimens using clofarabine in combination with
melphalan with and without alemtuzumab have also been studied [74, 78]. These
studies show a similarly favorable engraftment rate and toxicity profile.
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Table 17.5 Clofarabine as part of a conditioning regimen before hematopoietic stem cell trans-
plant for leukemia in adults and children

Patient population

Median age
Combination | Diagnosis (range) (years) Note References
Bu, CLO AML, ALL, MDS 63.5 (25-74) Phase 2, reduced [85]
intensity
Flu, CLO, ALL, MDS/JMML, 9 (2-18) af T- and B-cell- [86]
Thio, Mel relapsed solid tumors, depleted allografts
nonmalignant diseases from haploidentical
family donors
CLO, Bu AML ALL, MDS 59 (20.6-64.5) Reduced toxicity [77]
biphenotypic leukemia
Bu, CLO ALL 36 (20-64) [87]
CLO, Mel |AML, MDS, NHL, 54 (21-73) Phase 1 and 2 [78]

other hem malignancy
CLO, Mel AML, ALL, or MDS 62.8 (30.5-65.7) | Reduced intensity [74]

Bu, CLO AML, CML, ALL, 53 (1-68) Phase 1 and 2 [88]
CLL, NHL, MDS, MM

CLO, AML, MDS 54 (24-68) Reduced intensity [76]

ara-C, ATG

CLO, Bu, AML, MDS, ALL, 59 (20.6-64.5) Phase 2, reduced [77]

ATG biphenotypic leukemia toxicity

ALL acute lymphoblastic leukemia, AML acute myeloid leukemia, ara-C cytarabine, ATG antithy-
mocyte globulin, Bu busulfan, CLO clofarabine, CLL chronic lymphocytic leukemia, CML chronic
myeloid leukemia, Flu fludarabine, JMML juvenile myelomonocytic leukemia, MDS myelodys-
plastic syndrome, Mel melphalan, MM multiple myeloma, NHL non-Hodgkin’s lymphoma, Thio
thiotepa

17.4.2 Clofarabine for Refractory Histiocytosis

In the last several years, clofarabine has emerged as a promising agent for refractory
histiocytosis. Prednisone and vinblastine have been considered to be a standard
treatment for patients with refractory Langerhans cell histiocytosis (LCH) who
require systemic therapy, but agents used for AML, including clofarabine, cladrib-
ine, and cytarabine, have shown efficacy in refractory patients [79]. This efficacy of
purine analogues is thought to be attributed to an effect on immature myeloid pre-
cursors identified at the origin of LCH pathogenesis [79]. Clofarabine has shown
activity in patients with LCH who were refractory to cytarabine or cladribine [80—
82], as well as in children with other histiocytic disorders such as juvenile xantho-
granuloma and Rosai-Dorfman disease [80]. In one of the case series [80], 18
children (11 LCH, 4 juvenile xanthogranuloma, and 3 Rosai-Dorfman disease)
received clofarabine monotherapy after a median of 3 prior regimens. Most patients
received clofarabine 25 mg/m?*/day for 5 days, which was repeated every 28 days for
a median of six cycles (range 2—8 cycles). Seventeen patients were alive and showed
disease improvement after two to four cycles of clofarabine. Eleven of seventeen
patients achieved CR and 4 achieved PR. All patients developed neutropenia [80].
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17.5 Conclusion

Clofarabine is a cytotoxic, second-generation purine nucleoside analogue with sig-
nificant activity against leukemia as a single agent. Several clofarabine combination
regimens have been explored and have shown promising results. For adult leukemia,
clofarabine is generally well tolerated; however, its efficacy as monotherapy is dis-
appointing, particularly in AML, where it has been most extensively studied.
Preliminary efficacy data in MDS and ALL has not been impressive enough to
move the drug forward into routine use. Clofarabine does have a role in the treat-
ment of AML when combined with other agents. In pediatric ALL and AML, sev-
eral clofarabine combination regimens have been explored. Despite encouraging
efficacy results, there is concern regarding significant toxicities with some combina-
tions. Dose modifications or supportive care may be helpful. Clofarabine has also
shown promise as a conditioning regimen for SCT and in the treatment of refractory
histiocytosis.
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to Epigenetic Regulation: Basic Aspects
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Abstract

Azacitidine (AzaC) and decitabine (DAC) are epigenetic modulators, which are
used for treatment of several hematological malignancies. The epigenetic mode
of action of these compounds comprises reduction of DNA methylation by inhi-
bition of DNA methyltransferases (DNMTs), which include the maintenance
DNA methyltransferase 1 and de novo methyltransferase DNMT3A and
DNMT?3B. This property leads to a decrease in CpG island methylation and a
reactivation of tumor suppressor genes that are silenced by promoter hypermeth-
ylation, thereby contributing to the anti-tumor effect. Insight in the mechanisms
of action of these drugs is essential for our understanding how synthetic epigen-
etic modulators can affect cellular processes. In this review the intracellular
metabolism of these cytidine analogs and some novel cytidine analogs are sum-
marized. In addition, the mechanism of DNMT downregulation is discussed,
which besides the incorporation of modified nucleotides into the DNA, more
recently was also shown to involve proteasomal degradation.
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18.1 Introduction

Alterations in the DNA sequence, such as mutations, can give rise to various malig-
nancies, when accumulated. Modifications in the DNA architecture can also con-
tribute to tumorigenesis and disease progression [1]. Changes in DNA architecture
are called epigenetic modifications. DNA methylation is an example of an epigen-
etic modification that is gene suppressive. Gene promoter methylation is deregu-
lated in cancers [2]. Synthetic formulations have been designed to interfere with this
aberrant DNA methylation [3].

The cytidine analogs 5-azacytidine (AzaC, Vidaza) and 5-aza-2'-deoxycytidine
(DAC, decitabine, Dacogen) are antimetabolites [4]. The chemical structures of
cytidine and the cytidine analogs AzaC and DAC are shown in Fig. 18.1. The base
of AzaC and DAC is modified on the C5 position. The carbon is replaced by a nitro-
gen molecule. The difference between AzaC and DAC is that AzaC has a ribose
molecule attached to the base, while DAC consists of deoxyribose.

Naturally, deoxycytidine is incorporated into the DNA chain during replication
and forms a bridge with the corresponding guanine base. Sequences in the DNA
with deoxycytidine—deoxyguanosine (CpG) dinucleotides occur at a high frequency,
i.e., an observed-to-expected CpG ratio that is greater than 60%, are referred to as
CpG islands [5]. These CpG islands are predominantly located in the promoter
region of genes. Gene promoters of human genome consist 72% of high CpG con-
tent [6]. Deoxycytidine within CpG dinucleotides can be methylated to form
5-methyldeoxycytidine. By DNA methylation of a gene promoter, a gene can be
silenced. In eukaryotes DNA methylation is essential for development, genomic

OH OH OH

Cytidine AzaC DAC

Fig. 18.1 Chemical structures of cytidine and the cytidine analogs azaC (azacytidine) and DAC
(aza-2'-deoxycytidine). The modifications of nitrogen in the base are depicted with red color. The
red arrow highlights the deficiency of the deoxy group on the ribose molecule of DAC compared
to cytidine and AzaC



18 Re-emerging Antimetabolites with Novel Mechanism of Action with Respect... 313

imprinting, and X chromosome inactivation. DNA methylation is also implicated in
cancer development and progression by silencing of tumor suppressor genes upon
promoter methylation. DNA methylation is a reversible process that can be exploited
for cancer treatment. Since AzaC and DAC interfere with the process of methyla-
tion, these drugs function as epigenetic modulators [3] and can reverse the cancer
phenotype. Genes silenced by promoter CpG island hypermethylation in cancers,
that are reported to be reactivated after treatment with AzaC or DAC, are summa-
rized elsewhere [7].

Methylation of deoxycytidines, also called cytosine methylation, is carried out
by DNA methyltransferases. The methylation pattern is read and copied to a newly
synthesized DNA strand by the maintenance methyltransferase DNMT 1, which has
affinity for hemi-methylated DNA strands [8]. A novel (not earlier present on the
DNA) methyl group can be added by DNMT3A or DNMT3B, which are de novo
DNA methyltransferases with prevalence for unmethylated DNA [9, 10].

DNMTs use S-adenosyl methionine as the methyl donor (AdoMet). The catalytic
mechanism of DNA methyltransferase involves a covalent bond formation between
a cysteine residue in the active site of the enzyme and carbon 6 of cytosine in
DNA. Thereby, an increase in the flow of electrons to carbon 5 is initiated generat-
ing an attack on AdoMet. Extraction of a proton from carbon 5 subsequently fol-
lows B-elimination, and a double bond between carbon 5 and carbon 6 is formed. As
a result the enzyme and S-adenosyl-homocysteine (AdoHcy) are released, leaving
methylated cytosine in the DNA. Cytosine is suitable as methyl-binding moiety
because the cytosine is a flexible base, which flips out of the DNA prior to receiving
the methyl group. This phenomenon has been described as base-flipping mecha-
nism in various studies [11-13].

The effectivity of epigenetic modifiers as anti-cancer agents is depending on
several cellular processes such as uptake and metabolism of the drugs and cell pro-
liferation. Moreover, several effects can be anticipated both on DNA and RNA. To
optimize the epigenetic treatment for different cell types, currently several novel
(antimetabolite) drugs have been developed, which are described in detail in this
review.

18.2 Uptake and Metabolism of AzaC and DAC

In order for nucleoside analogs, such as AzaC and DAC, to function, they need to
be internalized into the cells. The nucleoside transporter family SLC29A gene
codes for the equilibrative nucleoside transporter (ENTs) proteins and the SLC28A
gene for concentrative nucleoside transporters proteins (CNTs). These transporters
are responsible for intracellular transport and have been related to nucleoside analog
sensitivity in leukemia [14—17]. AzaC is a substrate for hCNT1 and hCNT3.
Transport of AzaC into the cell is therefore mediated by these cell membrane trans-
porters (Fig. 18.2) [18, 19]. Moreover, the human ENT is also involved in the trans-
port of AzaC and DAC [20]. Transporter deficiency can lead to resistance to these
drugs.
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Fig. 18.2 Uptake and metabolism of AzaC and DAC. Compounds enter the cell by diffusion or
membrane transporter-mediated influx (human equilibrative nucleoside transporter, hENT).
Human concentrative nucleoside transporters (hCNTs) can also play a role in the uptake. The
drugs can be inactivated by deamination, catalyzed by cytidine deaminase (CDA). In the cell the
metabolic inactive AzaC and DAC are activated by means of phosphorylation, azaC by uridine—
cytidine kinase (UCK), and DAC by deoxycytidine kinase (dCK). DAC-MP can also be inactivated
by dCMP-deaminase (dCMPD) to aza-dUMP. The deaminated DAC, aza-UdR, is a substrate for
thymidine kinase (TK), which catalyzes the transfer of aza-UdR to aza-dUMP. AzaC-DP is
reduced by ribonucleotide reductase (RR) to its deoxy-form, aza-2'-deoxycytidine diphosphate
(DAC-DP). AzaC-TP is incorporated into RNA; DAC-TP is incorporated into DNA. Incorporation
of DAC-TP into DNA leads to hypo-methylation since this will inhibit DNA methyltransferase

After the translocation of the nucleosides into the cells, the prodrugs have to be
activated in order to exert their antimetabolite activity [21]. The activation is carried
out by phosphorylation. The phosphorylation cycle of AzaC generates AzaC-MP,
AzaC-DP, and AzaC-TP (Fig. 18.2). When AzaC is phosphorylated to the AzaC-TP
form, it can be incorporated into the RNA. For incorporation into the DNA, the
ribose of AzaC-DP needs to be reduced to deoxyribose, which relies on ribonucleo-
tide reductase (RR) [22]. The activating enzyme for AzaC is the uridine—cytidine
kinase (UCK) [23], while for DAC deoxycytidine kinase is responsible for activa-
tion/phosphorylation of the drug [24]. A known mechanism of deactivation of cyti-
dine analogs is deamination. Both AzaC and DAC are substrates for cytidine
deaminase and can be deaminated within the cells, while aza-dCMP can also be
deaminated by deoxycytidylate deaminase (Fig. 18.2) [22, 25, 26].

The epigenetic modifying drugs interfere with the activity of DNA-methylating
enzymes (DNA methyltransferases), which are often deregulated in cancer.
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18.3 The Maintenance DNA Methyltransferase 1 Protein

The maintenance DNA methyltransferase DNMT1 is ubiquitously expressed and
has several interacting proteins that are listed elsewhere [27]. DNMT1 is composed
of different domains that can be given a functional importance. The N-terminal site
of DNMT1 is a regulatory region and consists of proliferating cell nuclear antigen
(PCNA) binding domain, (PBD), a heterochromatin targeting sequence (TS), a
CXXC-type zinc finger domain, and two bromo-adjacent homology domains
(BAH1 and BAH2). The C terminus has the catalytic activity. PCNA targets DNMT|1
to the DNA replication site and DNA repair sites in order to restore the DNA meth-
ylation pattern [28-31]. It is important to note that methylation is enhanced when
the replication machinery is involved, but the assembly of replication fork is not
necessary to maintain DNA methylation [32, 33]. The heterochromatin targeting
domain was shown to recruit DNMT 1 to heterochromatin independent of DNA rep-
lication [30]. The CXXC-type zinc finger domain interacts with DNA and ensures
that the enzyme is in an auto-inhibitory state in the presence of unmethylated DNA
[34]. The N terminus and C terminus of the protein are connected by lysyl—glysyl
dipeptide repeats linker ((KG)-) [35]. The function of the C terminus is the catalytic
activity of the enzyme, which uses AdoMet as a donor. Several post-transcriptional
modifications have been reported to be important for stability and activity of
DNMT1. The decay of the protein is proteasome mediated whereby the protein is
tagged by ubiquitination [36]. The E3 ligase activity containing protein UHRF1 can
ubiquitinate DNMT1 [37]. Phosphorylation and methylation of DNMTI1 are
reported to increase the stability of the protein [38—41]. In addition, SUMOylation
increases in DNMTT activity [42]. A critical role for DNMT]1 in development was
demonstrated in animal models; DNMT1 null mice die after gastrulation [43].
DNMT1 overexpression and/or hyperactivity has been reported in various tumors
[44-46].

18.4 De Novo Methyltransferases in Health and Disease

In comparison to DNMT1, de novo DNA methyltransferases are tissue-specific [44]
smaller proteins. DNMT3A is comprised of 912 amino acids, while DNMT3B is
even smaller and is comprised of 853 amino acids. DNMT3A persists in three iso-
forms. The canonical isoform is 912 amino acids long and the others 723 and 166
amino acids, respectively [10]. The isoform variants are generated by means of alter-
native splicing. In non-diseased conditions a cell uses alternative splicing to ensure
proteomic diversity [47]. Functionally different proteins are then formed from one
gene [48]. Alternative splicing is deregulated during cancer development and pro-
gression and can cause drug resistance [49, 50]. Interestingly, an alternative spliced
variant of DNMT3B was found in tumors, which has an altered functionality [51].
DNMT3A acts in complex with DNMT3L [52, 53], which is inactive on its own [54].
DNMT3L is a stimulatory cofactor of the DNMT3A and DNMT3B enzymes [55].
The DNMT3A gene is frequently mutated in acute myeloid leukemia (AML)
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[56, 57] and chronic myelomonocytic leukemia (CMML) [58], and recently a condi-
tion named Tatton—Brown syndrome was reported with mutations in DNMT3A gene
[59]. On the other hand, mutations in DNMT3B gene cause immunodeficiency—cen-
tromeric instability—facial anomalies syndrome 1 (ICF1) [60—64]. For this gene eight
different isoforms have been reported. DNMT3A and DNMT3B enzymes are thought
to have preference for target sites [65, 66].

18.5 The Mechanism of DNMT1 Downregulation Upon AzaC
and DAC Treatment and Beyond

18.5.1 Replication-Based DNMT1 Downregulation

AzaC and DAC have an effect on the DNA methylation pattern. Therefore, these
compounds are known as epigenetic modulators. The mechanism of epigenetic
modulation involves downregulation of DNA methyltransferases (DNMTs). DAC is
able to downregulate DNMT1, DNMT3A, and DNMT3B. Because of the implica-
tion of DNMT1 in tumor suppressor gene promoter hypermethylation, interest in
DNMT1 downregulating agents has been increasing. Early studies indicated down-
regulation of DNMT1 by a trapping mechanism. Thereby aza-dCTP is incorporated
into the DNA, and a covalent binding is formed between the false cytosine and
DNMT1 (Fig. 18.3). Subsequently, the methyltransferase is degraded [67-69].
Mass spectrometry analysis of DNA isolated from DAC-treated cells also revealed

A B
Normal condition 1 AzaC/DAC treated DNA

W\w

i i

Fig. 18.3 Simplified overview of DNMT1 trapping by AzaC and DAC. a Normal condition of
DNA methylation by DNMT1. / DNMT1 recognizes hemi-methylated DNA and interacts with it,
in order to methylate the cytosine base. 2 The cytosine methylation has occurred; DNMT1 release
takes place. b DNA methylation by DNMT]1 after treatment with AzaC and DAC. / DNMT1 rec-
ognizes hemi-methylated DNA and interacts with it. 2 Because of incorporated DAC, DNMT1
forms covalent binding with DNA; the enzyme is not released instantly
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an open-ringed aza-cytosine lacking its carbon 6. It was proposed that the enzyme
can still be bound to the base in the open-ring format [70].

