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Preface

“..To put together such apparently dissimilar diseases as chronic granulocytic leukemia, polycythemia,
myeloid metaplasia and diGuglielmos’s syndrome may conceivably be without foundation, but for the
moment at least, this may prove useful and even productive. What more can one ask of a theory?”

So ended the editorial entitled “Some Speculations on the Myeloproliferative Syndomes” published
in Blood in 1951 by the journal editor, William Dameshek. He speculated that these various conditions,
which he had termed “myeloproliferative,” were all somewhat variable manifestations of proliferative
activity of the bone marrow cells, perhaps due to “a hitherto undiscovered stimulus.” More than half a
century later, Dameshek would probably have been pleased to learn that much has been learned about
the cellular defects that cause these various disorders and that the term he coined has survived more
or less intact. True, research focuses today as much on genetic abnormalities intrinsic in the clonal
populations as on the dysregulation of cytokines or other stimulatory factors that contribute to fea-
tures of these different diseases. However, in general his grouping of seemingly disparate diseases has
stood the test of time. Chronic granulocytic leukemia has been renamed chronic myeloid leukemia or
chronic myelogenous leukemia, and myeloid metaplasia is now idiopathic myelofibrosis — semantics
only. On the other hand, erythroleukemia (diGuglielmos’s syndrome) is now more usually classified as
a form of acute leukemia, and the remaining myeloproliferative disorders are often referred to as the
chronic myeloproliferative disorders, perhaps to distinguish them from the acute myeloid leukemias.
One problem remains: Is chronic myeloid leukemia correctly included in this category of disease? For
the purposes of this book we have elected to say that it is, though others might disagree.

We believe that recent advances in understanding the molecular and cellular biology of these dis-
orders, taken in conjunction with the remarkable progress in treatment makes, this book especially
timely. It would not be appropriate to attempt to summarize here all these advances, but clearly
the gradual unraveling of the molecular basis of CML which led to the development and eventual clin-
ical use of imatinib, all documented by various authors in this book, will come to be recognized as one
of the great landmarks in the history of malignant disease. Many hope, not without good reason, that
it may prove to be the model on which progress in understanding and treating other malignant he-
matological disorders and indeed solid tumors can be based. The major redirection of research efforts,
both academic and pharmaceutical, bears eloquent testimony to this not unreasonable belief.

We do not regard this book as targeted to any particular audience. We believe it should be of in-
terest to medical students who find the specialty of hematology truly fascinating, as we ourselves did
some years ago and still do. We hope it will also attract the interest of established basic researchers
and accredited hematologists, because we have stressed to our authors the need to up-date their stories
to 2006, and this they have done. To many people who are no longer students but not yet established
clinicians or scientists, this book should also appeal and, hopefully, be an inspiration for joining the
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teams of doctors and scientists who strive to understand the origins of the myeloproliferative disor-
ders and to exploit the opportunities for improving therapy still further.

Finally, we are especially grateful to our authors who contributed excellent chapters — mostly on
time - and who serenely accepted our detailed requests in some cases for further expansion or clar-
ification of their manuscripts. We thank also our publishers for what in the end turned out to be an
amazingly painless transition from manuscript to book.

London, July 2006 Junia V. Melo
John M. Goldman



Table of Contents

10

Chronic Myeloid Leukemia -
A Brief History
John M. Goldman, George Q. Daley

Bcr-Abl and Signal Transduction
Daniela Cilloni, Giuseppe Saglio

Chronic Myeloid Leukemia:
Biology of Advanced Phase
Junia V. Melo, David ]. Barnes

Clinical Features of CML
Patricia Shepherd, Mira Farquharson

Signal Transduction Inhibitors
in Chronic Myeloid Leukemia .
Michael W.N. Deininger

Treatment with Tyrosine Kinase
Inhibitors
Andreas Hochhaus

Allogeneic Transplantation
for CML
Charles Crawley, Jerald Radich,
Jane Apperley

..................

Autografting in Chronic Myeloid
Leukemia
Eduardo Olavarria

.................

Monitoring Disease Response . .
Timothy Hughes, Susan Branford

New Therapies for Chronic
Myeloid Leukemia
Alfonso Quintds-Cardama,

Hagop Kantarjian, Jorge Cortes

15

37

59

75

109

115

133

143

165

11

12

13

14

15

16

17

18

Subject Index

Immune Therapy of Chronic
Myelogenous Leukemia
Axel Hoos, Robert P. Gale

Therapeutic Strategies
and Concepts of Cure in CML ..
Tariq I. Mughal, John M. Goldman

BCR-ABL-Negative Chronic
Myeloid Leukemia
Nicholas C.P. Cross, Andreas Reiter

Hypereosinophilic Syndrome
Elizabeth H. Stover, Jason Gotlib,
Jan Cools, D. Gary Gilliland

Chronic Idiopathic Myelofibrosis
John T. Reilly

Polycythemia Vera -
Clinical Aspects
Alison R. Moliterno, Jerry L. Spivak

Polycythemia Vera and Other
Polycythemic Disorders —

Biological Aspects
Sonny O. Ang, Josef T. Prchal

Essential Thrombocythemia . ..
Ayalew Tefferi

------------------

201

219

235

253

277

297

321



Contributors

SonNY O. ANG

St Jude Children’s Research Hospital
332 N. Lauderdale St.

Memphis, TN 38103, USA

JANE APPERLEY
Department of Haematology
Faculty of Medicine
Imperial College London
Hammersmith Hospital

Du Cane Road

London W12 oNN, UK

DAvVID ]J. BARNES
Department of Haematology
Faculty of Medicine
Imperial College London
Hammersmith Hospital

Du Cane Road

London W12 oNN, UK

SUSAN BRANFORD

Institute of Medical and Veterinary Science

University of Adelaide, North Terrace
Frome Road
Adelaide, 5000 SA, Australia

DANIELA CILLONI

Department of Clinical and Biological Sciences

of the University of Turin
San Luigi Hospital, Gonzole 10
10043 Orbassano-Torino, Italy

Jan CootLs

Department of Human Genetics
University of Leuven

Leuven, Belgium

JoRGE CORTES

Department of Leukemia

The University of Texas

M.D. Anderson Cancer Center

1515 Holcombe Boulevard, Unit 428
Houston, TX 77030, USA

CHARLES CRAWLEY
Department of Haematology
Addenbrooke’s Hospital
Hills Road

Cambridge CB2 2QQ, UK

NicuoLras C.P. Cross

Wessex Regional Genetics Laboratory
Salisbury District Hospital

Salisbury SP2 8BJ, UK

GEORGE Q. DALEY

Division of Hematology/Oncology
Children’s Hospital

300 Longwood Ave.

Boston, MA 02115, USA

MicHAEL W.N. DEININGER

Oregon Health & Science University
Center for Hematologic Malignancies
3181 SW Sam Jackson Park Road
Portland, OR 97239, USA



X Contributors

MIRA FARQUHARSON

Specialist Registrar in Haematology
Western General Hospital
Edinburgh EH4 2XU, Scotland

ROBERT P. GALE

Ziopharm, Inc.

11693 San Vicente Boulevard, Suite 335
Los Angeles, CA 90049-5105, USA

D. GARY GILLILAND

Howard Hughes Medical Institute
Harvard Medical School

Karp Family Research Laboratories
1 Blackfan Circle, Room 5210
Boston, MA 02115, USA

JouN M. GOLDMAN

Hematology Branch

National Heart, Lung and Blood Institute
National Institutes of Health

Bethesda, MD 20892, USA

JaAsoN GOTLIB
Stanford University School of Medicine
Stanford, CA, 94305, USA

ANDREAS HOCHHAUS

III. Medizinische Klinik

Fakultét fiir Klinische Medizin Mannheim
der Universitdt Heidelberg
Theodor-Kutzer-Ufer 1-3

68167 Mannheim, Germany

AxEeL Hoos

Bristol-Myers Squibb

5 Research Parkway
Wallingford, CT 06492, USA

TimoTHY HUGHES

Institute of Medical and Veterinary Science
University of Adelaide, North Terrace
Frome Road

Adelaide, 5000 SA, Australia

HaGor KANTARJIAN

Department of Leukemia

The University of Texas

M.D. Anderson Cancer Center

1515 Holcombe Boulevard, Unit 428
Houston, TX 77030, USA

Junia V. MELO

Department of Haematology
Faculty of Medicine
Imperial College London
Hammersmith Hospital

Du Cane Road

London W12 oNN, UK

ALISON R. MOLITERNO

Johns Hopkins University School of Medicine
Ross Research 1025

720 Rutland Ave

Baltimore, MD 21205, USA

TariQ I. MUGHAL

Division of Hematology

and Stem Cell Transplantation
University of Texas

Southwestern School of Medicine
Dallas, TX 75390, USA

EDpUARDO OLAVARRIA
Consultant Haematologist
Catherine Lewis Centre
Haematology Department
Hammersmith Hospital
Du Cane Road

London W12 oNN, UK

Joser T. PRCHAL

University of Utah

Hematology Division

30 N. 1900 East, 4C416 SOM

Salt Lake City, UT 84132-2408, USA

ALFONSO QUINTAS-CARDAMA
Department of Leukemia

The University of Texas

M.D. Anderson Cancer Center

1515 Holcombe Boulevard, Unit 428
Houston, TX 77030, USA



JERALD RADICH

Clinical Research Division

Fred Hutchinson Cancer Research Center
1100 Fairview Ave. N.