18.5.2 Ubiquitination of DNMT1 Upon DAC Exposure

Ubiquitination plays a role in DAC-induced DNMT1 downregulation [71]. Cellular
protein degradation is mediated but not limited by ubiquitination, which tags pro-
tein for proteasomal degradation. Ubiquitin itself is a polypeptide of 76 amino
acids. The cascade of polyubiquitination starts by the ubiquitin-activating enzyme
El [72]. E1 catalyzes in an ATP-dependent manner the covalent binding of ubiqui-
tin to the cysteine residue of the E1 active site. Then the activated ubiquitin is trans-
ferred to ubiquitin-conjugating enzymes, E2. E2 transfers ubiquitin to the third
enzyme, ubiquitin protein ligase, E3. Glycine (ubiquitin)-lysine (protein residue)
bound is thereby formed. It is generally believed that lysine 48 polyubiquitin chain
is a signal for proteasomal degradation [73—-76]. Therefore, lysine 48 is a known tag
for proteins to degrade. Evidence for ubiquitin-associated degradation of DNMT1
upon DAC exposure was demonstrated, in that upon inhibition of proteasomal
activity using the compound MG 132, no DNMT1 downregulation was seen in
DAC-treated cells [71, 77].

18.5.3 The Effect of AzaC on RNA

One of the additional characteristics of AzaC is the ability to be incorporated into
the RNA. Next to affecting RNA synthesis, incorporation of AzaC into the tRNA
was shown to inhibit tRNA methyltransferases, which results in interference with
tRNA methylation and processing leading to defective acceptor function of tRNA
[78-80]. In addition, incorporation of AzaC into the nucleolar RNA was shown;
ribosomal precursor RNA containing AzaC was suggested to have an altered struc-
ture [81]. Since methylation is of great importance for ribosomal RNA processing,
incorporation of AzaC into RNA will affect protein synthesis as well [82-85].
Interestingly, the deamination products of AzaC and DAC, azauridine (when
sequentially phosphorylated to aza-UMP and aza-UDP, which will be reduced to
aza-dUDP and dephosphorylated to aza-dUMP) and azadeoxyuridine (when phos-
phorylated directly to aza-dUMP) interfere with de novo thymidylate synthesis,
since aza-dUMP is a poor inhibitor of thymidylate synthase, which may enhance
cytotoxic effect of both compounds [86]. Aza-dUMP can also be formed by deami-
nation of aza-dCMP.
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18.6 Novel DNMT Inhibitors

Because of the chemical instability of both azacytidine and DAC, prodrugs and novel
analogs of both compounds have been designed. Moreover, several compounds were
also designed to offer the possibility for oral administration. Zebularine [87-89], SGI-
110 (oligonucleotide consisting of DAC linked through a phosphodiester bond to the
endogenous nucleoside deoxyguanosine) [90, 91], TAC (2',3",5 -triacetyl-5-
azacytidine) [92], CP-4200 (elaidic acid ester derivative of AzaC) [93], T-dCyd
(4'-thio-2'-deoxycytidine) [94], and Aza-T-dCyd (5-aza-4'-thio-2'-deoxycytidine)
[94] are examples of second-generation cytidine nucleoside analogs. The structure
and update on clinical trials of these compounds are listed in Table 18.1.

The uptake of the cytidine analog zebularine into the cell is mediated by hCNT1,
hCNT3, and hENT2 [95]. When phosphorylated the compound has a potent inhibi-
tory effect on DNMT1 protein, and to a lesser extent, it inhibits also DNMT3A and
DNMT?3B [96]. Zebularine exerts its action by trapping DNMT 1 and preventing its
turnover [97]. In addition to downregulation of DNMTs, zebularine was shown to
inhibit CDA by an adduct formation with the active site of CDA [98]. Zebularine
has no clinical trial records registered yet. On the other hand, the dinucleoside SGI-
110 is designed to take care of deamination and instability of DAC [99] and showed
potent activity in malignant xenograft models [91]. Currently, there are 13 clinical
trials in phases 1, 2, and 3, evaluating this compound alone or in combination with
other compounds commonly used in cancer treatment. The compound is being
tested in various malignancies.

The compound TAC ,which is a prodrug of AzaC, performed better in terms of
oral bioavailability, stability, and solubility as it was initially aimed for clinical stud-
ies [92]. However, to the best of our knowledge, the drug did not enter a clinical trial
yet. Interestingly, T-dCyd is activated by dCK and incorporated into the DNA with-
out DNA synthesis inhibition and downregulation of DNMT 1. The modification in
this compound enabled poor deamination, and it can be administered orally. The
compound recently entered phase 1 clinical trials and is being studied in advanced
solid tumors [100]. Both, T-dCyd and Aza-T-dCyd had in vivo efficacy and are
thought to have limited ability to inhibit thymidylate synthase. However, both com-
pounds remain an experimental drug [94].

Cellular uptake of cytidine analogs and clinical efficacy, however, rely often on
membrane transporters. AzaC uptake is transporter mediated and was shown to
have limited drug uptake. To overcome this limitation, CP-4200 was designed.
CP-4200 uptake into the cytosol was independent of nucleoside transporters. In the
cell the elaidic acid chain is cleaved off, and azaC is released. Therefore, the mecha-
nism of action is similar to AzaC by DNMT downregulation by trapping of the
enzyme [93]. CP-4200 is an interesting experimental drug for its potential to over-
come transporter-mediated resistance to AzaC [101].

A chemically different but functionally similar DNMT downregulator is the cyti-
dine analog fluorocyclopentenylcytosine (RX-3117) [106—109]. Initial studies on its
mechanism of action and metabolism have been published recently. Uptake of RX-3117
is mediated by hENT1 and its phosphorylation by UCK2 [107]. UCK2 is overex-
pressed in tumors, which makes RX-3117 specific for cancer cells and possibly will
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Table 18.1 Overview of the next generation DNMTs downregulators
Status/
Chemical structure/compound name Type of cancer administration References

Prodrugs

_,C’ AML Clinical studies [102]
{’i’” « | MDS Phase 1, 2, and 3 [90]
° ;J’ CMML s.c. injection
N "; Advanced HCC
A _r"“xo/l%“"\o/@ ’ Metastatic melanoma
| o . / Metastatic colorectal
cancer
MYWNI"} Ovarian cancer
" " Germ cell tumor
SGI-110
e In vivo model: Preclinical studies [92]
Antileukemic activity | Oral administration
in L1210 BDF1 i.p. injection
female mice
In vivo model: Preclinical studies [93]
ALL SCID6 diabedic/ | 1-p/i.v. injection
severe
immunodeficient
CP-4200 female mice
Analogs
e Advanced solid Clinical studies [94]
W tumors Phase 1
):j Oral administration
o N
8
In vivo model: Preclinical studies [94]

Aza-T-dCyd

Antitumor effect in
NCI-H23 lung tumor
implanted nude mice

i.p. injection

(continued)
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Table 18.1 (continued)

Status/
Chemical structure/compound name| Type of cancer administration References
N In vivo models: Preclinical studies [103]
)\ J Effective in Oral administration | [104]
° b genetically engineerd
HO MMTV-PyMT
° mammary tumor
mice
oo Inhibition of
Zebularine adenoma formation in
C57/BL6 female Apc
Min/+ mice
Activity in Panc-89 i.p. injection [105]
injected NMRI mice
NH, Advanced solid Clinical studies [106]
tumors Phase 1 and 2
Oral administration
RX-3117

The chemical structures, (clinical) trial status, drug administration, and the type of the tumors in
which the drugs are being evaluated for are grouped in the table

have a low systemic toxicity [107]. Furthermore, it was shown that RX-3117, contrary
to AzaC and DAC, is not deaminated by cytidine deaminase (CDA) and that RX-3117
causes both inhibition of DNA and RNA synthesis, although the inhibition of the for-
mer is more pronounced. By doing so, RX-3117 induces DNA double-strand break
damage [110]. Interestingly, RX-3117 also targets DNA methyltransferase (DNMT).
In two studies a decrease in DNMT 1 expression was found in cell lines treated with
RX-3117, while this was not the case for DNMT?3A [106]. RX-3117 is able to reacti-
vate functional proteins, such as the proton-coupled folate transporter, and repair
enzymes, such as O-6-methylguanine DNA methyltransferase and tumor suppressor
genes [109]. The mechanism of DNMT1 downregulation by RX-3117, however, is
unknown yet. Together these data indicate that RX-3117 might be an effective demeth-
ylating agent, comparable to decitabine (Aza-CdR) and azacytidine (Aza-CR) [21].

Since the nucleoside cytidine analogs showed dose-limiting toxicity, non-
nucleoside DNMTT inhibitors have also been developed. The design of such inhibi-
tors is based on computer modeling of catalytic domain of the protein. The
non-nucleoside DNMT1 downregulator, N-phthalyl-L-tryptophan (RG108) [111],
has shown a potent demethylation effect in vitro [112—114]. Naturally occurring non-
nucleoside analogs also exist: tea polyphenol, epigallocatechin- 3gallate (EGCG),
genistein, nanomycin A, psammaplin A, and the laccaic acid A. The mechanism of
DNMT downregulation of these non-nucleoside compounds is not described yet.
These compounds also differ considerably in chemical structure [111].
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18.7 Conclusions

Major efforts have been put into the development of novel DNA-demethylating
agents. Increasing knowledge from existing drugs permits us to learn about their
mechanism of action and enables to develop superior derivatives. A compound can
be modified to overcome very well-known existing resistance mechanism or to
increase its efficacy. The availability of improved techniques for structural studies
on target proteins will likely result in the development of more specific drugs in the
future. Application of cancer biology led to the development of a unique novel
DNMT1 downregulator, RX-3117. This drug combines a cancer-specific key
enzyme necessary for the activation of metabolic inactive drug, with DNMT]1 as the
ultimate target, which makes this drug a promising anticancer treatment.
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Abstract

Hypomethylating agents, such as azacitidine (AZA) and decitabine (DAC), are anti-
metabolites with a very unique mechanism of action as epigenetic regulator. After
being incorporated into the DNA, these inhibit the enzyme, DNA methyltransferase,
resulting in the hypomethylation of DNA, and change the expression of many genes.
AZA is also incorporated into RNA, which will also disturb protein synthesis. AZA
and DAC are now used to treat some hematological neoplasms, especially for the
treatment of myelodysplastic syndromes (MDS). After several clinical trials, AZA
became the first agent shown to prolong overall survival for higher-risk
MDS. Treatment with AZA or DAC is also showed to improve cytopenia in MDS
and to provide longer leukemia-free survival than other treatment. Although the pre-
cise mechanism is not revealed yet, AZA is widely used to treat MDS and, recently,
acute leukemia of the elderly. Oral AZA is also under clinical development.

Keywords
Myelodysplastic syndrome (MDS) ¢ Epigenetics * Azacitidine (AZA) °
Decitabine (DAC)

19.1 Introduction

It has been shown that the suppression of gene expression by DNA methylation is
associated with the development and the progression of various malignancies [1].
The modification of the cytosine base of the CpG region (CpG islands), repeating
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cytosine and guanine bases, by DNA metyltransferase (DNMT) leads to the DNA
methylation which is one of the epigenetic alterations of the genome [2]. The DNA
methylation in the promotor region of the genes generally results in the suppression
of transcription, leading to the low expression of the particular protein; however, the
mechanism to cause aberrant DNA methylation is not completely understood. The
recent discovery of mutations involving some of the genes encoding the methylation
regulators, such as the ten-eleven translocation (TET) family of proteins, the DNA
methyltransferase (DNMT), and isocitrate dehydrogenase 1 and 2 (IDHI and
IDH2), may help to show some of these mechanisms [3—5]. The mutations of meth-
ylation regulators in the myelodysplastic syndromes (MDS) and acute myeloid leu-
kemia (AML) are hoped to become novel therapeutic targets to develop new drugs.
Azacitidine (AZA) and decitabine (DAC), which act as DNMT inhibitors, were
relatively old drugs, which originally developed for AML, and now they are used in
the treatment of MDS and AML. AZA was proven to improve the survival of high-
risk MDS compared with conventional care regimes in a randomized clinical trial.
AZA is the first drug proven and still the only one agent to provide survival benefit
for high-risk MDS patients. Clinical pharmacology and therapeutic results of
azacitidine and decitabine are described in this chapter.

19.2 Mechanism of Action of the Methylation Inhibitor

Azacitidine and decitabine are the cytosine analogs and were originally developed
in 1964 as derivatives of cytarabine, aiming for better clinical efficacy. The clinical
trial with high-dose azacitidine was conducted for AML, in which AZA was used
like cytarabine in the treatment, but the clinical development was discontinued
because of limited response and frequent adverse events in both the groups treated
with AZA or DAC compared with cytarabine. In the initial trials for patients with
AML, AZA was administered as a bolus infusion at a dose of 150-200 mg/m? [6,
7]. The treatment schedule was a 5-day regime repeated every 14 days. Although
some responses were observed for AML, severe toxicities for gastrointestinal tract,
such as nausea and vomiting, led to discontinue this injection method, and a con-
tinuous intravenous infusion was used in subsequent studies [8]. Significant gastro-
intestinal toxicity was still observed with continuous infusion, and the subcutaneous
administration method was tried [9, 10]. However, there was no clear clinical supe-
riority over cytarabine. Since the importance of DNA methylation pathway was
revealed in the differentiation and the control of gene expression in normal and
abnormal cells, the mode of action of AZA and DAC obtained the attention as DNA
methylation inhibitors with low-dose AZA and DAC. For example, AZA was tried
to treat sickle cell anemia and thalassemia patients expecting to induce differentia-
tion of erythroblasts to improve anemia of these conditions. In these trials, low-dose
AZA treatment was reported to increase the gamma/beta hemoglobin ratio and the
expression of fetal hemoglobin, which suggested the differentiation-inducing activ-
ity on human hematopoietic cells [11]. The pharmacokinetics (PK) of azacitidine
was performed in six patients following a single 75 mg/m? subcutaneous
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administration (s.c.) dose and a single 75 mg/m? intravenous injection (i.v.) dose.
The mean maximum observed plasma concentration (Cmax) of azacitidine was
7504403 ng/ml, reaching within 0.5 h. The plasma half-life was 22 min for i.v. and
41 min for s.c. The bioavailability of s.c. azacitidine relative to i.v. azacitidine was
approximately 89% [34].

After DAC is taken into cells, it is serially triphosphorylated to become DAC
triphosphate (DAC-P3) by nucleotide kinase, and DAC-P3 is incorporated into
DNA-like cytidine triphosphate (CTP). Once DAC-P3 is incorporated into DNA,
when bound to the enzyme, DNMT, a covalent bond, is generated between DAC-P3
and DNMT, holding DNMT at the DAC-P3 site. This results in low methylation of
other CTPs in DNA, which is the low-methylation level of the whole DNA. With
regard to AZA, it has been shown that AZA is serially phosphorylated by uridine/
cytidine kinase to finally become AZA-triphosphate (AZA-P3), which is incorpo-
rated into RNA-like uridine triphosphate (UTP). About 80-90% of the azacitidine
is taken into RNA after phosphorylation. Other 10-20% of AZA is reduced by
ribonucleotide reductase into deoxyazacitidine diphosphate, DAC-P2, and then
DAC-P3 by phosphorylation. Thus, 10-20% of AZA take the same role as DAC, but
most of AZA is in RNA [12]. The functional consequences of AZA-P3 incorpora-
tion into RNA include alteration of the processing of tRNA and rRNAs, leading to
inhibition of protein synthesis [13—17]. Then, AZA will have two functions, inhibi-
tion of protein synthesis and inhibition of DNA methylation, both of which are
thought to be important for the clinical efficacy of AZA [18]. The study of PK
analysis of decitabine was performed, administered decitabine as a 3 h intravenous
infusion of 15 mg/m? every 8 h for 3 days. The Cmax, the time to the maximum
concentration (Tmax) and the terminal phase elimination half-life (T,,) of decitabine
were 64.8—77.0 ng/ml and 2.29-2.53 h, and 0.62-0.78 h, respectively [35].

19.2.1 Clinical Studies of Azacitidine in MDS

After AZA is recognized as a differentiation inducer in some clinical trials men-
tioned above, clinical investigators started to use AZA for anemia of other diseases,
including MDS. The Cancer and Leukemia Group B (CALGB) conducted a phase
IT clinical trial of low-dose azacitidine as a single agent for patients with MDS
(CALGB 8421). Primary endpoint was response rate, which meant the improve-
ment of cytopenia and bone marrow failure. This trial enrolled 43 patients with
advanced (high-risk) MDS (refractory anemia of excess blasts [RAEB] and RAEB
in transformation [RAEB-T] by the FAB classification), and AZA was administered
at 75 mg/m?*day as continuous infusion for 7 days every 4 weeks. 49% of patients
(21/43 patients) had some type of response; seven in complete response (CR), one
in partial response (PR), and 13 with hematological improvement (HI) (responses
were redefined using the International Working Group (IWGQG) criteria [19], which
was different from the original criteria used in the trial) [18]. In the next phase II
study (CALGB 8921), 70 patients with MDS were enrolled; refractory anemia
(RA), 10%; RA with ring sideroblasts (RARS), 6%; RAEB, 27%; RAEB-T, 23%;
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Table 19.1 Analysis of response to CALGB9221 study [22]

AzaC Supportive care Crossover

No. of patients % | No. of patients % | No. of patients %
No. evaluated 99 92 49
CR 7 710 05 10
PR 16 16" |0 0|2 4
Improved 37 37" |5 5 116 33
Total 60 60" |5 5123 47

“Significant differences between the arms in CR rate (P =.01), CR + PR rate (P < 0.0001), and CR
+ PR + improvement rate (P < 0.0001) were observed

chronic myelomonocytic leukemia (CMML), 19%; and AML, 19%. Patients
received AZA through s.c. at 75 mg/m?%day every 4 weeks. Although this study
included CMML and AML sharing more than 1/3 of participants, AZA showed a
similar response rate as CALGB 8421; 17% of CR, 0% PR, and 23% HI, resulting
to 40% of overall response rate [20, 21]. Since there was no standard treatment for
MDS patients at that time, these results led CALGB to conduct a randomized, open-
label, phase III, multicenter trial (CALGB 9221) to compare the survival benefit of
AZA with best supportive care (BSC) [22]. In this study, 191 MDS patients were
randomized to AZA group (99 patients) or BSC group (92 patients). There were 36
patients with RA, 13 with RARS, 70 with RAEB, 33 with RAEB-T, 20 with CMML,
and 19 with AML, which means that more than 70% of patients were high-risk
MDS or AML. AZA was administered 75 mg/m? s.c. for 7 days in a 28-day cycle.
Criteria to permit crossover from the BSC arm to the AZA arm were established.
Treatment response was observed in the 60 cases (60%) including seven cases of
CR (7%),16 (16%) PR, and 37 (37%) HI in the AZA arm. Alternatively, only five
patients (5%) showed improvement in the BSC arm, but no patient obtained CR or
PR. Thus significantly higher-treatment response was found in the AZA arm
(P <0.0001). The median time to leukemic transformation or death was 21 months
in patients treated with AZA compared with 12 months with BSC, which again
showed statistically significant improvement by AZA treatment (P = 0.007). The
median time of overall survival was 20 months in the AZA arm compared with
14 months in the BSC arm without significant difference. Because 49 patients had
crossed over to azacitidine treatment in the BSC arm, a landmark analysis was per-
formed for overall survival, and it showed a significant survival advantage for
patients initially treated with AZA or who had crossed over to AZA within 6 months
after the inclusion on this study (P = 0.03) (Table 19.1). Among CALGB studies,
the most frequent adverse events (AEs) were cytopenias induced by AZA. This is
alsorelated toinfection and febrile neutropenia until HI was obtained. Gastrointestinal
events such as nausea, vomiting, and diarrhea were also observed. Those AEs were
tolerable, and cytopenias and infections were also critical issues even for those in
the BSC arm because of the natural history of MDS.
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In response to the results of CALGB9221 study, a multicenter, international,
randomized phase III study (AZA-001) was designed to compare the overall sur-
vival benefit of AZA treatment with that of the conventional care regimens (CCR)
for high-risk MDS [23]. In this study, BSC, low-dose cytarabine (Ara-C) (Ara-C:
20 mg/m? s.c. for 14 days), and intensive chemotherapy (ICT) (Ara-C: 100-200 mg/
m? + daunorubicin: 45-60 mg/m? for 3 days or idarubicin: 9—12 mg/m? for 3 days
or mitoxantrone: 8—12 mg/m? for 3 days) were included in CCR arm. Before ran-
domization, the patient and doctor were asked to select one treatment from CCR to
be administered if assigned to the CCR arm, and then a randomization was done
between AZA and the CCR treatment selected. This trial enrolled 358 patients with
high-risk MDS, assessed by an independent review committee for FAB subtypes
and International Prognostic Scoring System (IPSS) risk category [24]. One hun-
dred seventy-nine patients were randomized to AZA arm (75 mg/m? s.c. for 7 days
in a 28-day cycle) and 179 patients were randomized to CCR arm. The patients
allocated for CCR arm received either BCS alone (n = 105), low-dose Ara-C
(n=49), or ICT (n =25). Median age of patients was 69 years old. Median overall
survival was 24.5 months for patients in the AZA arm compared with 15 months in
CCR arm, and a statistically significant difference was observed (P = 0.0001). Time
to progression to AML was also significantly prolonged in AZA arm. The survival
benefit with AZA was unconcerned with age, percentage of marrow blasts, or chro-
mosomal karyotype (Table 19.2). This study for the first time demonstrated that
AZA prolonged overall survival of high-risk MDS patients over other available
treatment regimens at that time. By now, AZA is the only one agent to be proven for
survival benefit other than allogeneic transplantation. Since allogeneic hematopoi-
etic stem cell transplantation is not indicated for most of MSD patients with various
reasons, such as high age, comorbidities, etc., AZA is the first choice for high-risk
MDS that lack the indication of transplant.

Additional analyses of AZA-001 trial revealed interesting features of AZA in the
treatment of high-risk MDS. In the induction therapy for AML, hematologists
expect to achieve CR after one course of treatment, and patients that entered CR
after one course of induction regimen usually show better survival (or longer CR
duration) than those obtained CR after two or more courses of induction therapy,
showing the importance of prompt reduction of leukemia cells by chemotherapy.
However, in terms of AZA for MDS, almost 40% of responders show HI or other
responses after four courses of AZA treatment (usually more than 4 months after the
initial injection). Time to response did not have strong impact on survival as for
MDS as AML. Interestingly, survival benefit among patients with stable disease
was also suggested after AZA treatment. Not only pharmacologically but also clini-
cally, AZA shows different features than classical chemotherapeutic agents includ-
ing Ara-C. Considering no other standard therapy is available for high-risk MDS, it
makes physicians continue AZA treatment until progression or intolerable
situation.
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19.2.2 Clinical Studies of Decitabine in MDS

Decitabine (DAC) is another nucleoside analog with the capacity to induce DNA
hypomethylation through the inhibition of DNMT. The mechanism of hypomethyl-
ation of DNA is the same as seen in AZA. Since AZA but no other treatment includ-
ing chemotherapy with anthracyclins and Ara-C showed clinical efficacy for MDS,
DNA hypomethylation was thought to be very important for the treatment of
MDS. Considering the mode of action of DAC in which 100% of DAC theoretically
works as DNMT inhibitor, DAC was expected to show higher efficacy than AZA of
which about 20% would be incorporated into DNA to inhibit DNMT. The clinical
trials with the middle or the high dose of DAC were conducted initially. However,
there was no preeminence with many adverse events as compared with other drug,
and then clinic development was discontinued. After, the demethylation activity of
DAC drew attention, and clinical trials with low-dose DAC were conducted.
Wijermans et al. conducted a phase II clinical study with decitabine for 66 patients
of MDS to test the efficacy and toxicity of DAC [25]. DAC was administered at a
dose of 15 mg/m? infusion over a 4 h period every 8 h (45 mg/m?/day) for 3 consecu-
tive days. DAC treatment courses were repeated every 6 weeks up to six courses.
Primary endpoint was response rate. There were eight cases of RA or RARS, 29 of
RAEB, 20 of RAEB-T, and nine CMML cases, and most of them (76%, 50 out of 66
cases) were included in the higher-risk group of IPSS category. Among them, 32
patients (49%) showed clinical response, including CR (n = 13, 19.7%), PR (n =3,
4.5%), and improvement (n = 16, 24.2%) of cytopenia as defined by the protocol
(reduction of at least 50% of transfusion requirements, etc.). Response rates by the
risk category of IPSS were as follows: 25% in the intermediate (Int)-1 category, 48%
in Int-2, and 64% in high-risk category. The median time of response duration was
31 weeks. These suggested the clinical efficacy of DAC over the risk of MDS pre-
dicted by IPSS. The treatment-related mortality (toxic death) was 7.6% (n =5), and
non-hematological toxicity of grade 3—4 was observed at only 13.6% (n = 9). There
were 17 cases (26%) of disease progression. These results were comparable or even
better than those of AZA trials mainly conducted by CALGB (mentioned above).
Based on these, a randomized trial was performed in which response rate and time
to AML or death were compared between DAC with BSC and BSC alone in MDS at
18 years or older [26]. In this study, the dose of decitabine was 15 mg/m? and admin-
istered intravenously over 3 h every 8 h for 3 days (at a dose of 45 mg/m?%day and
135 mg/m? per course) and which repeated every 6 weeks depending on the recovery
from myelosuppression, almost the same schedule as in the previous phase II study.
Response was assessed according to the International IWG criteria [19]. A total of
170 patients with MDS (median age was 70 years old) were randomized to receive
either DAC or BSC. Fifty-two patients (31%) were categorized into Int-1 risk group
of IPSS, 74 patients (44%) into Int-2 risk group of IPSS, and 43 (25%) in high-risk
group of IPSS. Overall response rate was 17% (9% with CR and 8% with PR) in
DAC and 0% in BSC, and clinical improvement that included CR, PR, and HI was
obtained in 30% of cases in DAC arm and 7% in BSC arm. There were statistically
significant differences both in overall response rate and clinical improvement rate
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Table 19.3 Analysis of response to decitabine [26]

Decitabine (n = 89) | Supportive care
(%) (n=281) (%) P value”
Clinical response
Overall response (CR + PR) 15(17) 0 <0.001
CR 8(9) 0
PR 7(8) 0
Clinical improvement
Overall improvement (CR + PR + 27(30) 6(7) <0.001
HI)
HI 12(13) 6(7)
Major 12(13)° 5(6)°
Minor 0(0) 1(1)
Response by subgroup (CR + PR)

CR complete response, PR partial response, HI hematologic improvement

“Determined using the Fisher 2-sided exact test

“Includes 2 major erythroid hematologic improvements, 4 major platelet hematologic improve-
ments, 1 major neutrophil hematologic improvement, 3 major erythroid plus platelet hematologic
improvements, and 2 major neutrophil plus erythroid hematologic improvements

"Includes 3 major neutrophil hematologic improvements, 1 major platelet hematologic improve-
ment, and 1 major both hematologic improvement; 1 minor platelet hematologic improvement

(both P < 0.001). Although DAC group showed a trend toward a longer median time
to AML or death than BSC group, there was no significant difference between the
two groups (12.1 months for DAC and 7.8 months for BSC, respectively, P = 0.16)
(Table 19.3). These results led to the approval of DAC for MDS in the USA.

A similar phase III clinical study of DAC for MDS was conducted among
European countries by European Organization for Research and Treatment of
Cancer Leukemia Group (EORTC) [27]. The administration method of DAC was
similar to the prior phase III study, and the primary endpoint was set as overall sur-
vival (OS). Two-hundred thirty-three patients were enrolled; 92% of patients had
high-risk diseases (IPSS Int-2 and high) with 32% of AML by WHO criteria, and
53% had poor-risk cytogenetics. These patients were randomly assigned to
decitabine arm (n = 119) and the BSC arm (n = 114), with a balanced distribution
for age, sex, performance status, and risk profile (IPSS subgroup and FAB subtype).
DAC (15 mg/m?) was given intravenously over 4 h three times a day for 3 days in
6-week cycles. The maximum number of treatment cycle was limited to eight (or
ten in case CR was achieved after eight courses). As the primary endpoint, OS pro-
longation in DAC arm was not shown over BSC with statistical significance (median
0S8, 10.1, and 8.5 months, respectively, P = 0.38). Progression-free survival (PFS),
defined as time from randomization to progression, relapse after CR or PR or death,
prolonged significantly by DAC (1-year PFS rate 27% and 15%, in the DAC and
BSC arm, respectively, P = 0.004). There was no statistical difference in AML-free
survival (AMLFS, defined as time from randomization to AML transformation or
death) between the DAC and BSC arms (median AMLEFS, 8.8 versus 6.1 months,
respectively, P = 0.24), although AML transformation was significantly (P = 0.036)
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reduced at 1 year (from 33% with BSC to 22% with DAC). There was no difference
in cumulative incidence of death without AML, either between two arms (P =0.17).
Additional analyses suggested the advantage of DAC over BSC in PFS among sev-
eral subgroups. In terms of toxicity, grade 3 or 4 infections were most frequent AEs
followed by gastrointestinal events. Neutropenia and fatigue were also frequently
observed, as seen in other DAC studies.

These two phase III clinical trials failed to demonstrate the significant efficacy of
DAC on OS for MDS patients. Because two big trials did not meet the overall sur-
vival endpoint, it had a big impact for the role of DAC for not only MDS but also
for other hematological malignancies, especially for elderly patients. Some investi-
gators considered that the limitation of treatment cycle of DAC (up to eight courses
in both studies) or the administration schedule (3-day administration during
6 weeks) might affect these negative results.

Aiming to improve these problems and to find a better administration way of
DAC, the new clinical trials were conducted. Among those trials, one of them tried a
low-dose prolonged exposure schedule of DAC in a phase I style. A total of 48
patients (35 patients with AML, seven with MDS, one with acute lymphoblastic
leukemia, and five with chronic myelogenous leukemia) were entered in this study at
the MD Anderson Cancer Center in the USA (two patients were treated twice at two
different dose levels) [28]. The initial plan was to treat patient cohorts (six to eight
patients) with DAC at 5, 10, or 20 mg/m? daily intravenously over 1 h for 10 days
(5 days on, 2 days off, 5 days on), approximately every 6 weeks. After the first two
cohorts were accrued and clinical activity was confirmed, a cohort with an intermedi-
ate dose of 15 mg/m? was added. With 15 mg/m? of DAC, three administration plans
were tested: 10-, 15-, and 20-day schedule (six, eight, and three patients, respec-
tively). Then, 11 patients were added to a 10-day schedule at 15 mg/m? daily to
examine the efficacy of DAC. Responses were seen at all dose levels. Interestingly, a
dose of 15 mg/m? for 10-day schedule showed the highest response rate (11 out of 17
patients in total, 65%), with fewer responses seen with prolonged treatment (15- and
20-day schedules, one response among 11 patients, 9%) or treatment with escalated
dose (one responder in eight patients in a 20 mg/m? for a 10-day schedule, 9%).

In the following study at MD Anderson Cancer Center which focused on the
lower dose (at 100 mg/m? in one course) DAC and searched for a better administra-
tion schedule, a randomized phase II trial was conducted for MDS (Int or high risk
of IPSS) and CMML patients. [29]. In this study, patients were randomized to
receive DAC in one of three schedules: (1) 20 mg/m? intravenously over 1 h daily
for 5 days; (2) 20 mg/m? daily for 5 days, given in two subcutaneous doses daily for
5 days; or (3) 10 mg/m? intravenously over 1 h daily for 10 days. Decitabine was
administered in each arm repeatedly more than three courses every 4 weeks. A total
of 95 patients were enrolled, and 77 and 18 patients had MDS and CMML, respec-
tively. Median age of participants was 65 years old. Overall, 32 patients (34%)
achieved CR; one had PR, 23 with marrow CR, and 13 with HI. In total, 69 (73%)
had an objective response by the newly modified International Working Group cri-
teria. The CR rate in patients receiving 20 mg/m? intravenously for 5 days, 20 mg/
m? subcutaneously for 5 days, and 10 mg/m? intravenously for 10 days was 39%,
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21%, and 24%, respectively, (P < 0.05). The patients who administered decitabine
with 20 mg/m? intravenously for 5 days showed the superior effect compared with
other arms. The methylation status of clinical samples (peripheral blood) was also
assessed in this trial. LINE-1 assay to see the methylation of LINE-1 in genome was
examined as a marker of genome methylation level, and it was shown that the level
of LINE-1 methylation dropped about 10 days after the first administration of DAC
to —10% to 20% compared with the initial level. The methylation level recovered
after that but not to the initial level. This clearly showed the clinically meaningful
hypomethylating activity of DAC in human hematopoietic cells.