Seattle, WA 98109, USA

Joun T. REILLY

Consultant Haematologist
Royal Hallamshire Hospital
Glossop Road

Sheffield Sio 2]JF, UK

ANDREAS REITER

Medizinische Universitatsklinik

Fakultit fiir Klinische Medizin Mannheim
der Universitit Heidelberg

68167 Mannheim, Germany

GIUSEPPE SAGLIO

Department of Clinical and Biological Sciences
of the University of Turin

San Luigi Hospital, Gonzole 10

10043 Orbassano-Torino, Italy

Contributors Xl

PaTriciA C. SHEPHERD
Consultant Haematologist
Western General Hospital
Edinburgh EH4 2XU, Scotland

JERRY L. Sp1vak

Johns Hopkins University School of Medicine
Traylor 924

720 Rutland Ave

Baltimore, MD 21205, USA

ErL1zaBETH H. STOVER

Division of Hematology

Department of Medicine

Brigham and Women’s Hospital

Harvard Medical School

and the Howard Hughes Medical Institute
Boston, MA 02115, USA

AYALEW TEFFERI

Division of Hematology
Mayo Clinic

200 First St. SW
Rochester, MN 55905, USA



Chronic Myeloid Leukemia - A Brief History

John M. Goldman and George Q. Daley

Contents

1.1 Introduction

1.2 The 19th Century
1.2.1 Clinical Aspects and Biology
1.2.2 Therapy

1.3 First Half of the 20th Century ... . ...
1.3.1 Clinical Aspects and Biology

1.3.2 Therapy

1.4 Latter Half of the 20th Century
1.4.1 Biology

1.4.2 Therapy

1.5 Last Quarter of the 20th Century . ...
1.5.1 Biology
1.5.2 Therapy

1.5.3 Development of Imatinib Mesylate . 1

References

Abstract. Leukemia was first recognized as a distinct no-
sological entity in the early part of the 19th century and
some of the early descriptions are highly suggestive of
chronic myeloid leukemia (CML). The first important
contribution to understanding the biological basis of
CML was the discovery of the Philadelphia (Ph) chro-
mosome in 1960. Almost equally important was the de-
monstration in 1973 that it resulted from a reciprocal
translocation involving chromosomes 9 and 22. In the
1980s a “breakpoint cluster region” of the Ph chromo-
some was defined and this led fairly rapidly to the re-
cognition that patients with CML had in their leukemia
cells an acquired BCR-ABL fusion gene that was ex-

pressed as a protein with greatly enhanced tyrosine kin-
ase activity. In 1990 BCR-ABL was shown to induce CML
in murine models, thereby proving its central role in
disease causation. Treatment for CML in the 19th cen-
tury was rudimentary. The only agent known to be ef-
fective was arsenic. Radiotherapy and subsequently al-
kylating agents and hydroxyurea became the mainstay
of therapy from the beginning of the 20th century until
the advent of interferon-alfa in the early 1980s. During
the 1980s it also became clear that allogeneic stem cell
transplantation, though not without risk of mortality,
could result in long-term disease-free survival and
probably cure for selected patients. The introduction
to the clinic of the original tyrosine kinase inhibitor
(STI571, now imatinib) in 1998 has revolutionized ap-
proaches to the management of the newly diagnosed pa-
tient with CML in chronic phase.

1.1 Introduction

The history of leukemia and specifically of CML in the
19th century exemplifies beautifully the observational
and deductive powers of some of the brilliant clinicians
of the day, based as they were on technology that was
developing only relatively slowly by today’s standards.
The major advances of the century were the increasingly
widespread use of microscopy in medical research and
the development of aniline dyes for staining biological
tissues. The progress in the first half of the 20th century
related mainly to evolving methods of treatment, and
they in turn depended first on the discovery of ionizing
radiation and the introduction of radiotherapy and later
on the synthesis and clinical use of alkylating agents
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and antimetabolites. Progress in the second half of the
20th century depended critically on the application to
leukemia of cytogenetics and molecular biology. Ad-
vances in chromosome analysis led in 1960 to the dis-
covery of the cytogenetic abnormality that came to be
known as the Philadelphia (Ph' or Ph) chromosome.
Advances in molecular biology set the scene for the
characterization in the early 1980s of the breakpoint
cluster region of what was subsequently named the
BCR gene, and led rapidly to the identification of the
BCR-ABL fusion gene. Researchers in the 1990s pro-
vided convincing evidence that this fusion gene really
was the “initiating event” in the chronic phase of
CML and this molecular unravelling laid the founda-
tions for work that led to the introduction of the first
effective tyrosine kinase inhibitor, imatinib mesylate.
Some of the highlights of this fascinating biomedical
saga up to end of the last century are summarized in
this chapter (for a chronology of events, see Tables 1.1
and 1.2).

Table 1.1. Milestones in unravelling the biology of CML

1845 Recognition of leukemia (probably CML)

as a disease entity

1846 First diagnosis of leukemia in a live patient

1880s Development of methods for staining
blood cells

1951 Dameshek introduces the concept
of myeloproliferative disorders

1960 Identification of the Philadelphia
chromosome (22q-)

1973 Recognition of the reciprocal nature
of the (9;22) translocation

1984 Description of the breakpoint cluster
region (bcr) on chromosome 22

1985 Identification of the BCR-ABL fusion gene and
p210-Bcr-Abl

1990 Demonstration that the BCR-ABL gene can
induce a CML-like disease in mice

1996 Demonstration of selective blocking
of Bcr-Abl kinase activity

1998 Blocking Bcr-Abl kinase activity reverses
features of CML

2001 Recognition of nonrandom mutations

in the Abl kinase domain

Table 1.2 Milestones in the treatment of CML

1865 First documented use of arsenic to treat
CML (Fowler’s solution)

1895 Discovery of x-irradiation and subsequent
use in CML

1946 First effective chemotherapy
for leukemia - nitrogen mustard

1956 Busulfan

1975 Hydroxyurea

1979 Identical twin transplants

1981 Allografting with sibling donors

1982 Clinical use of interferon-alfa

1984 Sokal’s prognostic scoring system

1985 Allografting with unrelated donors

1990 Use of donor lymphocyte infusions and
proof of a graft-versus-leukemia effect
after allogeneic stem cell transplantation

1998 First clinical use of a Bcr-Abl tyrosine kinase
(TK) inhibitor

2000 Launch of a prospective study comparing
imatinib with IFN/Ara-C

2004 First clinical use of second-generation TK

inhibitors

1.2 The 19th Century

1.2.1 Clinical Aspects and Biology

The first reasonably convincing description of leukemia
was reported by Velpeau in France in 1827 (Velpeau
1827), although it is likely that forms of leukemia had
been recognized as early as 1811 (Piller 1993, 2001). This
was followed by the observations of Barth and Donne
(Donne 1842) and of Craigie (Craigie 1845). Neverthe-
less, the definition of leukemia as a distinct entity is at-
tributed to the virtually simultaneous autopsy reports in
1845 by John Hughes Bennett of a 28-year-old slater
from Edinburgh and by Rudolph Virchow in Berlin of
a 50-year-old cook (Bennett 1845; Virchow 1846, 1853)
(Fig. 1.1). Both patients had been unwell for 1.5 to 2 years
and their condition had progressively worsened with in-
creasing weakness, bleeding, and other problems. In
both cases the remarkable features at autopsy were the
large size of the spleen and the consistency of the blood,
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Fig. 1.1. Front pages of the papers published by John Hughes Bennett in Edinburgh in 1852 and Rudolph Virchow in 1846, entitled “Weisses

Blut,” and pictures of the respective authors

in particular the white cell content. Bennett’s case may
have been CML and Virchow’s chronic lymphocytic leu-
kemia. Virchow used the term “Weisses Blut” to de-
scribe the predominance of white cells in the blood
and later, in 1847, proposed the term “leukaemie” Ben-
nett suggested “leucocythaemia.” The first diagnosis of
leukemia in a living patient was made by Fuller in 1846
(Fuller 1846), by which time Virchow had documented a
further 9 cases. The first reported case of leukemia in
America was of a 17-year-old seaman in Philadelphia
in 1852 (Wood 1850); this was followed by several case
reports, mainly from the Boston area. This sequence
of events leading to the recognition of leukemia as a dis-
tinct entity, and in particular the competing claims of
priority and the uncertain relationship that existed for

many years between Virchow and Bennett, are well re-
counted in recent reviews of the topic (Geary 2000; Pil-
ler 2001).