The result of this study led to a multicenter phase II trial with decitabine 20 mg/
m? by intravenous infusion daily for 5 consecutive days every 4 weeks (Alternative
Dosing for Outpatient Treatment [ADOPT]) by Steensma D et al. to confirm these
results [30]. This study assessed the overall response (CR, marrow CR, and PR) rate
as a primary endpoint and also the safety of an alternative dosing regimen adminis-
tered on an outpatient basis in academic and community-based practices. Ninety-
nine patients were enrolled with median age of 72 years old. There were 37 patients
with RA or RARS, 51 with RAEB or RAEB-T, and 11 with CMML. All except one
patients were Int-1 or higher risk in IPSS [52 cases (53%) with Int-1, 23 (23%) with
Int-2, and 23 (23%) with High]. The median number of courses administered was
five. Overall response rate, the primary endpoint, was 32%; CR, 17%; marrow CR,
15%; and PR, 0%. There is no patient-achieved PR, but HI was observed in 18% of
patients. The 1-year survival rate of all patients was 66%, and median survival time
was 19.4 months. Cytopenias were the most frequent complication with grade 3 or
higher neutropenia, thrombocytopenia, febrile neutropenia, and anemia. Among
non-hematologic AEs, pneumonia, and fatigue were found at 11% and 5%, respec-
tively. This study demonstrated that DAC with the alternative schedule would pro-
vide clinical benefit to a certain number of MDS patients in the outpatient setting
(Table 19.4).

As described above, DAC provided CR, marrow CR, and PR to patients with MDS,
probably with higher response rate by the alternative administration schedule. However,
so far, overall survival benefit has not been shown in any treatment schedule.

19.2.3 Clinical Studies of Oral Azacitidine

AZA and DAC are extremely potent in inhibiting DNA methylation, but their short
half-lives in aqueous solutions and low oral bioavailability complicate their deliv-
ery. To solve this problem, Amy Z et al. had synthesized an acetylated derivative of
AZA, 2',3',5 -triacetyl-5-azacitidine (TAC) to evaluate its possibility as an oral
prodrug. The prodrug demonstrated significant pharmacokinetic improvements in
bioavailability, solubility, and stability over the parent compound [31]. In the
pilot study with the oral administration, four patients with solid malignant tumors,
AML, or MDS received single oral doses of 60 or 80 mg, and pharmacokinetics and
safety were evaluated. Patients safely tolerated 80 mg of TAC, and the mean bio-
availability was 17.4% of subcutaneous administrations. Severe drug-related
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Table 19.4 Analysis of responses to ADOPT trial [30]

ITT (N=99)
Response by 2006 IWG criteria No. of patients %
Overall complete response rate, CR + mCR | 32 32
Overall response rate, CR + mCR + PR 32 32
Overall improvement rate, CR + mCR + PR | 50 51
+ HI
Rate of stable disease or better, CR + mCR + | 74 75
PR + HI + SD
CR 17 17
mCR 15 15
PR 0 0
HI 18 18
SD 24 24
PD 10 10
Not assessable” 15 15

IWG International Working Group, /7T intent to treat, CR complete response, mCR marrow CR,
PR partial response, HI hematologic improvement, SD stable disease, PD progressive disease

“A total of 15 patients were not assessable for a response assessment because post-therapy bone
marrow and/or CBC values were not available. Specifically, five patients were entered onto the
study with comorbid conditions (including metastatic lung cancer, preexisting acute respiratory
distress syndrome, pulmonary fibrosis, and cardiomyopathy) that resulted in early withdrawal
from the study and precluded an opportunity for a response assessment, five patients were with-
drawn from the study early for administrative reasons (ie, patient or family decision) without docu-
mentation of a study-related adverse event, and five patients had adverse events before the first
post-therapy bone marrow evaluation and were withdrawn based on the clinical judgment of the
investigator

toxicity was not observed, and these data suggested that oral AZA is bioavailable
[32]. Following this pilot study, an open-label, phase I, dose-escalation trial was
conducted to identify the maximum tolerated dose (MTD), dose-limiting toxicities
(DLTs), safety, pharmacokinetic and pharmacodynamics profiles, and clinical activ-
ity of oral AZA in 41 patients with MDS, CMML, and AML [33]. AZA was injected
at 75 mg/m? daily s.c. for 7 days of a 28-day cycle in cycle one with a standard AZA
administration schedule as control, and then they received oral AZA during cycle
two and beyond. Oral AZA was given on the same 7-day schedule as s.c. injection.
The starting dose of oral AZA was 120 mg, and doses were escalated in 60 mg
increments up to a dose of 360 mg, followed by 120 mg increments until the MTD
was reached. Because DLT (grade 3/4 diarrhea) developed in a 600 mg cohort,
480 mg was determined to be the MTD. The adverse events of grade 3/4 included
febrile neutropenia (19.5%), diarrhea (12.2%), fatigue (9.8%), nausea (7.3%), and
vomiting (7.3%). In terms of pharmacokinetics, plasma concentration of AZA after
oral administration of 480 mg was less in both peak concentration and the area
under the curve than those of s.c. injection of 75 mg/m?. Along with lower plasma
concentration, the number of hypermethylated loci assessed using the array-based
genome methylation analysis methods was larger after oral AZA treatment
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Table 19.5 Responses in MDS and CMML patients [33]

Duration of
response:
Previously treated patients® First-line treatment range
Evaluable Evaluable
Response Responders | patients % | Responders | patients % | (days)
Overall 6 17 35 |11 15 73 | 30-483¢
response®
CR!Y 0 17 0 |6 15 40 |30-152
Any HI® 6 16 38 |5 9 56 | 56-483¢
HI-E 3 10 30 |2 4 50 |56-483¢
HI-N 0 10 0 |2 7 29 |82-321¢
HI-P 5 14 36 |2 6 33 | 58-351¢
TI 0 5 0 |1 3 33 |76
Red 0 3 0 |1 3 33 |76
blood
cell
Platelet |0 4 0 |0 NA
mCRe! 6 9 67 |2 6 33 |1 63-422¢

Note: At any cycle of azacitidine, International Working Group 2006 criteria were used with
modifications

CR complete remission, E erythroid, HI hematologic improvement, mCR bone marrow complete
remission, N neutrophil, NA not applicable, P platelet, 71 transfusion independence

Includes erythropoiesis-stimulating agents, chemotherapy, hypomethylating agents, and investi-
gational and/or other agents

Overall response rate does not include patients achieving mCR only

‘One or more responses, including that at upper limit of range, are ongoing. Data were censored as
of last visit entered into the clinical database

dPatients achieving CR were not included in any other categories

°One patient with mCR in the previously treated group also achieved HI (both HI-E and HI-P). Two
patients with mCR in the first-line treatment group also achieved HI (one patient with HI-P and one
patient with both HI-E and HI-N). These patients have been included in both the mCR and HI
categories

fIn the eight patients who achieved mCR, the response began in cycle 1 of subcutaneous (SC) dos-
ing (n 4) or very early in cycle 2 of oral dosing (n 4). Therefore, the contribution of a single SC
azacitidine cycle to the induction of these responses is likely relevant

¢Bone marrow aspirates were not required after 6 cycles of oral azacitidine treatment, therefore
follow-up data were not available to confirm upper limit of duration

Data were censored as of last visit entered into the clinical database

compared to s.c. AZA, though the reduction of the number was substantial after
either administration way. The median number of oral AZA cycles administered for
MDS, CMML, and AML was 6, 12.5, and 4.5, respectively. Among 17 patients that
had previous treatment history, oral AZA provided 35% of overall response rate (HI
in 6 out of 17 patients). For those whom oral AZA was given as first-line treatment,
11 out of 15 patients (73%) became responders; the number of patients with CR or
PR is six (40%) and HI is five (56%). These showed that oral AZA was a candidate
new drug especially for MDS and CMML with biologic and clinical activities
(Table 19.5).
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Since there are many new drugs for MDS/CMML under developmental trials, it
is also expected to combine oral AZA and other agents to enhance the efficacy of
treatments.

19.3 Conclusion

Hypomethylating agents (AZA and ADC) as epigenetic regulators are unique for
the treatment of hematological malignancies, especially for MDS and AML in the
elderly. Considering the mechanism of action and the pattern to see the clinical
effects on MDS, these are quite different from classical anticancer drugs including
cytarabine. So far, there are no other tumors that clinically respond to AZA or DAC
than myeloid neoplasms. However, these two drugs clearly demonstrated that epi-
genetic regulators would be new targets to treat malignancies and that a new strat-
egy for the combination treatments need to be studied to improve the treatment
results of hematological neoplasms, in particular, MDS.
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Abstract

Despite improvements in the treatment of leukemia, relapse remains a substan-
tial problem. Relapse often results from the persistence of leukemic stem cells
(LSCs) that are difficult to eradicate with conventional therapies; therefore, novel
therapeutic strategies with the ability to target LSCs are required. In principle,
differentiated progenitor cells have no self-renewal ability. However, there is a
possibility that LSCs originate from these differentiated progenies when they
acquire self-renewal ability. To become LSCs, differentiated leukemic progeni-
tors must have self-renewal ability. Molecules that control self-renewal and pro-
liferation, molecules that regulate the cell cycle and differentiation, molecules
that enhance cell survival, molecules constituting the hematopoietic (leukemic)
niche that exists in hypoxic environments, and cell surface molecules specific for
leukemia are candidates for eradicating LSCs. However, to specifically eliminate
LSCs while sparing normal hematopoietic stem cells, the detailed molecular
mechanisms and pathophysiology of LSCs need to be clarified by sophisticated
gene sequencing technologies and disease models. Many patients with incurable
leukemias are eagerly awaiting the benefits of new targeted therapeutics.
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20.1 Introduction

In recent years, the rapid progress in molecular biology and the remarkable advance-
ment of genetic engineering technology have led to the extraordinary development
of novel molecular targeted therapeutics for cancer. In addition, the comprehensive
and genome-wide development of gene expression analysis technology using next-
generation sequencers and developments such as xenotransplantation techniques
using highly immunodeficient humanized mice enable detailed studies in which
patient cancer specimens can be repopulated. These technologies accelerate the
possibilities of translational research, i.e., the clinical development of novel thera-
pies from the bench to the bedside.

Recent evidence suggests that cancer stem cells (CSCs) are critical for the main-
tenance and development of cancer. CSCs are a unique population of cells within
malignant tumors with stemlike properties that are supposedly mandatory drivers of
cancer initiation and progression [1]. CSCs are functionally characterized by their
ability to undergo unlimited self-renewal and to form tumors in vivo. The concept
of hierarchical organization of a tumor cell population, with CSCs positioned at the
apex of the cell hierarchy, can explain at least most of the important aspects of the
biological and clinical behavior of cancer, such as relapse and the development of
therapeutic resistance [2]. This hierarchy, where quiescent and slow-cycling stem
cells self-renew and replenish an active cycling population, is well defined in the
hematopoietic system.

In the bone marrow (BM), there is a cell population termed hematopoietic stem
cells (HSCs), which are characterized by their self-renewal capacity and multi-
lineage differentiation over the lifetime of an individual [3]. Both murine and human
studies have attempted to characterize and purify HSCs based on surface markers,
as well as in vitro clonogenic and in vivo repopulation assays. Similar to many
human cancers, human acute myeloid leukemia (AML) reveals evidence of a hier-
archy. The earliest concept of hierarchy in leukemia can be traced to the identifica-
tion of clonogenic AML progenitors [4]. Recent advances in gene profiling
technologies have begun to unravel the regulatory mechanism of HSCs by novel
genes, and the stem cell model of hematopoiesis has also led to the concept of leu-
kemic stem cells (LSCs), which involves the presence of a rare population of cells
that possess the essential HSC characteristics of a self-renewal capacity, replication,
and differentiation into progenies [5]. Despite remarkable improvements in the
treatment of leukemia, a considerable number of patients still suffer from relapse.
Relapse most often results from a small number of LSCs, which reestablish the full
tumor. Evidence for the existence of LSCs was first derived from the study of AML
[6]. AML develops from self-renewing LSCs, which should be an ultimate thera-
peutic target for a complete cure [7]. Currently, many molecular targeted drugs for
leukemia and hematological malignancies are clinically used, and some stemness
inhibitors are also in various phases of preclinical development, with some used in
clinically relevant settings.

Difficulties in eliminating LSCs with conventional chemotherapies seem to be
the primary cause of relapse in patients with AML. Therefore, novel therapeutic
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strategies with the ability to target LSCs are required to improve the prognosis of
patients. An essential step toward this goal is the identification of common pheno-
typic surface markers and biological characteristics that distinguish between LSCs
and normal HSCs/progenitor cells across leukemia patients. This work has devel-
oped a considerable number of potential therapies specifically targeting LSCs such
as those aimed at cell surface molecules, cell signaling transductions, and BM
microenvironments. This chapter briefly reviews the basic biology, signal transduc-
tion, and immunophenotype of LSCs. The clinical relevance of LSCs and the
emerging therapeutic strategies using biological materials and small molecules that
directly target LSCs and modulate their microenvironments to eliminate LSCs will
also be discussed.

20.2 Identification and Diversity of LSCs

Hematopoiesis proceeds through an organized developmental hierarchy initiated by
HSCs that give rise to progressively more committed progenitors and then termi-
nally differentiated blood cells. Murine hematopoiesis is initiated by long-term
HSCs that differentiate into a series of multipotent progenitors that exhibit a pro-
gressively diminished self-renewal capacity. In human hematopoiesis, populations
enriched for HSC activity are the upstream lineage-committed progenitors.
Advances in multicolor flow cytometry were used to show that normal HSCs can be
highly purified in the Lin"CD34*CD38 - CD90*CD45RA" fraction. Downstream of
this fraction is the Lin"CD34*CD38-CD90-CD45RA" fraction containing multipo-
tent progenitors. Cells of this fraction differentiate into the CD34*CD38* fraction.
Common myeloid progenitor cells (CMPs), granulocyte lineage-monocyte progeni-
tor cells (GMPs), and erythroid-megakaryocyte progenitor cells are present in the
CD34*CD38* fraction, and they are fractionated according to the CD123 (IL3RA)
and CD45RA expression levels.

In 1997, Dick et al. established an experimental model to repopulate human
AML in nonobese diabetic mice with severe combined immunodeficiency disease
(NOD/SCID mice) [6]. Regardless of the heterogeneity in the maturation character-
istics of leukemic blasts, investigators used flow cytometry to demonstrate that
LSCs of AML (AML-LSCs) are exclusively CD34**CD38", suggesting that normal
primitive cells, rather than committed progenitor cells (CD34*CD38"), are the target
for leukemic transformation. AML-LSCs could be differentiated into leukemic
blasts and then into leukemic progenitors in vivo, i.e., the leukemic clone consti-
tutes a hierarchy.

In AML, LSC activity was shown to be enriched in the same as the surface anti-
gen is CD34*CD38~ cell fraction of normal HSCs. In recent years, however, LSCs
in some AML patients were not necessarily restricted to the CD34*CD38~ cell frac-
tion, and it is clear that LSCs are also present in the CD34*CD38"* cell fraction.
Although LSCs are concentrated in the CD34*CD38~ cell fraction, it is suggested
that LSC activity varies according to the individual case, indicating there is more
heterogeneity in the LSC compartment than was previously recognized [8, 9].
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Indeed, Goardon et al. revealed that, in most primary human CD34* AMLs, two
expanded populations coexist [10]. One is the mature LSC population that is mostly
similar to normal GMPs, and the other is the immature LSC population that is func-
tionally similar to lymphoid-primed multipotent progenitors. Both populations
demonstrate the self-renewal ability of LSCs and are hierarchically organized. The
former LSC population gives rise to the latter population and vice versa. The exten-
sive gene expression profile shows that LSCs are molecularly different and mirror
normal progenitors but not stem cells. This suggests that, in most cases, primary
CD34* AML is a progenitor disease in which an abnormal self-renewal potential is
acquired. These reports suggest that other biological markers or pathways that are
truly specific to LSCs, and are not shared with normal HSCs, need to be identified.

20.3 The Origin of LSCs

Genetic abnormalities of LSCs have been discussed, namely, class I mutations,
which lead to acquirement of a growth advantage, and class II mutations, which
impair differentiation [11]. As class I mutations, gain-of-function mutations
involved in the cell proliferation signal (KIT, FLT3, JAK2, Ras, etc.) are frequently
reported. On the other hand, class II mutations of transcription factors that control
cell differentiation (RUNX1, PML-RAR«a, C/EBPa, GATA, etc.) have also been
reported. A group of genes involved in epigenetic abnormalities such as DNA meth-
ylation and histone modifications (TET2, IDH1/2, DNMT3a, EZH2, and ASXL1)
have been reported in relation to AML and myeloproliferative neoplasm. In addi-
tion, a group of mutated genes involved in RNA splicing (U2AF35, SF3B1, and
SRSF2) has been reported in relation to myelodysplastic syndrome. Furthermore,
mutations have also been reported of tumor suppressor genes that control the cell
cycle and apoptosis (such as CDKN2A/B and TP53). Such gene mutations, splicing
anomalies, and epigenetic alterations are candidates for targeting LSCs (Fig. 20.1).

In recent years, new techniques have begun to revolutionize the diagnosis, prog-
nosis, and classification of leukemia. More recently, the introduction of high-speed
analysis of whole-genome sequencing has made it possible to find multiple gene

RNA splicing
abnormality Class Il mutation

(transcription factors related to
abnormal cell differentiation)

«

Class | mutation

(gain-of-function mutations)

Develop LSCs

e AN
Mutations of tumor Epigenetic
suppressor genes Alterations

Fig.20.1 Various causes of LSC development
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mutations that are involved in leukemogenesis. During the process by which genetic
variation accumulates in HSCs, the fraction termed pre-LSCs gradually expands,
and then LSCs are fully established when additional gene mutations are acquired.
This final trigger is considered to occur in LSCs in some cases and in progenitor
cells differentiated from LSCs in other cases.

As mentioned above, AML-LSCs are present in the CD34*CD38" fraction,
which is a phenotype shared with normal HSCs. Thus, leukemia originates from
normal HSCs. HSCs have a long lifetime and can undergo a considerable number of
divisions; therefore, genetic and epigenetic alterations tend to accumulate in these
cells. In addition, because HSCs have molecular mechanisms for self-replication,
they fulfill the requirements of LSCs when genes that contribute to a growth advan-
tage and a differentiation block are obtained. In principle, differentiated progenitor
cells have no self-renewal ability. However, there is a possibility that LSCs originate
from these differentiated progenies after they acquire self-renewal ability. To
become LSCs, differentiated leukemic progenitors must have self-renewal ability.

The mixed lineage leukemia (MLL) gene present in chromosome 11q23 leads to
the development of a variety of diseases by forming various fusion genes such as the
MLL/GAS fusion gene formed by the 11;17 chromosomal translocation, the
MLL/ENL rearranged gene formed by the 11;19 translocation, and the MLL/AF9
formed by the 9;11 translocation [12, 13, 14]. A study examined whether these
fusion genes can lead to the development of leukemia upon their introduction into
murine HSCs or progenitor cells. The MLL/GAS7 fusion gene causes leukemia only
when introduced into HSCs, while MLL/ENL and MLL/AF9 cause leukemia when
introduced not only into HSCs with self-renewal ability but also into GMPs.
Similarly, leukemia can develop when the MOZ/TIF?2 fusion gene, which is formed
by the inversion of chromosome 8, is introduced into GMPs [15]. These findings
indicate that it is possible to develop LSCs from precursor cells, although it is
dependent on the type of genetic abnormality.

20.4 Candidate Therapeutic Molecules for Targeting LSCs
20.4.1 Signal Transduction and Metabolic Pathways

The therapeutic strategies for eradicating LSCs are summarized in Table 20.1.
Molecules that control self-renewal and proliferation, molecules that regulate the
cell cycle and differentiation, molecules that enhance cell survival, molecules con-
stituting the hematopoietic (leukemic) niche that exists in hypoxic environments,
and cell surface molecules specific for leukemia are candidates for eradicating
LSCs. However, many of these molecules are present even in normal HSCs. To
specifically eradicate LSCs while sparing normal HSCs, the specific molecular
mechanisms in LSCs need to be clarified.

The canonical Wnt/B-catenin signal is constitutively active in both AML and
chronic myeloid leukemia (CML), in addition to many human cancers [16]. Analysis
of patient samples demonstrated that LSCs in the chronic phase of CML develop
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Table 20.1 Therapeutic 1. Antibodies specific for
strategies targeting LSCs LSCs

2. Inhibitors of signal
transduction and metabolic
pathways

3. Induction of apoptosis

4. Suppression of the
self-renewal capacity of LSCs

5. Transition into the
cell-cycling state from the
quiescent state and
differentiation induction

6. Detachment of LSCs from
the hypoxic niche

7. Targeting the hematopoietic
niche or microenvironment

from HSCs, while those in the accelerated and blastic phases of CML develop by
transformation of CMPs or GMPs through activation of the Wnt/p-catenin pathway.
B- and y-catenin are not essential at least for the maintenance of murine normal
HSCs, and they are therefore potential therapeutic targets in LSCs [17].

The hedgehog (Hh) pathway is abnormally activated in various types of cancer
[18]. During embryonic pattern formation, the Hh signaling pathway regulates pro-
liferation and differentiation. In cancer, the pathway increases tumor invasiveness
and regular CSC proliferation. In some preclinical models, aberrant activation of the
Hh pathway is necessary for the maintenance of some CD34* LSCs. PF-04449913
is a novel oral small molecule inhibitor that binds to smoothened (SMO), a mem-
brane protein in the Hh pathway [19]. In AML cell lines and human primary AML
cells, PF-04449913 appears to improve sensitivity to cytarabine in dormant LSCs.
Multiple phase 1 studies are ongoing with PF-04449913 as a monotherapy or in
combination with low-dose cytarabine or hypomethylating agents to treat AML
[20]. Vismodegib, a SMO antagonist approved for the treatment of basal-cell carci-
noma, in combination with ribavirin with or without decitabine, is also under inves-
tigation in relapsed/refractory AML (NCT02073838) [20].

20.4.2 Cell Surface Antigens

Identifying cell surface antigens that are differentially upregulated on LSCs but not
on normal HSCs has been a major focus. However, it is difficult to identify such
antigens, and thus far no unique antigen has been found that is specifically expressed
on CD34+*CD38~ LSCs but not on normal HSCs. Despite these difficulties, many
cell surface antigens have been identified that are preferentially expressed on
CD34*CD38~ LSCs compared with normal human HSCs. These include CD25
[21], CD32 [21], CD33 [22], CD44 [23], CD47 [24, 25], CDY%6 [26], CD123
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Table 20.2 Possible target candidates of surface antigens expressed on LSCs

Expressed on

Surface Normal

antigen Characteristics HSCs LSCs | References

CD25 IL-2Ra chain, expressed on activated T cells + + [21]

CD32 FcyRIIA, expressed on monocytes and + + [21]
neutrophils

CD33 Pan-myeloid antigen, clinically used as the ++ ++ [22]
antibody gemtuzumab ozogamicin

CD44 Adhesion molecule, hyaluronic acid receptor + ++ [23]

CD47 The ligand for signal regulatory protein alpha + ++ [24, 25]

(SIRPa), anti-CD47 antibodies induce
apoptosis of AML-LSCs

CD9%6 Member of the Ig gene superfamily, expressed + ++ [26]
in T and NK cells, but not in B cells,
granulocytes, monocytes, or red blood cells
CD123 IL-3R a chain, expressed on total and + ++ [27-29]
CD34*CD38" fractions of AML and normal
myeloid cells

TIM-3 T-cell immunoglobulin mucin-3, expressed in + ++ [30, 31]
CD4* Thl lymphocytes and is an important
regulator of Thl cell immunity and tolerance
induction

ILIRAP IL1 receptor accessory protein (ILIRAP, -~ 7 |+ [37]
IL1R3), expressed on candidate LSCs in the
majority of AML patients but not on normal
HSCs

CLL-1 C-type lectin-like molecule-1, expressed on

monocytes, neutrophils, and the majority of
AML blasts

I+
+

(38]

[27-29], TIM-3 [30-32], interleukin (IL)-1 receptor accessory protein (ILIRAP)
[37], and C-type lectin-like molecule-1 (CLL-1) [38)], as summarized in Table 20.2.

In normal human BM, CD2S5 is expressed in a portion of CD4* T cells (regula-
tory T cells), and CD32 (Fc gamma receptor II) is expressed in B cells, T cells, and
monocytes; however, neither antigen is expressed in CD34*CD38-CD133* HSCs.
By demonstrating the functional significance of distinctly expressed genes using
analyses including xenotransplantation, it was reported that CD25 and CD32 were
most frequently expressed on LSCs of AML patients, 85% of whom were poor risk,
and it was suggested that therapeutic strategies targeting these molecules may be
effective and improve patient prognosis [21].

CD44 is a cell adhesion molecule whose ligand is hyaluronic acid and which
contributes to construction of the LSC niche. The engraftment of human AML into
immunodeficient mice is completely inhibited by administration of an anti-CD44
antibody (H90), while that of normal HSCs is only minimally affected [23]. In this
paper, Jin et al. reported that CD44 is a key regulator of AML-LSC function and is
required for proper homing of AML-LSCs to microenvironments and to maintain
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AML-LSCs in a leukemic niche. The finding that AML-LSCs require interactions
with a niche to maintain their stem cell properties provides a therapeutic strategy to
eliminate dormant AML-LSCs and may be applicable to other types of CSCs.

CD47 belongs to the immunoglobulin (Ig) superfamily and is a ligand of SIRP«
(signal regulatory protein alpha) expressed on macrophages. When the IgV region
of SIRPa expressed on macrophages combines with CD47 on LSCs, a tyrosine resi-
due of SIRPa is phosphorylated, and the inhibitory signals of phagocytosis (“don’t
eat me” signal) are transmitted, resulting in the inhibition of phagocytosis by mac-
rophages. On the other hand, when the target cell does not express CD47 or the
binding of SIRPa and CD47 is inhibited, the signal of the inhibition is not transmit-
ted, and consequently the target cells are phagocytosed by macrophages. When an
anti-CD47 antibody blocks the binding of SIRPa and CD47 expressed on LSCs, the
“don’t eat me” signal to macrophages is blocked, and LSCs are phagocytosed.
Increased phagocytic action by macrophages is a mechanism of action of anti-CD47
antibodies. CD47 is strongly expressed on AML-LSCs compared with normal
HSCs. CD47 binds to the ligands thrombospondin-1 and SIRPa, which are involved
in apoptosis, proliferation, adhesion, and migration of myeloma cells [24]. In clini-
cal settings, increased expression of CD47 is a poor prognostic factor in
AML. Treatment of human AML-engrafted mice with an anti-CD47 antibody could
target AML-LSCs [25].

CD96 belongs to the Ig superfamily. Hosen et al. revealed that CD96 is a promis-
ing candidate as a specific antigen for LSCs [26]. Applying a signal sequence trap
strategy to identify cell surface molecules expressed on human AML-LSCs and
fluorescence-activated cell sorting (FACS) analysis demonstrated that CD96 is
expressed on CD34*CD38~ AML cells in the majority of patients. Transplantation
of AML cells into immunodeficient mice demonstrated that only CD96* fractions
showed significant levels of engraftment. These results demonstrate that CD96 is a
cell surface marker present on AML-LSCs and may be a LSC-specific therapeutic
target. Furthermore, FACS analysis demonstrates that CD96 is expressed on the
majority of CD34*CD38~ LSCs of AML, whereas only a few normal HSCs weakly
express CD96. Therefore, the authors mentioned that this molecule may be a candi-
date LSC-specific therapeutic target.

CD123 is an IL-3 receptor a chain, is highly expressed on AML-LSCs compared
with their normal counterparts, and is being used to develop an antibody therapy. An
anti-CD123-neutralizing antibody (7G3) targeted AML-LSCs, impairing homing to
BM and activating innate immunity in NOD/SCID mice. 7G3 treatment profoundly
reduced AML-LSC engraftment and improved mouse survival [27]. Targeting LSCs
using the 7G3 antibody against CD123 seems to be an attractive approach. A phase
1 clinical study was conducted of relapsed or refractory high-risk AML using
CSL360, a chimeric variant of 7G3; however, the remission rate was quite low [28].
One reason for this was the high tumor load, and strategies such as enhancing the
ADCC (antibody-dependent cellular cytotoxicity) activity of anti-CD123 antibod-
ies have been investigated. Moreover, it is an immune cell therapy, and preclinical
work with a dual-affinity retargeting molecule generated from antibodies against
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CD3 and CD123, which is designed to redirect T cells against AML-LSCs, has been
reported [29].

T-cell immunoglobulin mucin (TIM)-3 is highly expressed in AML-LSCs,
except the FAB classification M3, but is not expressed at all in normal HSCs. While
TIM-3-positive AML cells can repopulate AML in mice with high efficiency, TIM-
3-negative AML cells do not reconstitute leukemia at all. In immunodeficient mice
engrafted with AML cells and treated with an anti-TIM-3 antibody (ATIK2a), AML
cells were significantly reduced, and those remaining after treatment with ATIK2a
could not succeed in serial passage transplantation in mice, indicating that this anti-
body can target AML-LSCs [30]. TIM-3 protein is not detectable in normal HSCs
or in other myeloerythroid or lymphoid progenitors, although monocyte lineage-
committed progenitors begin to upregulate TIM-3. Therefore, expression of TIM-3
is highly specific to human AML-LSCs [31]. TIM-3 was originally identified as
being selectively expressed on IFN-y-secreting Thl and Tc1 cells [32]. Interaction
of TIM-3 with its ligand, galectin-9, triggers cell death in TIM-3* T cells [33]. Both
TIM-3 and PD-1 can function as negative regulators of T-cell responses [34, 35, 36].
Like PD-1, TIM-3 is also an immune checkpoint-associated surface molecule
involved in the exhaustion of T cells. Inhibition of TIM-3 functions with an anti-
TIM-3 antibody should be an effective treatment strategy. From the perspective of
the abovementioned immune checkpoint inhibition, TIM-3 is expressed in some
types of hematopoietic cells and seems to have lineage- or cellular context-dependent
signal transduction pathways or functions. The role of TIM-3 in AML-LSCs is quite
intriguing, and inhibition of this molecule is a promising clinical strategy. Further
studies, however, are needed to clarify the specific function of TIM-3 before per-
forming clinical trials to eradicate AML-LSCs.

IL1RAP is a co-receptor of the type 1 IL-1 receptor. ILIRAP is expressed on the
cell surface in the majority of AML patients. ILIRAP is upregulated on immature
cells in high-risk AML patients with chromosome 7 abnormalities, and AML
patients with high ILIRAP expression have a poor prognosis. Agerstam et al.
reported that ILIRAP may become a therapeutic target in AML and that rapid clini-
cal development of an antibody-based IL1RAP therapy for AML is promising [37].

CLL-1 is highly expressed on the blast compartment in the majority of AML
cases, while itis completely absent on CD34*CD38 resting BM cells. CD34*CLL-1*
cells repopulate in sublethally irradiated immunodeficient NOD/SCID mice, indi-
cating that they contain leukemia-initiating cells. Furthermore, culture of normal
CD34" cells in a long-term culture system in the presence of an anti-CLL-1 anti-
body has no effect on CFU-E and CFU-GM colony formation, suggesting that
CLL-1 is a possible target for therapy [38].

20.4.3 Novel Strategy to Exhaust LSCs
The role of CCAAT/enhancer-binding protein f (C/EBPp), a regulator of emer-

gency granulopoiesis, in the pathogenesis of the chronic phase of CML was exam-
ined, and it has been suggested that C/EBPf is involved in BCR-ABL-mediated
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myeloid expansion. We found that enforced expression of C/EBPJ in CML-LSCs
might induce exhaustion of LSCs, leading to a complete cure of this disease [39]. C/
EBPp-mediated LSC loss might reveal a unique therapeutic strategy to eradicate
CML stem cells. Agents that upregulate expression of C/EBPf in LSCs should be
promising (Yokota A, Hirai H, Maekawa T, et al., unpublished observation).

20.4.4 Targeting LSCs Using Small Molecules

In addition to therapies using the antibodies mentioned above, therapies based on
small molecules can target intracellular proteins and pathways. Nuclear factor-
kappa B (NF-kB) stimulates the transcription of genes encoding Ig of the k class in
B lymphocytes. NF-kB, a dimeric transcription factor complex that controls various
aspects of cellular responses to stimuli, is now recognized as a pivotal regulator of
cell survival, proliferation, and differentiation. When unstimulated, the complex is
sequestered in the cytoplasm by a family of inhibitors of NF-kB (IkBs). NF-kB is
constitutively active in AML enriched with LSCs, while its activity was not detect-
able in unstimulated normal HSCs/progenitor cells. Proteasome inhibitor such as
MG-132, which inhibits NF-kB activity by inhibiting IkB degradation, induces the
rapid apoptosis of AML-LSCs but not of normal HSCs. Therefore, inhibition of
NF-«xB signaling may provide a novel therapeutic strategy specific to LSCs [40].
Another molecule with inhibitory activity against NF-xB, parthenolide (PTL), tar-
gets primitive AML cells. Agents such as PTL, which is a sesquiterpene lactone that
is the major active component in feverfew (Tanacetum parthenium), a herbal medi-
cine that has been used to treat migraines and rheumatoid arthritis for a long time,
inhibit the ability of LSCs to respond to oxidative stress and make LSCs sensitive to
cell death stimuli, while normal stem cells remain relatively unharmed by these
agents. The main mechanism of action of these molecules appears to revolve around
the altered glutathione metabolism pathway found in leukemia cells [41].
Niclosamide also inhibits the transcription and DNA binding of NF-«B. It blocked
tumor necrosis factor-induced IkBa phosphorylation, translocation of p65, and
expression of NF-kB-regulated genes [42].