The introduction of panoptic staining methods by
Paul Ehrlich (Fig. 1.2) in the 1880s was a crucial contri-
bution to the classification of the various major types of
leukemia (Ehrlich 1891). He was able to characterize the
differences in morphology between granulocytes and
lymphocytes, a distinction which had previously been
based only on microscopic examination of unstained
granular and agranular cells with different nuclear
shapes. This led in due course to better characterization
of chronic granulocytic leukemia as a distinct nosologi-
cal entity.
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Fig. 1.2. Paul Ehrlich (1854-1915), whose application of panoptic
staining methods to blood cells enabled clear visualization of the

1.2.2 Therapy

In the late 18th century Thomas Fowler was probably the
first to use arsenic to treat patients with CML. A 1% so-
lution of arsenic trioxide introduced as a general tonic
for people and animals had been found to have a bene-
ficial effect on the general health of horses, and was
henceforth known as Fowler’s solution (Forkner 1938).
A German physician named Lissauer apparently treated
a near-moribund patient with Fowler’s solution and ob-
served remarkable improvement in his well-being (Lis-
sauer 1865). Arsenic was used intermittently throughout
the second half of the 19th century in the treatment of
CML and appropriate doses were found to control fever,
reduce the white cell count, reduce the size of the spleen,
relieve pruritus, and reduce the degree of anemia (Fork-
ner 1938). It is interesting that a short letter appears in
the Lancet in 1882 describing the use of arsenic to treat a
patient with what was probably CML (Cowan Doyle
1882). The author is written as Arthur Cowan Doyle,
but this is certainly a printer’s error for Arthur Conan
Doyle, rather more famous as author of the stories of
Sherlock Holmes. He was known to have been working

morphological features of the various types of leukocytes which are
characteristically abnormal in the leukemias

at the time as a general practitioner in the Birmingham
(England) area.

1.3 First Half of the 20th Century

1.3.1 Clinical Aspects and Biology

The clinical features and natural history of CML were
increasingly well characterized in the early part of the
last century. Minot and colleagues reported the influ-
ence of specific clinical features on survival in 166 pa-
tients collected over a 10-year period and concluded
that age was an important prognostic factor (Minot et
al. 1926), a factor now incorporated into the Sokal prog-
nostic scoring system. Patients treated with radiother-
apy seemed to fare better than those treated by other
means. Subsequently Hoffman and Craver confirmed
the general benefit of radiotherapy to the spleen (Hoff-
man and Craver 1931). Dameshek made an important
contribution in 1951 when he grouped chronic granulo-
cytic leukemia (=CML) together with polycythemia
vera, idiopathic myeloid metaplasia, and thrombocythe-



mia under the general heading “myeloproliferative syn-
dromes” (Dameshek 1951). He stressed the degree to
which all myeloid lineages were to a greater or lesser de-
gree involved in each of these conditions and foresaw
the probability that they were disparate manifestations
of a myeloid stem cell disorder, a thesis that has gained
considerable support from the recent discovery of V617F
JAK2 mutation in three of these disorders.

1.3.2 Therapy

Roentgen’s discovery of x-rays in 1895 led to their enthu-
siastic use in the treatment of leukemias and lympho-
mas. Though initial attempts were unimpressive, it be-
came gradually clear that irradiation directed to the
spleen in patients with CML reduced the degree of sple-
nomegaly with associated improvement in the blood
picture and the patient’s general state of health (Pusey
1902; Senn 1903). It was recommended at this stage that
arsenic should not be given concurrently with x-irradia-
tion but could be used as intermittent therapy. Remis-
sions induced by x-ray therapy were often “complete”
and while relapse was inexorable and life was not pro-
longed, the patient’s quality of life was improved (Hoff-
man and Craver 1931; Minot et al. 1924). Internal irradia-
tion with radioactive phosphorus also brought about
satisfactory clinical and hematological remissions
(Lawrence et al. 1939) but was not as effective as exter-
nal x-rays in reducing organomegaly (Reinhard et al.
1946).

1.4 Latter Half of the 20th Century

1.4.1 Biology

Though Boveri had predicted as early as 1914 that hu-
man malignancies would prove to have a genetic basis
(Boveri 1914), it was not until technology for examining
human chromosomes developed sufficiently in the 1950s
that cytogeneticists were able to confirm that normal
human cells had 46 chromosomes and then to examine
the chromosomal make-up of cells from cancers and
leukemias. In 1960 Nowell and Hungerford were able
to report the presence of a small abnormal acrocentric
chromosome (from the G group) in the leukemia cells
of 7 patients with chronic granulocytic leukemia (Now-
ell and Hungerford 1960 a,b); it resembled a Y chromo-
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some but two of the patients were female (Fig. 1.3). Nor-
mal karyotypes were observed in nonleukemia cells.
This observation was rapidly confirmed by others (Bai-
kie et al. 1960). This was the first consistent cytogenetic
abnormality in any form of human malignancy. It was
termed the Philadelphia chromosome (initially abbre-
viated to Ph' because the early discovery of other consis-
tent cytogenetic abnormalities was anticipated, but later
modified to Ph). In practice it was some years before
other cytogenetic changes were identified in human leu-
kemia and there was in the interim spirited dispute as to
whether the Ph chromosome was anything other than
an interesting epiphenomenon. Nonetheless it provided
a tool which Fialkow and colleagues were able to exploit
to demonstrate that CML was probably a clonal disorder
originating from a single hematopoietic stem cell
(Fialkow et al. 1967); later they and others showed that
this stem cell gave rise to cells of the granulocytic, ery-
throid, monocyte/macrophage, and megakaryocytic
lineages (Fialkow et al. 1977)

In 1973 further advances in the technology of cyto-
genetics, notably the introduction of quinacrine fluores-
cence and Giemsa banding, enabled Janet Rowley
(Fig. 1.4) in Chicago to observe that though the long
arm of chromosome 22 was shortened (22q-), there
was also consistent evidence of additional material on
the long arm of chromosome 9 (9q+), from which she
deduced that the Ph chromosome was the result of a re-
ciprocal and balanced translocation involving chromo-
somes 9 and 22, [now designated t(9;22)(q23;q11)] (Row-
ley 1973). Thereafter nonrandom cytogenetic abnormal-
ities were discovered in acute myeloid leukemia and the
notion that chromosomal abnormalities must play a pi-
votal role in the pathogenesis of at least some leukemias
gained much ground. Indeed, cytogenetic studies pro-
vided key evidence in support of the theory that malig-
nancies were caused by genetic derangements in cells.

1.4.2 Therapy

Modern chemotherapy had its origins in secret research
on agents for use in chemical warfare carried out during
WWIL Thus, the fact that mustard gas or nitrogen mus-
tard (HN2) was known to cause myelosuppression pro-
vided the rationale for its use in the treatment of leuke-
mia (Goodman et al. 1946; Jacobson et al. 1946). Impor-
tantly, it was found that patients who were or who be-
came resistant to x-ray therapy could still respond to ni-
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Nowell & Hungerford,
Science, 132: 1497, 1960

A Minute Chromosome in Human

Chronic Granulocytic Leukemia

In seven cases thus far investigated
(ive males. two  femiles), a  minuie
chromosome has been observed replacing
one of the four smullest autosomes in the
chromosome  complement  of  cells  of
chronic  granulocytic leukemian  cultured
from peripheral blood. No abnormality
was observed in the cells of four cases of
wcnte granulocytic leukemia in adults or
of six cases of acute leukemia in children.
There have been several recent reports of
chromosome abnormalities in 4 number of
cases of human leukemia [including two
of the seven cases reported here: Nowell
and Hungerford, J. Nuwl. Cancer Inse.
15, 8BS (1960) ], but no series has appeared
in which there was o consistent change
typical of o particular type of leuhemia,

Cells of the five new cises were ob-
tained from peripheral blood (and bone
marrow in ong instance ), grown in cullure

cases of several years duration in terminal
myeloblastic crisis. All seven individuals
showed a similur minute chromosome,
and none showed any other frequent or
regular chromosome change. In most of
the cases, cells with normal chromosomes
were also observed. Thus, the minute is
not a part of the normal chromosome
constitution of such individuals.

The findings suggest a causal relation-
ship between the chromosome abnormality
observed and chronic granulocytic leu-
kemia,

Perrr C. NOWELL
School of Medicine,
University of Peansylvania
Davin A, HUNGERFORD
Institute for Cancer Research

JOURNAL OF THE SATIONAL CANCER INSTITUTE, VL. 28

FLATL It

for 24-72 hours, and processed for cylo-
logical examunation by a recently  de-
veloped air-drying technigue  Moorhead,
et al., Exptl, Cell Research, in press).
The patients varied from  asymptomatic
untreated  cases to extensively  treated

Fig. 1.3. The short paper published by Nowell and Hungerford in
1960 (reproduced with permission of the Science publishers) and
a photograph of the authors, Peter Nowell (left) and David Hunger-
ford (right), taken soon after their discovery of the Ph chromosome.
The top-right inset shows a karyotype from a patient with CML show-
ing a small acrocentric chromosome (arrowed) which was thought

trogen mustard (HN2). One related drug, urethane, was
used in the treatment of CML and in the maintenance of
x-ray-induced remission in the 1940s. In the 1950s Alex-
ander Haddow in London spearheaded a program to
produce a variety of alkylating agents based on HN2
which might prove more specific and less toxic than
HN2 itself. A modified alkylating agent, busulfan, was
introduced in 1953 and proved highly effective in con-
trolling clinical features of CML for long periods of
time, although it could induce irreversible marrow apla-
sia if given in excessive dosage (Galton 1953, 1959; Had-

originally to be a Y chromosome (Nowell and Hungerford 1960a);
however, a few months later, the authors had identified it as a
unique abnormal chromosome “replacing one of the four smallest
autosomes in the chromosome complement of cells of chronic gran-
ulocytic leukemia” (Nowell and Hungerford 1960b)

dow and Timmis 1953). Later, a prospective comparison
of busulfan and radiotherapy showed significant pro-
longation of life for the patients who received busulfan
(Medical Research Council 1968) and it then rapidly be-
came the treatment of choice for CML. Dibromomanni-
tol, first investigated in 1961 (Eckhardt et al. 1963) be-
came an alternative for patients in chronic phase who
ceased to respond to busulfan. Hydroxyurea was first
used in the 1960s and very gradually replaced busulfan
as the first-line cytotoxic drug for newly diagnosed pa-
tients (Kennedy 1969).
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Fig. 1.4. The t(9;22)(q34;q11) translocation, first described by Janet
Rowley (photo) in 1973, which generates the BCR-ABL fusion gene in
the Ph chromosome, as well as a reciprocal ABL-BCR gene in the
derivative 9g+ (Melo et al., 1993). In the last two decades of the 20th
century, various groups were involved in demonstrating that BCR-
ABL is transcribed into mRNA molecules with e13a2 and/or e14a2
junctions, and translated into a 210 KDa protein (p210) with en-
hanced tyrosine kinase due to constitutively activation of the SH1
region of its Abl portion
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1.5 Last Quarter of the 20th Century

1.5.1 Biology

The starting point for the identification of the BCR-ABL
fusion gene was the isolation by Abelson of a murine
virus capable of inducing lymphosarcoma in mice
(Abelson and Rabstein 1970), and the subsequent de-
scription of the Abl oncogene or v-abl (Goff et al.
1980; Reddy et al. 1983; Shields et al. 1979), a story re-
cently very comprehensively reviewed by Wong and
Witte (Wong and Witte 2004). The next important de-
velopment was the report from the group in Rotterdam
that the Ph translocation involved the translocation of
the normal human counterpart of the murine v-abl pro-
to-oncogene from chromosome 9 to chromosome 22 (de
Klein et al. 1982). This seminal study suggested the hy-
pothesis that the human ABL gene might be activated by
the translocation in a manner that would cause it to
malfunction like its oncogenic viral counterpart
(Fig. 1.5). Exhaustive studies of the genomic structure
of the Ph translocation established that the breakpoints
occurred upstream of the ABL gene without disrupting
the DNA that was homologous to v-abl (Heisterkamp et
al. 1983). This apparent conundrum was later explained
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when the complete locus of the murine c-abl gene was
characterized, and indeed showed that breakpoints typ-
ically disrupted a large first intron of the c-abl gene
(Bernards et al. 1987). The major breakthrough leading
to the identification of the BCR-ABL gene was the obser-
vation in 1984 that the chromosome 22 breakpoints that
“produced” the Ph chromosome were clustered within a
5.8-kb region of DNA that was not unreasonably named
the bcr, or breakpoint cluster region (Groffen et al.
1984). This proved later to be a centrally located se-
quence of the full gene which, despite attempts to find
a more informative epithet, retained the name BCR
(Goldman et al. 1990). At the same time Witte and col-
leagues showed that the Abl protein in the K562 cell line
had abnormal size and greatly enhanced tyrosine kinase
activity, from which they deduced that a structural ab-
normality resulting in enhanced enzymatic activity
might play a central role in the pathogenesis of CML
(Ben-Neriah et al. 1986; Konopka et al. 1984). Thereafter
two groups showed independently that BCR and ABL
sequences were linked to form a fusion transcript which
characterizes the cells of all patients with Ph-positive
CML (Canaani et al. 1984; Grosveld et al. 1986; Shtivel-
man et al. 1985). Thus the (9;22) translocation resulted
in the formation of a fusion gene, BCR-ABL, on chromo-
some 22 (Fig. 1.4). In practice the breakpoint in the BCR
gene occurs nearly always in the intron between exons
e13 and e14 (previously b2 and b3) or in the intron be-
tween e14 and e15 (previously b3 and b4) while the ABL
breakpoints occur upstream of ABL exon a2. Thus most
patients have leukemia-specific transcripts with either
e13a2 or e14a2 junctions; occasional patients have both
transcripts. The consistency of these junctions at the
RNA level means that it is now relatively easy to design
disease-specific primers which can be used in the re-
verse transcriptase and polymerase chain reaction
(RT-PCR) to amplify small quantities of residual dis-
ease-specific transcripts after effective treatment. This
technique forms the basis for molecular monitoring of
individual patients after stem cell transplant and in
the present imatinib era (see Chap. 9 entitled Monitor-
ing Disease Response).

The notion that more than one molecular event
might be required to initiate chronic phase CML and
that consequently the acquisition of a Ph chromosome
might not be the primary event has been raised repeat-
edly over the years. In 1981 Fialkow and colleagues pub-
lished results of cytogenetic studies of a series of EBV-
induced B-cell lines established from a female CML pa-
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Fig. 1.5. Relationship of the murine v-abl oncogene to the human
ABL proto-oncogene. The top diagram shows the Abelson variant
of the Moloney murine leukemia virus with the LTR and gag se-
quences in relation to Abl. The two diagrams below represent the
human ABL and BCR genes showing the relationship of v-abl to

tient who was heterozygous for the A and B isozymes of
G6PD (Fialkow et al. 1981). They concluded that the rel-
atively high frequency of cytogenetic abnormalities in
Ph-negative B-cell lines characterized by the same iso-
zyme as the Ph-positive leukemia was evidence in favor
of the concept that a clonal event leading to a prolifera-
tive advantage had preceded the origin of the Ph-positive
clonal proliferation. For these and other reasons it was
important to ascertain whether the BCR-ABL gene alone
could induce the phenotype of CML. In 1990 Daley and
colleagues reported that use of retroviral-mediated gene
transfer to introduce a BCR-ABL gene into murine he-
matopoietic stem cells caused in a majority of the recip-
ient animals a disease closely resembling CML in man
(Daley et al. 1990). Analogous results were obtained by
several groups using both retroviral and transgenic ap-
proaches to express BCR-ABL (Elephanty et al. 1990;
Heisterkamp et al. 1990; Kelliher et al. 1990). As a conse-
quence it seemed reasonably certain that the acquisition
of a BCR-ABL fusion gene was indeed a sufficient initiat-
ing event for CML in man, although it remains entirely
possible that in some cases the Ph translocation might
be more likely to occur or be observed in the setting
of a pre-existing clonal hematopoietic abnormality.