20.4.5 Targeting Antiapoptotic Molecules

A body of investigations has established that AML cells are dependent on antiapop-
totic molecules for survival such as the B-cell CLL/lymphoma 2 (Bcl-2) family,
which suppresses the intrinsic or mitochondrial apoptotic pathway and plays an
important role in AML pathogenesis, prognosis, and responsiveness to chemothera-
peutic agents [43]. In addition, the antiapoptotic Bcl-2 family protein myeloid cell
leukemia sequence 1 (Mcl-1) is essential for cell survival during the development
and maintenance of AML [44, 45].

Normally, the antiapoptotic proteins Bcl-2, Bel-X;, and Mcl-1 suppress apopto-
sis effector molecules such as Bak as well as the proapoptotic BH3-only protein
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Bim, thereby preventing apoptosis. The BH3-only proteins Bad and Noxa, as well
as BH3-mimetic drugs such as navitoclax and obatoclax, untether the apoptosis
effectors and Bim from the antiapoptotic proteins, leading to apoptosis [46].
Apoptosis is initiated when members of the third subfamily, the BH3-only proteins
(e.g., Bim, Bad, and Noxa), are activated by various cytotoxic stimuli.

20.5 Gene Abnormalities Involved in Epigenetic
Modifications

Gene mutation analyses of leukemia cells using next-generation sequencing greatly
assist studies of individual genetic abnormalities in leukemia cells. In addition, the
importance of methylation of DNA and histones for epigenetic regulation of gene
expression by modulation of the chromatin structure was recently clarified.
Abnormalities of genes related to epigenetic modifications are frequently found in
many cancers, including AML. There are roughly two types of epigenetic modifica-
tions; one is histone modifications including the polycomb group complex-
associated gene ASXLI, and the other is DNA methylation modifications including
the DNA methyltransferase 3A (DNMT3A), 10-11 translocation 2 (TET2), isoci-
trate dehydrogenase 1 (IDHI), and IDH?2 genes [47, 48]. Gene expression can be
controlled by these chemical modifications without changing the genome sequence.

Somatic mutations in genes that encode proteins related to epigenetic alterations
play a pivotal role in leukemogenesis. Shlush et al. recently reported that mutations
of the DNMT3A, TET2, and IDH1/2 genes, which control DNA methylation, and
the polycomb group complex-associated gene ASXLI, which is involved in histone
modifications, are involved in the initiation of pre-LSCs as driver mutations. Such
mutations facilitate the self-renewal capacity of pre-LSCs and block the differentia-
tion of hematopoietic stem/progenitor cells. The emergence of these mutations in
HSCs can induce their clonal expansion, resulting in a pre-LSC population.
Furthermore, HSCs with this DNMT3A gene mutation were demonstrated to have a
growth advantage in a patient’s BM using a xenograft model. Similar findings were
observed in HSCs with ISH2 gene mutation; therefore, DNMT3A and IDH2 gene
mutations have a critical role in the preleukemic state [49]. Hemopoietic cells with
these gene mutations can remain after a long period of remission achieved by che-
motherapy or molecular targeted therapy, and these cells may cause leukemia
relapse [50]. The development of a histone deacetylase inhibitor is underway in
clinical settings to target such abnormal molecules. AR-42 (OSU-HDAC42) induces
NF-kB inhibition, disrupts the ability of heat shock protein 90 to stabilize its onco-
genic clients, and causes potent and specific apoptosis of LSCs but not of normal
hematopoietic stem and progenitor cells. AR-42 has already been tested in early
clinical settings [51].

DNA is methylated at the 5-position carbon in CpG sequences. Methylated
cytosine-binding proteins bind to the methylated cytosine, and gene transcription is
suppressed together with recruited histone deacetylase and transcriptional repres-
sor. Regions where CpG sequences are condensed are called CpG islands. CpG
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islands are quite abundant in the promoter region of a gene. CpG islands are usually
maintained in a low methylated condition, and gene transcription is activated. In
cancer, genome-wide hypomethylation is frequently found, and a specific promoter
region is hypermethylated. Genome-wide hypomethylation results in chromosomal
instability, along with reactivation of the transposon, which is thought to be the
cause of genetic abnormalities. On the other hand, hypermethylation of DNA in
CpG islands suppresses the expression of CDK inhibitors, which are negative regu-
lators of the cell cycle and inhibit the expression of tumor suppressor genes and
DNA repair genes. Such an altered methylated status has become a therapeutic tar-
get, and the development of DNA methylation inhibitors and histone deacetylase
inhibitors is under investigation. The detailed mechanism of action in hyper- and
hypomethylation will be discussed elsewhere in this book.

20.6 Targeting the Hypoxic Niche of LSCs and Their
Interactions

To maintain their undifferentiated state, LSCs, similar to HSCs, adhere to the stem
cell niche of the BM microenvironment, which is composed of a variety of cell
types, including mesenchymal stem/stromal cells, bone cells, immune cells, neuro-
nal cells, and vascular cells [52]. It is possible that LSCs obtain anticancer drug
resistance by lodging in the niche and that the interactions that maintain LSCs are
the major cause of leukemia relapse. Angiopoietin-1, Flt3 ligand, thrombopoietin,
Whnt/B-catenin [16], CXCL12/SDF-1a [53], CD44, addition of osteopontin, basic
fibroblast growth factor, insulin-like growth factor, IL-6, vascular endothelial
growth factor, and many other molecules are involved in stem cell maintenance in
the niche. By blocking the interaction between LSCs and niches, it is possible to
induce quiescent LSCs in the niche to enter the cell cycle, and then these quiescent
LSCs could become a target of therapeutic molecules such as chemotherapeutic
agents and various inhibitors. HSCs utilize the system of chemokine receptor-4
(CXCR4) and CXCL12/SDF-1a binding [54]. When AML cells were implanted
into mice, more engraftment was observed in cases highly expressing CXCR4, and
CXCR4/SDF-1a signaling promotes the survival of leukemia cells by inhibiting
their differentiation. An anti-CXCR4 agent inhibits the binding of AML-LSCs in
the niche, mobilizing AML-LSCs from the niche to the periphery, which is expected
to increase sensitivity to chemotherapy [55, 56].

A hallmark of the hematopoietic niche is considered to be low oxygen partial
pressure. Hypoxia is necessary for long-term maintenance of hematopoietic stem/
progenitor cells. Hypoxia is thought to be a common characteristic of the niche that
maintains the quiescence of HSCs and LSCs. In particular, there is an oxygen gradi-
ent in BM that ranges from <6% oxygen close to vessels to anoxia in regions that
are most distant from blood vessels [57]. However, the O, level differs according to
the nature of the hematopoietic niche; the partial pressure of oxygen in the sinusoi-
dal niche is around 10 mmHg (equivalent to 1.3% O,). LSCs share specific niches
with normal HSCs. AML is initiated within the BM under local hypoxic conditions
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[58]. Bonnet et al. reported that shRNA-based downregulation of mediators of cel-
lular responses to hypoxia, such as hypoxia-inducible factor (HIF)-1a or HIF-2a,
induces apoptosis and prevents leukemic engraftment upon transplantation into
mice [59]. This observation suggested that HIF-1a or HIF-2a is required for the
maintenance of LSCs and may be a potential therapeutic target for AML. However,
the first genetic evidence indicates that HIF-2a acts as a tumor suppressor in AML
development but is dispensable for LSC-based disease maintenance [60].
Accordingly, this study questions the usefulness of targeting HIFs in AML after
critical events in leukemia initiation have occurred.

Overall, these data argue that hypoxia and HIF-mediated signaling play a crucial
role in leukemia and leukemogenic processes. However, they provide conflicting
results regarding whether HIFs act as oncogenes or tumor suppressors, which is due
to the use of different leukemia models, study designs, oxygen levels, and durations
of hypoxia. Therefore, therapies targeting hypoxia and HIFs have proven their effi-
cacy in treating mouse models, and detailed studies investigating whether these
strategies would truly benefit leukemia patients are required. Representative small
molecules in clinical trials or preclinical settings are shown in Table 20.3.

20.7 Conclusions

There are a number of novel approaches to selectively target LSCs, including target-
ing stem cell properties, such as self-renewal, inducing cycling of quiescent LSCs
to sensitize them to conventional agents, employing or inducing immune-based
mechanisms, and targeting tumor-specific physiology. We could be at the frontier of
a promising new era of novel targeted therapies to specifically eliminate LSCs if
these strategies can be performed without adversely affecting normal HSCs/pro-
genitor cells. Therapeutics targeting the pathways that sustain LSCs proliferation
and self-renewal might prove to be more effective treatment strategies to eradicate
LSCs; however, a number of questions need to be addressed in future studies. A
main task for the future is to identify common LSC-specific markers or alterations
in a restricted subpopulation of leukemia patients. If every LSC of leukemia patients
shows a different and unique fingerprint of markers or genetic alterations, targeting
LSCs could be an arduous task. Undoubtedly, however, the remarkably fast-moving
advancement of genome-wide analysis of gene expression will resolve these prob-
lems, and then many new agents under development will realize a new era in LSC-
targeted therapy.

20.8 Future Prospects

Progress toward an ultimate cure for leukemia seems to be made with novel thera-
peutics directed at specific molecular targets. The approach to achieving this goal
may be promoted by modern genomic approaches such as high-speed analysis of
whole-genome sequencing and DNA microarray and proteomic strategies to find
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Table 20.3 Some possible candidates of small

preclinical settings

molecules targeting LSCs

in clinical trials/

Target

Agent

Possible mechanism of
action

References

Hh pathway

Hh pathway inhibitor

PF-04449913

Inhibits the binding
SMO protein

[20]

Vismodegib

Binds to and inhibits
SMO

[20]

NF-kB pathway

NF-kB, Hsp90

AR-42

Inhibits NF-xB activity,
increases degradation of
Hsp90 client proteins

[51]

Multiple targets

Parthenolide

Inhibits NF-xB activity

[41]

Niclosamide

Inhibits NF-xB activity,
increases reactive
oxygen species levels

[42]

Anti-apoptosis

Bcl-2

ABT-263, navitoclax

Inhibits Bcl-2 and
Bcl-X,, suppresses
oxidative
phosphorylation

[61]

GX15-070, obatoclax

Inhibits Bel-2, Bel-X,
Mcl-1, and Bcl-w

[62]

Mcl-1, PI3K

PIK-75

Suppresses Mcl-1
through inhibition of
CDK?7/9, inhibits PI3K
signaling

[63]

Epigenetic alterations

Histone deacetylase
inhibitor

Entinostat

Induces expression of
Nur77, Norl, c-Jun, Jun
B, TRAIL, Bim, and
Noxa

[64]

BRD4

JQ-1

Displaces BRD4
proteins from acetylated
histones

[65]

Histone demethylase
(KDM1A/LSD1)

Analog of
tranylcypromine

Suppresses the
oncogenic program in
MLL leukemia

Enzyme responsible for
demethylation of histone
H3

Sensitizes AML to
ATRA in combination
use

[66, 67]

G9a histone
methyltransferase

UNC0638

Suppresses HoxA9-
dependent gene
expression

[68]
(preclinical)

(continued)
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Table 20.3 (continued)

Possible mechanism of

Target Agent action References

Others

HIF-1a Echinomycin Inhibits DNA binding [69]
and transcriptional (preclinical)
activity of HIF-1a

Telomerase Imetelstat Antisense [70]
oligonucleotide (13-mer) | (preclinical)
targeting the RNA

component of the
telomerase complex

DNA cross-linking Evofosfamide Hypoxia-activated [71]
prodrug
WNT/B-catenin BC2059 Attenuates p-catenin [72]

levels by proteasome-
mediated degradation

novel targets of LSCs and leukemic progenitors with a self-renewal capacity and to
identify prognostic indicators. For these developing molecular targeted therapies to
provide an ultimate cure, various resistance mechanisms must be clarified, and the
aforementioned formidable problems need to be resolved. Although the function
and characteristics of LSCs have been considerably unraveled in recent years by the
improvement of assays, the self-replicating mechanism of LSCs remains unclear.
Solutions to these challenges will require close and continued collaboration between
basic researchers and clinical investigators because a considerable number of
patients with incurable leukemias are eagerly awaiting the benefits of new targeted
therapeutics through the evaluation of well-designed clinical trials.

Acknowledgments This work was supported partly by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and Technology of Japan and nonre-
stricted Grants from Bristol-Myers Squibb, Astellas, and Novartis Pharmaceuticals Co., Ltd.

References

1. Cabrera MC, Hollingsworth RE, Hurt EM. Cancer stem cell plasticity and tumor hierarchy.
World J Stem Cells. 2015;26(7):27-36.

2. Yang M, Lie P, Huang P. Cancer stem cells, metabolism, and therapeutic significance. Tumour
Biol. 2016;37:5735-42.

3. Cheung AM, Kwong YL, Liang R, Leung AY. Stem cell model of hematopoiesis. Curr Stem
Cell Res Ther. 2006;1:305-15.

4. Moore MA, Williams N, Metcalf D. In vitro colony formation by normal and leukemic hema-
topoietic cells: characterization of the colony-forming cells. J Natl Cancer Inst.
1973;50:603-23.

5. Warner JK, Wang JC, Hope KIJ, Jin L, Dick JE. Concepts of human leukemic development.
Oncogene. 2004;23:7164-77.



358 T. Maekawa

6. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that originates
from a primitive hematopoietic cell. Nat Med. 1997;3:730-7.

7. Dick JE. Acute myeloid leukemia stem cells. Ann N'Y Acad Sci. 2005;1044:1-5.

8. Taussig DC, Miraki-Moud F, Anjos-Afonso F, Pearce DJ, Allen K, Ridler C, et al. Anti-CD38
antibody-mediated clearance of human repopulating cells masks the heterogeneity of leukemia-
initiating cells. Blood. 2008;112:568-75.

9. Krivtsov AV, Twomey D, Feng Z, Stubbs MC, Wang Y, et al. Transformation from committed
progenitor to leukaemia stem cell initiated by MLL-AF9. Nature. 2006;442:818-22.

10. Goardon N, Marchi E, Atzberger A, Quek L, Schuh A, Soneji S, et al. Coexistence of LMPP-
like and GMP-like leukemia stem cells in acute myeloid leukemia. Cancer Cell.
2011;19:138-52.

11. Gilliland DG, Tallman MS. Focus on acute leukemias. Cancer Cell. 2002;1:417-20.

12. Panagopoulos I, Lilljebjorn H, Strombeck B, Hjorth L, Olofsson T, Johansson B. MLL/GAS7
fusion in a pediatric case of t(11;17) (q23;p13)-positive precursor B-cell acute lymphoblastic
leukemia. Haematologica. 2006;91:1287-8.

13. Schwieger M, Schiiler A, Forster M, Engelmann A, Arnold MA, Delwel R, et al. Homing and
invasiveness of MLL/ENL leukemic cells is regulated by MEF2C. Blood.
2009;114:2476-88.

14. Cavazzini F, Bardi A, Tammiso E, Ciccone M, Russo-Rossi A, Divona D, et al. Validation of
an interphase fluorescence in situ hybridization approach for the detection of MLL gene rear-
rangements and of the MLL/AF9 fusion in acute myeloid leukemia. Haematologica.
2006;91:381-5.

15. Ye M, Zhang H, Yang H, Koche R, Staber PB, Cusan M, et al. Hematopoietic differentiation is
required for initiation of acute myeloid leukemia. Cell Stem Cell. 2015;17:611-23.

16. Yao H, Ashihara E, Maekawa T. Targeting the Wnt/p} catenin signaling pathway in human
cancers. Expert Opin Ther Targets. 2011;15:873-87.

17. Jamieson CH, Ailles LE, Dylla SJ, Muijtjens M, Jones C, Zehnder JL, et al. Granulocyte-
macrophage progenitors as candidate leukemic stem cells in blast-crisis CML. N Engl J Med.
2004;351:657-67.

18. Rubin LL, de Sauvage FJ. Targeting the Hedgehog pathway in cancer. Nat Rev Drug Discov.
2006;5:1026-33.

19. Martinelli G, Oehler VG, Papayannidis C, Courtney R, Shaik MN, Zhang X, et al. Treatment
with PF-04449913, an oral smoothened antagonist, in patients with myeloid malignancies: a
phase 1 safety and pharmacokinetics study. Lancet Haematol. 2015;2:e339-46.

20. Brechbiel J, Miller-Moslin K, Adjei AA. Crosstalk between hedgehog and other signaling
pathways as a basis for combination therapies in cancer. Cancer Treat Rev. 2014;40:750-9.

21. Saito Y, Kitamura H, Hijikata A, Tomizawa-Murasawa M, Tanaka S, Takagi S, et al.
Identification of therapeutic targets for quiescent, chemotherapy-resistant human leukemia
stem cells. Sci Transl Med. 2010;2:17ra9.

22. Taussig DC, Pearce DJ, Simpson C, Rohatiner AZ, Lister TA, Kelly G, et al. Hematopoietic
stem cells express multiple myeloid markers: implications for the origin and targeted therapy
of acute myeloid leukemia. Blood. 2005;106:4086-92.

23. Jin L, Hope KJ, Zhai Q, Smadja-Joffe F, Dick JE. Targeting of CD44 eradicates human acute
myeloid leukemic stem cells. Nat Med. 2006;12:1167-74.

24. Rendtlew Danielsen JM, Knudsen LM, Dahl IM, Lodahl M, Rasmussen T. Dysregulation of
CD47 and the ligands thrombospondin 1 and 2 in multiple myeloma. Brit J Haematol.
2007;138:756-60.

25. Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S, Gibbs Jr KD, et al. CD47 is an adverse
prognostic factor and therapeutic antibody target on human acute myeloid leukemia stem cells.
Cell. 2009;138:286-99.

26. Hosen N, Park CY, Tatsumi N, Oji Y, Sugiyama H, Gramatzki M, et al. CD96 is a leukemic
stem cell-specific marker in human acute myeloid leukemia. Proc Natl Acad Sci U S A.
2007;104:11008-13.



20

Therapies Targeting Leukemic Stem Cells 359

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Jin L, Lee EM, Ramshaw HS, Busfield SJ, Peoppl AG, Wilkinson L, et al. Monoclonal
antibody-mediated targeting of CD123, IL-3 receptor alpha chain, eliminates human acute
myeloid leukemic stem cells. Cell Stem Cell. 2009;5:31-42.

He SZ, Busfield S, Ritchie DS, Hertzberg MS, Durrant S, Lewis ID, et al. A Phase 1 study of
the safety, pharmacokinetics and anti-leukemic activity of the anti-CD123 monoclonal anti-
body CSL360 in relapsed, refractory or high-risk acute myeloid leukemia. Leuk Lymphoma.
2015;56:1406-15.

Al-Hussaini M, Rettig MP, Ritchey JK, Karpova D, Uy GL, Eissenberg LG, et al. Targeting
CD123 in acute myeloid leukemia using a T-cell-directed dual-affinity retargeting platform.
Blood. 2016;127:122-31.

Kikushige Y, Akashi K. TIM-3 as a therapeutic target for malignant stem cells in acute myelog-
enous leukemia. Ann N'Y Acad Sci. 2012;1266:118-23.

Kikushige Y, Shima T, Takayanagi S, Urata S, Miyamoto T, Iwasaki H, et al. TIM-3 is a prom-
ising target to selectively kill acute myeloid leukemia stem cells. Cell Stem Cell.
2010;7:708-17.

Monney L, Sabatos CA, Gaglia J, Ryu A, Waldner H, Chernova T, Manning S, Greenfield EA,
Coyle AJ, Sobel RA, et al. Thl-specific cell surface protein Tim-3 regulates macrophage acti-
vation and severity of an autoimmune disease. Nature. 2002;415:536—41.

Kikushige Y, Miyamoto T, Yuda J, Jabbarzadeh-Tabrizi S, Shima T, Takayanagi S, et al. A
TIM-3/Gal-9 autocrine stimulatory loop drives self-renewal of human myeloid leukemia stem
cells and leukemic progression. Cell Stem Cell. 2015;17:341-52.

Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC, et al. Targeting
Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore antitumor immunity. J Exp
Med. 2010;207:2187-94.

Sakuishi K, Jayaraman P, Behar SM, Anderson AC, Kuchroo VK. Emerging Tim-3 functions
in antimicrobial and tumor immunity. Trends Immunol. 2011;32:345-9.

Sakuishi K, Ngiow SF, Sullivan JM, Teng MW, Kuchroo VK, Smyth MJ, et al. TIM3 +
FOXP3+ regulatory T cells are tissue-specific promoters of T-cell dysfunction in cancer.
Oncolmmunology. 2013;2:e23849.

Agerstam H, Karlsson C, Hansen N, Sandén C, Askmyr M, von Palffy S, et al. Antibodies
targeting human ILIRAP (IL1R3) show therapeutic effects in xenograft models of acute
myeloid leukemia. Proc Natl Acad Sci U S A. 2015;112:10786-91.

van Rhenen A, van Dongen GA, Kelder A, Rombouts EJ, Feller N, Moshaver B, et al. The
novel AML stem cell-associated antigen CLL-1 aids in discrimination between normal and
leukemic stem cells. Blood. 2007;110:2659-66.

Hayashi Y, Hirai H, Kamio N, Yao H, Yoshioka S, Miura Y, et al. C/EBPf promotes BCR-
ABL-mediated myeloid expansion and leukemic stem cell exhaustion. Leukemia.
2013;27:619-28.

Guzman ML, Neering SJ, Upchurch D, Grimes B, Howard DS, Rizzieri DA, et al. Nuclear
factor-kappa B is constitutively activated in primitive human acute myelogenous leukemia
cells. Blood. 2001;98:2301-7.

Guzman ML, Rossi RM, Karnischky L, Li X, Peterson DR, Howard DS, Jordan CT. The ses-
quiterpene lactone parthenolide induces apoptosis of human acute myelogenous leukemia
stem and progenitor cells. Blood. 2005;105:4163-9.

JinY, LuZ, Ding K, Li J, Du X, Chen C, et al. Antineoplastic mechanisms of niclosamide in
acute myelogenous leukemia stem cells: inactivation of the NF-kappa B pathway and genera-
tion of reactive oxygen species. Cancer Res. 2010;70:2516-27.

Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering SJ, Minhajuddin M, et al. BCL-2
inhibition targets oxidative phosphorylation and selectively eradicates quiescent human leuke-
mia stem cells. Cell Stem Cell. 2013;12(3):329-41.

Glaser SP, Lee EF, Trounson E, Bouillet P, Wei A, Fairlie WD, et al. Anti-apoptotic Mcl-1 is
essential for the development and sustained growth of acute myeloid leukemia. Genes Dev.
2012;26:120-5.



360 T. Maekawa

45. Okamoto T, Coultas L, Metcalf D, van Delft MF, Glaser SP, Takiguchi M, et al. Enhanced
stability of Mcll, a prosurvival Bcl2 relative, blunts stress-induced apoptosis, causes male
sterility, and promotes tumorigenesis. Proc Natl Acad Sci U S A. 2014;111:261-6.

46. Vela L, Marzo 1. Bcl-2 family of proteins as drug targets for cancer chemotherapy: the long
way of BH3 mimetics from bench to bedside. Curr Opin Pharmacol. 2015;23:74-81.

47. Tefferi A. Novel mutations and their functional and clinical relevance in myeloproliferative
neoplasms: JAK2, MPL, TET2, ASXLI, CBL, IDH and IKZFl. Leukemia.
2010;24:1128-38.

48. Chan SM, Majeti R. Role of DNMT3A, TET2, and IDH1/2 mutations in pre-leukemic stem
cells in acute myeloid leukemia. Int J Hematol. 2013;98:648-57.

49. Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et al. Identification of
preleukemic hematopoietic stem cells in acute leukaemia. Nature. 2014;506:328-33.

50. Corces-Zimmerman MR, Hong WJ, Weissman IL, Medeiros BC, Majeti R. Preleukemic muta-
tions in human acute myeloid leukemia affect epigenetic regulators and persist in remission.
Proc Natl Acad Sci U S A. 2014;111:2548-53.

51. Guzman ML, Yang N, Sharma KK, Balys M, Corbett CA, Jordan CT, et al. Selective activity
of the histone deacetylase inhibitor AR-42 against leukemia stem cells: a novel potential strat-
egy in acute myelogenous leukemia. Mol Cancer Ther. 2014;13:1979-90.

52. Ho AD, Wagner W. Bone marrow niche and leukemia. Ernst Schering Found Symp Proc.
2006;5:125-39.

53. Nagasawa T. CXCL12/SDF-1 and CXCR4. Front Immunol. 2015;6:301.

54. Peled A, Tavor S. Role of CXCR4 in the pathogenesis of acute myeloid leukemia. Theranostics.
2013;3:34-9.

55. Tavor S, Petit I. Can inhibition of the SDF-1/CXCR4 axis eradicate acute leukemia? Semin
Cancer Biol. 2010;20:178-85.

56. Konopleva M, Benton CB, Thall PF, Zeng Z, Shpall E, Ciurea S, et al. Leukemia cell mobiliza-
tion with G-CSF plus plerixafor during busulfan-fludarabine conditioning for allogeneic stem
cell transplantation. Bone Marrow Transplant. 2015;50:939-46.

57. Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, et al. Direct measurement of
local oxygen concentration in the bone marrow of live animals. Nature.
2014;508(7495):269-73.

58. Hoggatt J, Kfoury Y, Scadden DT. Hematopoietic stem cell niche in health and disease. Annu
Rev Pathol. 2016;11:555-81.

59. Rouault-Pierre K, Hamilton A, Bonnet D. Effect of hypoxia-inducible factors in normal and
leukemic stem cell regulation and their potential therapeutic impact. Expert Opin Biol Ther.
2016;16:463-76.

60. Vukovic M, Guitart AV, Sepulveda C, Villacreces A, O'Duibhir E, Panagopoulou TI, et al.
Hif-1a and Hif-2o synergize to suppress AML development but are dispensable for disease
maintenance. J Exp Med. 2015;212:2223-34.

61. Kipps TJ, Eradat H, Grosicki S, Catalano J, Cosolo W, Dyagil IS, et al. A phase 2 study of the
BH3 mimetic BCL2 inhibitor navitoclax (ABT-263) with or without rituximab, in previously
untreated B-cell chronic lymphocytic leukemia. Leuk Lymphoma. 2015;56:2826-33.

62. Brown JR, Tesar B, Yu L, Werner L, Takebe N, Mikler E, et al. Obatoclax in combination with
fludarabine and rituximab is well-tolerated and shows promising clinical activity in relapsed
chronic lymphocytic leukemia. Leuk Lymphoma. 2015;56:3336—42.

63. Thomas D, Powell JA, Vergez F, Segal DH, Nguyen NY, Baker A, et al. Targeting acute
myeloid leukemia by dual inhibition of PI3K signaling and Cdk9-mediated Mcl-1 transcrip-
tion. Blood. 2013;122:738-48.

64. Batlevi CL, Kasamon Y, Bociek RG, Lee P, Gore L, Copeland A, et al. ENGAGE- 501: phase
2 study of entinostat (SNDX-275) in relapsed and refractory Hodgkin lymphoma.
Haematologica. 2016;101(8):968-75.

65. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAI screen identifies
Brd4 as a therapeutic target in acute myeloid leukaemia. Nature. 2011;478:524-8.



20

Therapies Targeting Leukemic Stem Cells 361

66.

67.

68.

69.

70.

71.

72.

McGrath JP, Williamson KE, Balasubramanian S, Odate S, Arora S, Hatton C, et al.
Pharmacological inhibition of the histone lysine demethylase KDM1A suppresses the growth
of multiple acute myeloid leukemia subtypes. Cancer Res. 2016;76:1975-88.

Przespolewski A, Wang ES. Inhibitors of LSD1 as a potential therapy for acute myeloid leuke-
mia. Expert Opin Investig Drugs; 2016, Apr 21:1-10. [Epub ahead of print]

Lehnertz B, Pabst C, Su L, Miller M, Liu F, Yi L, et al. The methyltransferase G9a regulates
HoxA9-dependent transcription in AML. Genes Dev. 2014;28:317-27.

Wang Y, Liu Y, Tang F, Bernot KM, Schore R, Marcucci G, et al. Echinomycin protects mice
against relapsed acute myeloid leukemia without adverse effect on hematopoietic stem cells.
Blood. 2014;124(7):1127-35.

Bruedigam C, Bagger FO, Heidel FH, Paine Kuhn C, Guignes S, Song A, et al. Telomerase
inhibition effectively targets mouse and human AML stem cells and delays relapse following
chemotherapy. Cell Stem Cell. 2014;15:775-90.

Badar T, Handisides DR, Benito JM, Richie MA, Borthakur G, Jabbour E, et al. A phase I
study of evofosfamide, an investigational hypoxia-activated prodrug, in patients with advanced
leukemia. Am J Hematol. 2016;91:800-5.

Fiskus W, Sharma S, Saha S, Shah B, Devaraj SG, Sun B, et al. Pre-clinical efficacy of com-
bined therapy with novel f-catenin antagonist BC2059 and histone deacetylase inhibitor
against AML cells. Leukemia. 2015;29:1267-78.



	Preface
	Contents
	1: An Overview
	1.1	 Category 1 Drugs
	1.2	 Category 2 Drugs
	1.3	 Category 3 Drugs
	1.4	 Leukemic Stem Cells
	References

	Part I: Bcr-Abl Tyrosine Kinase Inhibitors (TKIs)
	2: Imatinib: Basic Results
	2.1	 Development of Imatinib
	2.2	 Molecular Biology of CML
	2.2.1	 Ph Chromosome
	2.2.2	 Structure and Intramolecular Interaction of BCR-ABL
	2.2.3	 Signaling Pathways Downstream of BCR-ABL

	2.3	 Mechanism of BCR-ABL Inhibition by Imatinib
	2.3.1	 Imatinib: Chemical Structure
	2.3.2	 Imatinib and ABL Kinase Domain Interactions
	2.3.3	 Imatinib: Pharmacodynamic Properties
	2.3.4	 Effects of Imatinib on CML Mouse
	2.3.5	 Mechanism of Imatinib-Induced Apoptosis

	2.4	 Imatinib Resistance and Targeting Strategies to Overcome the Resistance
	2.4.1	 BCR-ABL-Dependent Imatinib Resistance
	2.4.1.1	 BCR-ABL Kinase Domain Mutations
	2.4.1.2	 Gene Amplification and Upregulation of BCR-ABL Protein

	2.4.2	 BCR-ABL-Independent Imatinib Resistance
	2.4.2.1	 Alternative Signaling Pathways
	2.4.2.2	 Genetic Instability
	2.4.2.3	 Stem Cells and Bone Marrow Niche
	2.4.2.4	 Imatinib Influx or Efflux


	2.5	 Effects of Imatinib on Other Tyrosine Kinases
	References

	3: Imatinib: Clinical Pharmacology and Therapeutic Results
	3.1	 Introduction
	3.2	 Definition of Responses to TKIs
	3.3	 Clinical Trials of Imatinib for CML
	3.3.1	 Phase 1 Study for CML in CP
	3.3.2	 Phase 2 Studies for CML in CP, CML in AP, and CML in BP
	3.3.3	 Outcomes of Imatinib Treatment in Newly Diagnosed CML-CP

	3.4	 Adverse Events
	3.5	 Dosing Issue
	3.6	 Imatinib and Interferon α Combination
	3.7	 Pharmacokinetics of Imatinib Therapy
	3.8	 Prognostic Factors
	3.9	 Monitoring the Response to Treatment of TKIs
	3.10	 Prognosis Based on Response
	3.11	 Resistance to Imatinib
	3.12	 Treatment-Free Remission
	3.13	 Mathematical Models of Dynamics of CML
	3.14	 Guidelines for CML
	3.15	 Conclusion
	References

	4: Dasatinib, Nilotinib, Bosutinib, Ponatinib, and Other TKIs
	4.1	 Introduction
	4.2	 Second-Generation ABL TKIs
	4.2.1	 Dasatinib (Sprycel®)
	4.2.1.1	 Structure and Preclinical Studies
	4.2.1.2	 Pharmacokinetics
	4.2.1.3	 Clinical Effects
	4.2.1.4	 Adverse Effects
	4.2.1.5	 Indications and Usage
	4.2.1.6	 Immunoeffects
	4.2.1.7	 Stop Studies

	4.2.2	 Nilotinib (Tasigna®)
	4.2.2.1	 Structure and Preclinical Studies
	4.2.2.2	 Pharmacokinetics
	4.2.2.3	 Clinical Effects
	4.2.2.4	 Adverse Effects
	4.2.2.5	 Indication and Usage
	4.2.2.6	 Immunoeffects
	4.2.2.7	 Stop Studies

	4.2.3	 Bosutinib (Bosulif®)
	4.2.3.1	 Structure and Preclinical Studies
	4.2.3.2	 Pharmacokinetics
	4.2.3.3	 Clinical Effects
	4.2.3.4	 Adverse Effects
	4.2.3.5	 Indication and Usage
	4.2.3.6	 Immunoeffects
	4.2.3.7	 Stop Studies