1.5.2 Therapy

Though busulfan and subsequently hydroxyurea were
relatively effective at controlling the features of CML
in chronic phase, neither drug reduced the proportion
of Ph-positive cells in the bone marrow except on very

LTR gag ABL LTR

w— N/ - '
3

kinase exons

its humanhomologue. The horizontal brackets show the highly vari-
able positions of the break in ABL and more localized positions of
the break in BCR, which lead respectively to transcripts with the
ela2 (acute lymphoblastic leukemia) or e13a2 or e14a2 (CML) junc-
tions

rare occasions, and there remained the suspicion that
their use did not prolong life significantly, if at all. In-
deed it was possible that busulfan was mutagenic and
even expedited the onset of blastic transformation. It
was encouraging therefore when early studies with in-
terferon-a demonstrated that a proportion of patients
could achieve some degree of Ph-negative hematopoi-
esis and a smaller proportion became entirely Ph-nega-
tive (Talpaz et al. 1983). It also appeared that the fre-
quency of Ph-negativity was increased at higher doses
of the drug (Talpaz et al. 1986). Subsequent large scale
prospective studies showed that interferon did indeed
prolong life by 1—2 years compared with busulfan or
hydroxyurea and the benefit seemed to be greatest in
patients who achieved Ph-negativity (Allan et al. 1995;
Italian Cooperative Study Group on CML 1994). Of great
interest was the observation that small numbers of pa-
tients remained Ph-negative even after the drug was dis-
continued (Bonifazi et al. 2001). Thus for 20 years the
drug was regarded as the treatment of choice for newly
diagnosed patients with CML in chronic phase. A report
from France suggested that the incidence of Ph-negativ-
ity was higher and survival was improved if interferon
was used in conjunction with cytarabine compared with
interferon alone (Guilhot et al. 1997), but superior sur-
vival for patients treated with the two-drug combination
could not be confirmed in an Italian study (Baccarani et
al. 2002).

Sporadic attempts were made throughout the 1970s
to treat patients with CML in advanced phases by allo-
geneic stem cell transplantation (see Chap. 7, entitled Al-
logeneic Transplantation for CML); these were almost



universally unsuccessful because patients died either of
transplant complications or persistence of their leuke-
mia. In 1979 the Seattle group reported the results of
treating 4 patients with CML with high-dose chemora-
diotherapy followed by transfusion of bone marrow cells
from their genetically identical, normal twins (Fefer et
al. 1979). At a median follow-up of 24 months these four
patients were well without evidence of Ph-positive cells
in their bone marrow. This very remarkable achieve-
ment considered in association with recent progress in
defining the role of HLA in donor selection led a number
of researchers on both sides of the Atlantic to initiate
programs for treating CML patients by allogeneic stem
cell transplantation using bone marrow from HLA-iden-
tical sibling donors (Champlin et al. 1982; Clift et al.
1982; Goldman et al. 1982; McGlave et al. 1982; ).

By the mid-1980s a series of reports described the
favorable results of allogeneic transplants performed
for CML patients in chronic phase where the stem cell
donor was a genetically HLA-identical sibling (Gold-
man et al. 1986; Speck et al. 1984; Thomas et al. 1986).
The risk of morbidity and indeed mortality, attributable
especially to graft-versus-host disease and to infection,
were still appreciable but the majority of patients sur-
vived the procedure and relapses later than 3 years post-
transplant were relatively infrequent. These results gave
rise to the notion that allogeneic stem cell transplant
could “cure” chronic myeloid leukemia, an extremely
important prediction for a disease that for the preceding
140 years had been regarded as inexorably fatal. The
mechanism underlying this cure was still enigmatic.
Though it was easy to assume that the combination of
cytotoxic drugs and radiotherapy that preceded the
transplant eradicated all leukemia stem cells, the de-
monstration first that T cell depletion intended to re-
duce the risk of GVHD greatly increased the risk of leu-
kemia relapse (Apperley et al. 1996; Horowitz et al.
1990) and second that patients in relapse could be re-
stored to remission by transfusion of lymphocytes col-
lected from the original transplant donor (Kolb et al.
1990) together implicated a graft-versus-leukemia effect
as making an important contribution to the cure. This
has renewed enthusiasm for the immunotherapy of
CML which is manifest in the routine use of donor lym-
phocyte infusions (Mackinnon et al. 1995) and more re-
cently in efforts to raise cytotoxic T cell clones restricted
to killing cells expressing particular leukemia-asso-
ciated antigens (Barrett 2003) (see Chap. 11, Immune
Therapy of Chronic Myelogenous Leukemia)
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The feasibility of leukapheresis as a method of tumor
debulking in CML was established in the 1960s and de-
pended on the development of continuous flow blood cell
separators (Buckner et al. 1969; Morse et al. 1966). In-
deed, repeated leukapheresis alone will induce complete
hematological remission (Lowenthal et al. 1975). Today,
there is probably little benefit in the long-term repeated
leukapheresis of patients with CML but the procedure is
valuable for producing a rapid initial reduction in the
white cell count and as a means for collecting large num-
bers of cells for use in autografting (see below).

The concept that autografting might be valuable in
the management of CML was developed in the 1970s
(see Chap. 8, entitled Autografting in Chronic Myeloid
Leukemia). Investigators in Seattle were the first to har-
vest bone marrow cells from patients in chronic phase.
These cells were cryopreserved and stored in liquid ni-
trogen and then used as an autograft in conjunction with
high dose chemotherapy when the patient began to show
signs of transformation (Buckner et al. 1978). This was
based on the hope that infusion of cells harvested at di-
agnosis would reinstate chronic phase hematopoiesis for
a period equivalent to the length of the first chronic
phase. Subsequently the Hammersmith Hospital (Lon-
don) group was able to show that peripheral blood as
well as bone marrow contained progenitor cells capable
of re-establishing bone marrow function after “supra-
lethal” irradiation (Goldman et al. 1979) and this obser-
vation provided support for the notion that stem cells
might be present in the circulation of normal persons.
The use of high dose cytoreduction followed by auto-
grafting did not however prove clinically valuable for pa-
tients in blastic transformation and attention switched to
the possibility that the technique might prolong life for
patients in chronic phase. At the Hammersmith Hospital
in London results of using unmanipulated peripheral
blood cells suggested the possibility that life might be
prolonged (Hoyle et al. 1994); the use of this approach
to autograft patients in chronic phase at 8 centers were
summarized in the same year with similar conclusions
(McGlave et al. 1994). Subsequently it was thought pos-
sible that results of autografting with peripheral blood
stem cells might be improved using the strategy first re-
ported by the group in Genoa (Carella et al. 1993, 1999)
who demonstrated that recovery from chemotherapy
was associated with the preferential release of Ph-nega-
tive, presumably normal, cells into the bloodstream and
that these stem cells could be collected in sufficient num-
bers for reinfusion into the patient at a later date. In the
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light of the knowledge that normal stem cells co-exist
with leukemic stem cells in the marrow of CML patients,
and that CML stem cells survive poorly in culture, inves-
tigators in Vancouver cultured patient’s marrow in vitro
prior to autografting in the hope that the normal cells
would become relatively enriched (Barnett et al. 1994).
Other potential approaches to purging marrow for auto-
grafting included the use of antisense reagents designed
to suppress the expression of p210°“**®! (Luger et al.
2002). Autografting has however fallen from favor since
the advent of imatinib, but could again become impor-
tant in the management of patients resistant to second-
generation tyrosine kinase inhibitors.

1.5.3 Development of Imatinib Mesylate

The development of imatinib as a highly effective agent
in the management of the chronic phase of CML illus-
trates very beautifully some of the basic principles
and problems of medically orientated research (see
Chap. 5, entitled Signal Transduction Inhibitors in
Chronic Myeloid Leukemia). One of the biggest potential
barriers to the eventual success of imatinib was the skep-
ticism with which the notion of developing a potentially
effective tyrosine kinase was viewed in the late 1980s and
early 1990s (Druker and Lydon 2000; Lydon and Druker
2004). For example, there was grave doubt as to whether
it would in fact be possible to develop compounds with
action against specific protein kinases. Any such com-
pound that was produced might also inhibit other ki-
nases with unacceptable clinical toxicity. Some consider-
ed it unlikely that inhibiting a single kinase could be
clinically useful if molecular lesions in individual tu-
mors were multiple, and varied from patient to patient.

In the early 1990’s Levitzki and colleagues studied a
series of molecules, designated tyrphostins, that inhib-
ited the tyrosine kinase activity of the Bcr-Abl oncopro-
tein and the proliferation of the CML cell line K562 at
micromolar concentrations and also inhibited the tyro-
sine kinase activity of the BCR-ABL oncoprotein (Anafi
et al. 1992; Kaur et al. 1994). These compounds were
promising but only one tyrphostin, adaphostin, has re-
cently proceeded to clinical trial. Another agent, herbi-
mycin, was also studied at the time. Originally thought
to inhibit the kinase activity of the Bcr-Abl, it was later
shown to promote degradation of the Bcr-Abl oncopro-
tein (Okabe et al. 1992). Against this somewhat uncer-
tain background, scientists working for Ciba-Geigy

(now Novartis) in Basel showed that 2-phenylaminopyr-
imidine molecules could selectively inhibit the enzy-
matic activity of protein kinase C, Abl, and platelet-de-
rived growth factor receptor (PDGFR) proteins and
decided to modify their lead molecule to target more
specifically PDGFR and Abl. The steps in medicinal
chemistry that followed, the sequential introduction of
a 3’ pyridyl group, the addition of a benzamide group
to the phenyl ring, the attachment of a “flag-methyl”
group ortho to the diaminophenyl ring, and the addi-
tion of an N-methylpiperazine, together improved the
selectivity of the lead molecule and increased its water
solubility and oral bioavailability (Deininger et al.
2005; Zimmermann et al. 1996). The resulting com-
pound, designated CGP-57148B, was active against all
forms of Abl, PDGFR A and B, and c¢-KIT. It was far less
active against a wide variety of other kinases including
EGE, Src family kinases, VEGEF, JAK2, and RAF1.

The next stage was to test the new compound against
a range of cell lines. It inhibited proliferation in a range
of established Ph-positive cell lines but left Ph-negative
lines unaffected (Beran et al. 1998; Deininger et al. 1997;
Druker et al. 1996). The mechanism of action appeared
to be induction of apoptosis (Deininger et al. 1997; Gam-
bacorti-Passerini et al. 1997). Of very great importance
was the observation that it selectively inhibited in vitro
the proliferation of myeloid progenitor cells taken from
the blood of patents with Ph-positive CML while leaving
relatively unaffected residual Ph-negative progenitors
(Deininger et al. 1997; Druker et al. 1996).

More or less simultaneously the compound was
tested for its effects in animal model systems. Syngeneic
control mice injected with BCR-ABL-transformed 32D
cells developed tumors but intraperitoneal injection of
the CGP 57148B caused dose-dependent inhibition of tu-
mor growth (Druker et al. 1996). Similar results were
obtained later with the BCR-ABL-positive KU812 cell
line (Le Coutre et al. 1999). In another model system,
lethally irradiated syngeneic mice received with bone
marrow cells transfected with a BCR-ABL-containing
retrovirus; treatment with the new compound pro-
longed survival in some but not all animals (Wolff
and Ilaria 2001). In parallel with these experiments
Ciba-Geigy/Novartis undertook extensive pharmacoki-
netic and toxicological studies in different species.
Eventually the scene was set for initial clinical phase I
studies, which began in Oregon in June 1998. The im-
pressive clinical benefits associated with use of this
agent are summarized in Chap. 6, entitled Treatment



with Tyrosine Kinase Inhibitors. The remarkable activ-
ity of imatinib in inducing complete remissions in CML
represents strong confirmation of the central role of the
BCR-ABL oncoprotein in CML, and the culmination of
almost 50 years of basic research, dating from the orig-
inal description of the Philadelphia chromosome.
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Abstract. The BCR-ABL oncogene is generated by the
Philadelphia (Ph) chromosome translocation, fusing
the BCR to the ABL gene. The Bcr-Abl fusion protein
has constitutive and deregulated tyrosine kinase activity
that is critical for transformation of hematopoietic cells.
Different leukemia phenotypes are preferentially asso-
ciated with the three fusion Bcr-Abl proteins (p19o,
p210, and p230) that may be expressed from the hybrid
gene. Cells transformed by Bcr-Abl show activation of
mitogenic signaling pathways, inhibition of apoptosis
and altered cellular adhesion. CML is characterized by
an inevitable progression from a chronic phase to an
acute phase called blast crisis. Progression of the disease
is related to the acquisition of additional genetic altera-
tions probably associated with genomic instability. This
can be a consequence of Bcr-Abl activation or may even
represent an ancestral stem cell defect preceding the ac-
quisition of the Ph-chromosome translocation, as recent
observations seem to suggest. However, the mechanisms
responsible for Bcr-Abl rearrangement remain elusive,
although the chromosomal translocation seems to occur
relatively frequently in the general population, as evi-
denced by the detection of rare BCR-ABL fusion tran-
scripts in the leukocytes of healthy individuals.

2.1 Introduction

The discovery of the hybrid BCR-ABL genes was the fi-
nal result of studies aimed at the identification of the
molecular consequences of the translocation giving ori-
gin to the Philadelphia (Ph) chromosome. This chromo-
some was, for many years, the only cytogenetic abnorm-
ality known to be associated with a specific malignant



16  Chapter 2 - Bcr-Abl and Signal Transduction

disease in humans, namely chronic myeloid leukemia
(CML) (Nowell and Hungerford 1960). Later it was rec-
ognized that the Ph-chromosome is the result of a recip-
rocal translocation, t(9;22)(q34;q11), between the long
arms of chromosomes 9 and 22 (Rowley 1973), and that
this translocation can be present also in other types of
human leukemias (Catovsky 1979); namely in approxi-
mately 30% of adult acute lymphoblastic leukemias
(ALL), in a small percentage of “de novo” acute myelo-
blastic leukemias (AML), in sporadic cases of other he-
matological malignancies, but not in other tumor types.
Finally, in the 1980s, the molecular defect associated
with this cytogenetic abnormality was identified and
it was established that the Ph-chromosome results in
the juxtaposition of parts of the BCR and ABL genes,
which are normally located on chromosomes 22 and
9, respectively, to form a new hybrid gene, BCR-ABL,
usually located on the derivative chromosome 22q-
(the Ph-chromosome) (Groffen et al. 1984; Heisterkamp
et al. 1985). A more detailed molecular dissection of the
BCR-ABL genes present in CML and in other Ph-posi-
tive leukemias showed that hybrid genes with different
types of junctions between BCR and ABL may be pres-
ent and preferentially associated to specific leukemia
phenotypes (Feinstein et al. 1987; Melo 1996), but that
all the derived translated proteins share a common
functional aspect: a constitutive tyrosine kinase (TK)
activity (Konopka et al. 1984; Lugo et al. 1990).

Finally, through experiments with transfection of
hematopoietic cells with retroviral vectors carrying
BCR-ABL constructs in a mouse model, it was demon-
strated that the expression of a functional Bcr-Abl pro-
tein was the primary and necessary factor for leukemic
transformation (Daley et al. 1990).

The study of the BCR-ABL fusion gene has certainly
played a pivotal role concerning the understanding of
the role of TK activation in the development of neoplas-
tic diseases. However, in spite of the fact that the struc-
tural organization and the molecular biology of BCR-
ABL as well as of the normal ABL and BCR genes have
been the subjects of intensive investigation in the last 20
years (Deininger et al. 2000; Melo and Deininger 2004),
many questions concerning the normal functions of the
two translocation partner genes, as well as the mecha-
nisms by which the hybrid gene is formed and trans-
forms hemopoietic cells still remains unanswered.

The unravelling of the molecular pathways activated
in the Ph-positive leukemias has become of paramount
importance also from the clinical point of view (Gold-

man and Melo 2004). Since the late 1990s, the data ac-
cumulated on the role of BCR-ABL in the onset and pro-
gression of CML indicated this oncoprotein as the most
attractive target for molecular therapy. This finally led
to the discovery of imatinib mesylate (Glivec, Novartis)
(Buchdunger et al. 1996; Druker et al. 1996), whose im-
portance goes well beyond its exceptional therapeutic
value in CML and other Ph-positive leukemias, as it rep-
resents the real starting point of the so called molecu-
larly targeted therapy.

This small chemical compound which, at micromo-
lar concentrations, inhibits the kinase activity of Bcr-
Abl by competing with ATP for its binding site, was
shown to be able to inhibit cellular growth and to induce
apoptosis of the leukemic cells both in vitro and in vivo
(Deininger et al. 1997; Druker et al. 1996), producing a
final proof of concept that Bcr-Abl TK activity is central
to the pathogenesis of the leukemic process.