	4.2.4	 Bafetinib (Formerly INNO-406)

	4.3	 Third-Generation ABL TKIs
	4.3.1	 Ponatinib (Iclusig®)
	4.3.1.1	 Structure and Preclinical Studies
	4.3.1.2	 Pharmacokinetics
	4.3.1.3	 Clinical Effects
	4.3.1.4	 Adverse Effects
	4.3.1.5	 Indication and Usage
	4.3.1.6	 Immunoeffects
	4.3.1.7	 Stop Studies


	4.4	 Fourth-Generation ABL TKIs
	4.4.1	 PF-114

	4.5	 Conclusion
	References


	Part II: New Antibodies for Leukemia
	5: Rituximab and Alemtuzumab for Chronic Lymphocytic Leukemia: Basic Results and Pharmacokinetics
	5.1	 Introduction
	5.2	 Rituximab
	5.2.1	 Development of Rituximab
	5.2.1.1	 Background and Features
	5.2.1.2	 CD20 Antigen
	5.2.1.3	 Favorable Features of CD20 as a Target Antigen

	5.2.2	 Mechanism of Action of Rituximab
	5.2.2.1	 ADCC
	5.2.2.2	 CDC
	5.2.2.3	 Apoptosis

	5.2.3	 Susceptibility and Resistance to Rituximab
	5.2.3.1	 CD20 Expression
	5.2.3.2	 Circulating Soluble CD20 (sCD20)
	5.2.3.3	 FcγR Polymorphisms
	5.2.3.4	 Complement Regulatory Proteins
	5.2.3.5	 C1qA-276 Polymorphism

	5.2.4	 Pharmacokinetics of Rituximab
	5.2.4.1	 Distribution
	5.2.4.2	 Metabolism
	5.2.4.3	 Excretion

	5.2.5	 Overcoming Rituximab Resistance
	5.2.5.1	 Rituximab in Combination with Other Agents
	Fludarabine
	Bendamustine
	Lenalidomide
	Histone Deacetylase (HDAC) Inhibitors

	5.2.5.2	 Treatment with Other Anti-CD20 Monoclonal Antibodies

	5.2.6	 Characteristic Toxicities and Management
	5.2.6.1	 Infusion Reactions
	5.2.6.2	 Late-Onset Neutropenia (LON)
	5.2.6.3	 Hepatitis B Virus Reactivation
	5.2.6.4	 Opportunistic Infections


	5.3	 Alemtuzumab
	5.3.1	 Development of Alemtuzumab
	5.3.1.1	 Background and Features
	5.3.1.2	 CD52 Antigen
	5.3.1.3	 Favorable Features of CD52 as a Target Antigen

	5.3.2	 Mechanism of Action of Alemtuzumab
	5.3.3	 Susceptibility and Resistance to Alemtuzumab
	5.3.3.1	 CD52 Expression
	5.3.3.2	 Circulating Soluble CD52 (sCD52)
	5.3.3.3	 FcγR Polymorphisms
	5.3.3.4	 Cytogenetic Abnormalities

	5.3.4	 Pharmacokinetics of Alemtuzumab
	5.3.4.1	 Distribution
	5.3.4.2	 Metabolism
	5.3.4.3	 Excretion

	5.3.5	 Overcoming Alemtuzumab Resistance
	5.3.6	 Characteristic Toxicities and Management
	5.3.6.1	 Infusion Reactions
	5.3.6.2	 Opportunistic Infections
	5.3.6.3	 Cytopenia


	5.4	 Conclusions
	References

	6: Rituximab and Alemtuzumab for Chronic Lymphocytic Leukemia: Clinical Pharmacology and Therapeutic Results
	6.1	 Introduction
	6.2	 Anti-CD20 Antibody for B-CLL Treatment
	6.2.1	 Rituximab
	6.2.1.1	 Rituximab Monotherapy
	6.2.1.2	 Rituximab Maintenance Therapy
	6.2.1.3	 Combination with Chemotherapy
	For Physically Fit Patients
	Combination of Fludarabine and Rituximab (FR)
	Combination of Fludarabine, Cyclophosphamide, and Rituximab (FCR)
	Modified FCR Regimen
	Combination of Bendamustine and Rituximab (BR)
	For Unfit Patients


	6.2.2	 Ofatumumab
	6.2.2.1	 Ofatumumab Monotherapy
	6.2.2.2	 Ofatumumab Maintenance
	6.2.2.3	 Combination with Chemotherapy

	6.2.3	 Obinutuzumab

	6.3	 Alemtuzumab for B-CLL
	6.3.1	 Monotherapy
	6.3.2	 Combination with Chemotherapy
	6.3.3	 Adverse Effects
	6.3.4	 Role of Alemtuzumab for B-CLL

	6.4	 Future Development
	References

	7: Inotuzumab Ozogamicin for Acute Lymphoblastic Leukemia: Clinical Pharmacology and Therapeutic Results
	7.1	 Introduction
	7.2	 Clinical Pharmacology Based upon Studies for B-Cell NHL
	7.2.1	 Single-Agent Treatment of INO
	7.2.2	 Combination of INO with Rituximab

	7.3	 Therapeutic Results of INO
	7.3.1	 Clinical Efficacy for B-Cell Acute Lymphoblastic Leukemia
	7.3.1.1	 Single-Agent Treatment
	Single-Dose Schedule
	Weekly Dose Schedule
	Factors Related to Response in Single-Agent Treatment of INO

	7.3.1.2	 Combination of INO with Conventional Chemotherapy (Table 7.6)
	7.3.1.3	 Role of Allogeneic Stem Cell Transplant After INO Treatment
	7.3.1.4	 Toxicity of INO in the Treatment for ALL

	7.3.2	 Future Prospective of INO in the Treatment of ALL

	References

	8: Blinatumomab for Acute Lymphoblastic Leukemia: Clinical Pharmacology and Therapeutic Results
	8.1	 Introduction
	8.2	 Structure and Chemical Characteristics of Blinatumomab
	8.3	 Mechanisms of Cytotoxicity of Blinatumomab
	8.4	 Pharmacokinetics of Blinatumomab
	8.5	 Immunological Responses of Blinatumomab Infusion
	8.5.1	 Peripheral B-Cell Kinetics Induced by Blinatumomab Infusion
	8.5.2	 Peripheral T-Cell Kinetics Induced by Blinatumomab Infusion
	8.5.3	 Profile of Expanded T Cells Induced by Blinatumomab Infusion
	8.5.4	 Cytokine Profiles Induced by Blinatumomab Infusion

	8.6	 Safety and Adverse Effects
	8.6.1	 Adverse CNS Events
	8.6.2	 Cytokine Releasing Syndromes
	8.6.3	 Hypogammaglobulinemia
	8.6.4	 Other Adverse Effects

	8.7	 Results of Clinical Trials of Blinatumomab (Table 8.1)
	8.7.1	 Clinical Results of Adult Patients with Relapsed or Refractory B-Precursor ALL Treated with Blinatumomab
	8.7.2	 Results of Blinatumomab Treatment of MRD-Positive Adult B-Precursor ALL Patients in Hematological CR
	8.7.3	 Clinical Results of Pediatric Patients with Relapsed or Refractory B-Precursor ALL Treated with Blinatumomab

	8.8	 Problems and Future Direction
	References

	9: Mogamulizumab in Adult T-Cell Leukemia/Lymphoma
	9.1	 Introduction
	9.2	 Mechanism of Action (Fig. 9.1)
	9.3	 Phase I Study in Relapsed ATL
	9.4	 Phase II Study in Relapsed ATL
	9.5	 Randomized Phase II Study in Newly Diagnosed ATL
	References


	Part III: Signaling Inhibitors
	10: FLT3 Inhibitors
	10.1	 Introduction
	10.2	 Type I and Type II Inhibitors
	10.3	 First-Generation FLT3 Inhibitors
	10.4	 Second-Generation FLT3 Inhibitors
	10.5	 Resistance of FLT3 Inhibitors
	10.6	 Conclusion
	References


	Part IV: Differentiating Agents
	11: Retinoic Acid, All-trans Retinoic Acid (ATRA), and Tamibarotene
	11.1	 Introduction
	11.2	 Acute Promyelocytic Leukemia
	11.3	 Molecular Mechanism of Action for ATRA
	11.4	 ATRA in the Treatment of Newly Diagnosed APL Patients
	11.4.1	 ATRA as a Differentiating Agent for APL
	11.4.2	 ATRA in Induction Therapy
	11.4.2.1	 ATRA for Newly Diagnosed APL Patients in Multicenter Trials
	11.4.2.2	 Hemorrhage
	11.4.2.3	 Differentiation Syndrome (DS)

	11.4.3	 ATRA in Consolidation Therapy
	11.4.4	 ATRA in Maintenance Therapy
	11.4.5	 Long-Term Follow-Up for Newly Diagnosed APL
	11.4.6	 Unsolved Issues in APL Treated with ATRA and Chemotherapy
	11.4.6.1	 Relapse
	11.4.6.2	 Elderly APL Patients
	11.4.6.3	 Therapy-Related Myelodysplastic Syndromes and Leukemia After Treatment for APL with ATRA and Chemotherapy


	11.5	 Tamibarotene
	11.5.1	 Properties of Tamibarotene
	11.5.2	 Tamibarotene in Reinduction Therapy for Relapsed APL Patients
	11.5.3	 Tamibarotene in Maintenance Therapy

	11.6	 ATRA in the Treatment of AML Other than APL
	11.7	 Conclusions
	References

	12: The Molecular Basis of Arsenic Trioxide Treatment for Acute Promyelocytic Leukemia (APL)
	12.1	 Introduction
	12.2	 Molecular Pathogenesis of APL
	12.3	 ATO and APL
	12.4	 Mechanisms of Action of ATO in APL
	12.5	 Resistance to ATO in APL
	12.6	 Conclusion
	References

	13: Arsenic Trioxide: Clinical Pharmacology and Therapeutic Results
	13.1	 History of Arsenic Compounds
	13.2	 Dosage, Schedule, and Pharmacokinetics of Arsenic Trioxide
	13.2.1	 Dosage and Administration
	13.2.2	 Pharmacokinetics of ATO
	13.2.3	 Arsenic Monitoring in the Hair of APL Patients
	13.2.4	 Arsenic Metabolism
	13.2.5	 Drug Interactions

	13.3	 Clinical Results for the Use of ATO in the Treatment of APL
	13.3.1	 ATO for Relapsed and Refractory APL
	13.3.2	 ATO in Frontline Therapy
	13.3.3	 ATO Combined with ATRA as a Synergistic Therapy
	13.3.4	 ATO for Post-Induction Therapy
	13.3.5	 Kinetics of PML-RARA Transcript Levels
	13.3.6	 Mechanisms of Resistance to ATO

	13.4	 Toxicity Profile of Arsenic Trioxide
	13.4.1	 APL Differentiation Syndrome and Hyperleukocytosis
	13.4.2	 Hypereosinophilia
	13.4.3	 Abnormalities on Electrocardiograms and Hepatotoxicity
	13.4.4	 Other Complications

	13.5	 Conclusion
	References


	Part V: New Chemotherapeutic Agents Including Antimetabolite
	14: Nelarabine
	14.1	 Introduction
	14.2	 Mechanisms of Action
	14.2.1	 Mechanisms of Action (Fig. 14.2)
	14.2.2	 Mechanisms of Drug Resistance
	14.2.3	 Adult T-Cell Leukemia/Lymphoma

	14.3	 Pharmacokinetics
	14.4	 The Method of Administration
	14.5	 Toxicities
	14.6	 Clinical Studies (Table 14.1)
	14.6.1	 Phase I Studies
	14.6.2	 Phase II Studies
	14.6.3	 Nelarabine Combined with Other Anticancer Agents

	References

	15: Forodesine
	15.1	 Purine Nucleoside Phosphorylase
	15.2	 Forodesine
	15.3	 Mechanisms of Action
	15.3.1	 Mechanisms of Action of the Usual Nucleoside Analogs
	15.3.2	 Mechanisms of Action of Forodesine
	15.3.3	 The Role of p53 in the Cytotoxic Activity of Forodesine
	15.3.4	 The Cytotoxicity of Forodesine in Combination with Nelarabine

	15.4	 Pharmacokinetics
	15.4.1	 Phase I Studies
	15.4.2	 A Phase II Study

	15.5	 The Method of Administration
	15.6	 Toxicities
	15.6.1	 Phase I Studies
	15.6.2	 Phase II Studies

	15.7	 Clinical Studies (Table 15.1)
	15.7.1	 Phase I Studies
	15.7.2	 Phase II Studies

	References

	16: Clofarabine: Structure, Mechanism of Action, and Clinical Pharmacology
	16.1	 Introduction
	16.2	 Rationale for the Synthesis of Clofarabine
	16.3	 Transport
	16.4	 Metabolism
	16.5	 Mechanisms of Action
	16.5.1	 Inhibition of DNA Synthesis
	16.5.1.1	 Inhibition of Ribonucleotide Reductase
	16.5.1.2	 Inhibition of DNA Polymerization

	16.5.2	 Repair of DNA Containing Clofarabine
	16.5.3	 Induction of Apoptosis
	16.5.4	 Activity Against Non-proliferating Cancer Cells
	16.5.5	 Miscellaneous Activities

	16.6	 Cancer Selectivity of Clofarabine
	16.7	 Clinical Pharmacology
	16.7.1	 Plasma Pharmacology
	16.7.2	 Cellular Pharmacology

	16.8	 Combination Rationales and Trials
	16.9	 Summary
	References

	17: Clinical Use of Clofarabine for Adults and Children with Leukemia
	17.1	 Introduction
	17.2	 Clofarabine for Adult Leukemia
	17.2.1	 Acute Myeloid Leukemia (AML)
	17.2.1.1	 Clofarabine Monotherapy in Adults with AML
	17.2.1.2	 Clofarabine/Cytarabine Combination Therapy in Adults with AML
	17.2.1.3	 Clofarabine/Anthracycline Combination Therapy in Adults with AML

	17.2.2	 Myelodysplastic Syndrome (MDS)
	17.2.3	 Acute Lymphoblastic Leukemia (ALL)

	17.3	 Clofarabine for Pediatric Leukemia
	17.3.1	 Clofarabine in Pediatric Acute Lymphoblastic Leukemia (ALL)
	17.3.1.1	 Clofarabine Monotherapy in Pediatric ALL
	17.3.1.2	 Clofarabine Combination Therapy
	17.3.1.3	 Clofarabine Combination Therapy Studies in Pediatric ALL
	Clofarabine in Combination with Cyclophosphamide and Etoposide
	Clofarabine in Combination with Cytarabine
	Other Combinations of Clofarabine


	17.3.2	 Clofarabine for Pediatric AML

	17.4	 Other Aspects of Clofarabine
	17.4.1	 Clofarabine as a Conditioning Regimen for Allogeneic Stem Cell Transplant (alloSCT)
	17.4.2	 Clofarabine for Refractory Histiocytosis

	17.5	 Conclusion
	References

	18: Re-emerging Antimetabolites with Novel Mechanism of Action with Respect to Epigenetic Regulation: Basic Aspects
	18.1	 Introduction
	18.2	 Uptake and Metabolism of AzaC and DAC
	18.3	 The Maintenance DNA Methyltransferase 1 Protein
	18.4	 De Novo Methyltransferases in Health and Disease
	18.5	 The Mechanism of DNMT1 Downregulation Upon AzaC and DAC Treatment and Beyond
	18.5.1	 Replication-Based DNMT1 Downregulation
	18.5.2	 Ubiquitination of DNMT1 Upon DAC Exposure
	18.5.3  The Effect of AzaC on RNA

	18.6	 Novel DNMT Inhibitors
	18.7	 Conclusions
	References

	19: Epigenetic Regulator, Re-emerging Antimetabolites with Novel Mechanism of Action (Azacitidine and Decitabine): Clinical Pharmacology and Therapeutic Results
	19.1	 Introduction
	19.2	 Mechanism of Action of the Methylation Inhibitor
	19.2.1	 Clinical Studies of Azacitidine in MDS
	19.2.2	 Clinical Studies of Decitabine in MDS
	19.2.3	 Clinical Studies of Oral Azacitidine

	19.3	 Conclusion
	References


	Part VI: Therapy Targeting Leukemic Stem Cells
	20: Therapies Targeting Leukemic Stem Cells
	20.1	 Introduction
	20.2	 Identification and Diversity of LSCs
	20.3	 The Origin of LSCs
	20.4	 Candidate Therapeutic Molecules for Targeting LSCs
	20.4.1	 Signal Transduction and Metabolic Pathways
	20.4.2	 Cell Surface Antigens
	20.4.3	 Novel Strategy to Exhaust LSCs
	20.4.4	 Targeting LSCs Using Small Molecules
	20.4.5	 Targeting Antiapoptotic Molecules

	20.5	 Gene Abnormalities Involved in Epigenetic Modifications
	20.6	 Targeting the Hypoxic Niche of LSCs and Their Interactions
	20.7	 Conclusions
	20.8	 Future Prospects
	References