This chapter summarizes the most recent advances
and also the outstanding questions regarding the BCR-
ABL gene, and the functional consequences of its TK ac-
tivation.

2.2 Structure and Function
of the Normal ABL and BCR Genes

2.2.1 ABL

The Abl proto-oncogene belongs to the family of the
nonreceptor tyrosine-kinases (Gu and Gu 2003; Robin-
son et al. 2000), which was originally identified for its
homology with v-abl, a viral oncogene able to induce
lymphoid tumors in the mouse (Abelson and Rabstein
1970). There are approximately 100 TK genes in the hu-
man genome which code for enzymes that transfer
phosphate from ATP to tyrosine residues on specific cel-
lular proteins, and which are deeply involved in control-
ling important cellular functions, including prolifera-
tion and differentiation (Robinson et al. 2000). Due to
their key role in these vital processes, TKs are usually
tightly controlled by various physiological mechanisms.
However, alterations of the function of TKs are among
the most frequent findings in human cancer and, in par-
ticular, seem to represent the common primary defect in
most chronic myeloproliferative disorders (CMPDs), as
extensively described on Chaps. 13-18 of this book.
TKs may become constitutively activated through at
least two other mechanisms in addition to chromosom-
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al translocations, which are overexpression and activat-
ing mutations (Blume-Jensen and Hunter 2001).

The Abl gene is ubiquitously expressed in cells of var-
ious tissues, and is transcribed into two types of tran-
scripts that differ in the first alternative exons, named
1a and 1b, respectively (Chissoe et al. 1995). The main
difference in the proteins encoded by these transcripts
resides in the fact that only the Abl protein derived from
the Abl 1b transcript contains a myristoylation site and
can be anchored to the plasma membrane. Other rele-
vant domains of Abl are those corresponding to the re-
spective domains in Src (Courtneidge 2003; Harrison
2003): (1) the Src homologous (SH) 1 domain, which car-
ries the tyrosine kinase function; (2) the SH2 domain
which binds phosphotyrosine-containing sequences;
(3) the SH3 domain which binds proline-rich consensus
sequences. However, unlike Src, Abl has a long C-termi-
nal portion that contains other important domains: an
actin (McWhirter and Wang 1993) and DNA-binding
sites (Kipreos and Wang 1992), three nuclear localization
signals (NLS) (Wen et al. 1996), and one nuclear export
signal (NES) (Taagepera et al. 1998). Due to the latter ele-
ments, the Abl protein may be found both in the cyto-
plasm and the nucleus, and it is able to shuttle continu-
ously between these two compartments, where it may ex-
ert multiple and different functions, only in part eluci-
dated so far (Zhu et al. 2004).

Unfortunately, the data derived from mouse knock-
out models in which the abl gene was inactivated have
only in part contributed to understanding the physio-
logical role of Abl. Mice with a homozygous disruption
of the abl gene show an increased incidence of perinatal
mortality, and surviving animals present phenotypes
that include lymphopenia, osteoporosis, and abnormal
head and eye development (Schwartzberg et al. 1991; Ty-
bulewicz et al. 1991). The lack of more pronounced spe-
cific defects may also be due to the fact many of the Abl
functions can be supplied by its homologue Arg. In-
deed, mice deficient for both abl and arg suffer from de-
fects in neurulation and die before embryonic day 11
(Koleske et al. 1998).

Nevertheless, the currently available data suggest
that the normal Abl kinase can be implicated in essen-
tial cellular functions which involve control of cellular
proliferation, signal transduction, apoptosis, and cell
adhesion (Pendergast 2002).

Abl regulates these functions in response to extra-
cellular signals like membrane receptor stimulation
(Plattner et al. 1999, 2004) and cell adhesion (Woodring
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et al. 2003), as well as to internal signals like DNA dam-
age and oxidative stress (Wang 2005; Welch et al. 1993).
As Abl deregulation may have detrimental effects for
cell survival, its TK activity is kept under strict control
by several internal mechanisms. These rely on a com-
plex set of intramolecular interactions involving the
SH3 and SH2 domains, and other segments in the N-ter-
minal portion of the protein (Hantschel and Superti-
Furga 2004; Nagar et al. 2003; Pluk et al. 2002). In addi-
tion, external regulators such as Pag/ Msp23/ PrxI (Wen
and Van Etten 1997), Abi1 (Ikeguchi et al. 2001; Shi et al.
1995), Abi2 (Dai and Pendergast 1995), Rb (Welch and
Wang 1993), and F-actin (Woodring et al. 2001) have
also been shown to bind to different domains of the
Abl protein, directly downregulating its TK activity or
maintaining the protein in an inactive conformation
(Wang 2004).

ADbl can act as both a positive and a negative regula-
tor of cell growth, depending on its subcellular localisa-
tion (cytoplasmic or nuclear) (Zhu and Wang 2004), on
its phosphorylation state (Pendergast 2002) and, maybe,
also on its level of expression (Pendergast et al. 1991).

Several studies suggest a positive role of Abl in cell
cycle regulation. In quiescent cells, nuclear Abl is kept
in an inactive state by binding to the retinoblastoma
(RB) protein (Welch and Wang 1993). Phosphorylation
of pRB by cyclin D disrupts this complex and results
in the activation of the Abl tyrosine kinase in S-phase
(Welch and Wang 1995), during which Abl activates
transcriptional factors such as CREB and E2F-1 as well
as RNA polymerase II (Baskaran et al. 1993, 1996).
Therefore, it appears that the Abl protein is part of
the general mechanism of regulation of gene transcrip-
tion during the cell cycle. This is consistent with the ob-
servation that fibroblasts derived from Abl knockout
mice exhibit a consistent delay in S-phase entry in re-
sponse to a PDGF stimulus (Plattner et al. 1999).

Cytoplasmic Abl also plays a key function in path-
ways regulating growth factor-induced proliferation.
The existence of a signaling cascade involving receptor
(PDGFR) and nonreceptor TKs (c-Src/Abl) important
for mitogenesis and growth factor-induced Myc expres-
sion has been recently described (Plattner et al. 1999,
2004). Along this pathway, Abl is situated downstream
of Src and contributes to transmitting the mitogenic sig-
nal activating Myc directly or through the Ras/Erk path-
way (see below).

Within the context of cell proliferation and signal
transduction, two other important aspects of Abl func-
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tion have been recently discovered. The first is a com-
plex functional interdependence between Abl and lipid
signaling pathways involving phospholipase C-y1
(PLC-y1) (Plattner et al. 2003). This lipase is important
in cell migration, membrane ruffling, and also mitogen-
esis (Rebecchi and Pentyala 2000). PLC-y1 is also criti-
cally involved in cytoskeletal reorganization and cell ad-
hesion and, similarly to Abl, localizes to membrane ruf-
fles and translocates to the plasma membrane after
growth factor stimulation (Rebecchi and Pentyala
2000). The recently uncovered bidirectional link be-
tween PLC-y1 and Abl shows that PLC-y1 is required
for Abl activation by PDGFR and Src, and that Abl func-
tions downstream of PLC-y1, as Abl inactivation blocks
PLC-y1function. PLC-y1 and Abl form a complex that is
enhanced by PDGF stimulation but, after activation, Abl
phosphorylates PLC-y1 and, in turn, negatively modu-
lates its function (Plattner et al. 2003, 2004). The second
recently described role for Abl in signaling is that in-
volved in T-cell receptor (TCR) activation (Zipfel et al.
2004), where Abl seems to act downstream of Lck and
upstream of ZAP-70, and to directly promote LAT phos-
phorylation (Wange 2004; Zipfel et al. 2004).

In contrast to the previously described positive role
in stimulating proliferation, overexpression of wild-type
ADbl in fibroblasts can induce arrest in the G1 phase of
the cell cycle (Sawyers et al. 1994). The growth inhibi-
tory effect of Abl requires its TK activity and its nuclear
localization, and is likely to relate to the ability of Abl to
induce apoptosis in response to genotoxic stress such as
that due to ionizing radiation, which is known to acti-
vate Abl (Wang 2000). Activation of the Abl kinase by
DNA damage has been shown to require the function
of ATM, which regulates cell cycle checkpoint, DNA re-
pair, and apoptosis in response to DNA damage (Wang
2000). Cells lacking Abl can activate cell cycle check-
points and DNA repair, but show defects in apoptosis.
This Abl function is dependent on the presence of
wild-type Rb and p73 (a functional homologue of the
P53 tumor suppressor) proteins, although a proapopto-
tic activity of Abl independent from the presence of
these factors has also been reported (Barila et al.
2000). Therefore, multiple and different signaling path-
ways may contribute to the induction of apoptosis
through activation of Abl under cellular stress-condi-
tions, but the complete scenario still lacks definition.

Another classical approach aimed at understanding
the possible functions of Abl at both cytoplasmic and
nuclear levels has been to consider the proteins able

to bind and to interact with its structural domains. As
in other nonreceptor TKs, the Abl protein possesses at
its N-terminus SH3 and SH2 domains, which are dock-
ing sites for proteins that contain, respectively, proline-
rich sequences interacting with the SH3 region and
phosphotyrosine residues interacting with the SH2 re-
gion (Scheijen and Griffin 2002). Molecules like SOS
which are capable of converting G-proteins (like Ras,
Rho, Rac) from the inactive form, linked to GDP, to
the active form linked to GTP, may bind to SH3. Mole-
cules like Shc, Crkl, Nck, Bp-1, and Grbz2, which lack en-
zyme activity but possess both phosphotyrosine and
SH3 and SH2 sequences, may bind to SH2. These pro-
teins may show complex interactions (Li et al. 2001)
and may play a role of “adaptors,” allowing the forma-
tion of complexes capable of putting enzymes and spe-
cific substrates in contact with each other. On the basis
of these domains, it is deducible that Abl, like its onco-
genic counterpart Bcr-Abl, is capable of activating a mi-
togenic signal through a pathway that sequentially in-
volves Ras, Raf, Mek1 and Mekz2, and Erk (Puil et al.
1994). This last kinase is capable of phosphorylating
transcription factors such as Jun, triggering cellular
proliferation (Raitano et al. 1995).

The C-terminal portion of the Abl protein contains a
domain that interacts with F-actin (McWhirter and
Wang 1993), as a consequence of which Abl plays a
key role in the physiology of the cytoskeleton. Homozy-
gous deletion of this region in transgenic mice is incom-
patible with life, resulting in a phenotype overlapping
that induced by the deletion of the entire ABL gene
(Schwartzberg et al. 1991). The exact function of this in-
teraction is unknown; several data, however, suggest an
important role for Abl in the mechanisms which regu-
late variations in cellular morphology and intercellular
adhesion (Woodring et al. 2003). In addition, Abl has
also been shown to inhibit migration of fibroblasts by
phosphorylating Crk, which results in disruption of
Crk-CAS complexes (Kain and Klemke 2001).

The Abl protein is the only nonreceptor tyrosine
kinase to possess a DNA-binding domain in the C-ter-
minal region of the molecule (Kipreos and Wang
1992). It also contains specific sequences which allow
its nuclear localization (NLS) and nuclear export (NE)
(Taagepera et al. 1998; Wen et al. 1996). These structural
data are in agreement with the fact that Abl continu-
ously shuttles between the nucleus and the cytoplasm.
The mechanisms responsible for nuclear targeting of
Abl have only recently been elucidated (Yoshida et al.
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2005). Abl is sequestered in the cytoplasm by binding to
14-3-3 proteins and this binding requires phosphoryla-
tion of Abl on Thr 735. In response to DNA damage,
activation of the Jun N-terminal kinase (Jnk) induces
phosphorylation of 14-3-3 proteins and their release
from Abl which, as a consequence, is able to translocate
to the nucleus (Pendergast 2005; Yoshida and Miki 2005;
Yoshida et al. 2005).

2.2.2 BCR

Unlike its partner, the BCR gene was first identified be-
cause of its rearrangement with ABL as a consequence
of the t(9;22) translocation (Groffen et al. 1984). Named
after its breakpoint cluster region, BCR contains 23
exons and maps to a region of about 135 kb on chromo-
some 22 (Chissoe et al. 1995). It is expressed as two 4.5
and 6.7 kb transcripts, which code for the same ubiqui-
tously expressed cytoplasmic 160 kd protein (Chissoe et
al. 1995). The Bcr protein contains several structural do-
mains that underlie possible functions. The first large
BCR exon encodes: (1) a serine-threonine kinase, whose
substrates include Bap-1, a member of the 14-3-3 pro-
teins (Reuther et al. 1994); (2) a coiled-coil domain
which allows formation of dimers (McWhirter and
Wang 1993); (3) a tyrosine residue at position 177 which,
when phosphorylated in the Ber-Abl hybrid protein, can
bind Grb-2 (Pendergast et al. 1993), an adaptor molecule
involved in the activation of the Ras pathway (Ma et al.
1997).

In the central part of Bcr there is a DBL-like pleck-
strin-homology (PH) domain, able to stimulate Rho,
and a GDP-GTP (guanidine diphosphate-triphosphate)
exchange factor (Denhardt et al. 1996), which activates
NF-kB and other transcription factors (Montaner et al.
1998). The C-terminal part of the molecule contains a
GTPase activity domain for Rac (Diekmann et al.
1991), a small GTPase of the Ras family of proteins,
which regulates also the activity of an NADPH oxidase
in phagocytic cells (Diekmann et al. 1995). The latter
finding may explain the increased oxidative burst ob-
served in the neutrophils of becr-knockout mice (Vonck-
en et al. 1995). This is indeed the only relevant defect
presented by these mice. Therefore, the significant cel-
lular functions of the Bcr protein remain so far mostly
elusive.

2.3 Molecular Anatomy of the Bcr-Abl
Rearrangements and Their Preferential
Association with Different Leukemia
Phenotypes

Although generally regarded as the cytogenetic hall-
mark of CML, the Ph-chromosome may be associated
with different leukemia phenotypes, ranging from very
indolent chronic myeloproliferative disorders to acute
leukemias of either lymphoid or myeloid lineage (Melo
1996).

CML is a myeloproliferative disease, initially charac-
terized by an abnormal expansion of a clonal hemato-
poiesis still capable of achieving terminal differentia-
tion (Goldman and Melo 2003). CML exhibits a charac-
teristic biphasic clinical course: the initial chronic phase
(CP), which can last for several years, originates as an
indolent disease, but is invariably followed by an acute
leukemia, termed blast crisis (BC). This is marked by
the emergence within the clonal hematopoiesis of fully
transformed subclones arrested at an early stage of dif-
ferentiation, of either myeloid or lymphoid origin (Kan-
tarjian et al. 1987). The latter finding provides evidence
that the chromosome translocation occurs in a multipo-
tent stem cell, able to give origin to cells of different he-
matopoietic lineages. Indeed, in CP CML patients, the
erythroid, monocytic, and at least part of the B- and
T-lymphoid lineages have been found to harbor the
t(9;22) translocation (Fialkow et al. 1977; Haferlach et
al. 1997; Tefferi et al. 1995). However, there is no evi-
dence that these cells are functionally abnormal in
CML and, during the CP, the disease phenotype is pre-
dominantly characterized by high WBC and platelet
counts, with a variable increase in the percentage of
the eosinophils and basophils (see Chap. 4, entitled
Clinical Features of CML).

However, the Ph-chromosome, harboring the BCR-
ABL gene, is not exclusive to CML because it is found
in approximately 30% of adults (Saglio et al. 1991) and
5% of children (Priest et al. 1980) with ALL, as well as
in 1-1.5% of cases of AML (Saglio et al. 2005) and in
sporadic cases of lymphoma and myeloma. Further-
more, a hybrid BCR-ABL gene can also be found in pa-
tients who apparently lack a classical Ph-chromosome,
which account for approximately 5% of all CML cases
(Hagemejier 1987). In some of these Ph-negative cases,
the absence of the hallmark chromosome is due to vari-
ant translocations involving other chromosomes in ad-
dition to 9 and 22 (Huret 1990; Vermaet al. 1989). In
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BCR gene
m-bcr

Breakpoint on chromosome 9 ABL gene

Fig. 2.1. Molecular anatomy of the BCR-ABL rearrangement. All BCR-
ABL fusion genes contain a 5’ portion derived from BCR sequences
and a 3’ portion which includes the bulk of the ABL gene. With the
exception of sporadic cases, the breakpoint within the ABL gene falls
always upstream of exon 2. In CML, the breakpoints within the BCR
gene on chromosome 22 are predominantly restricted to a central
region of the gene called major breakpoint cluster region (M-bcr).
Two different types of BCR-ABL transcript may be expressed, joining
respectively BCR exon 13 to ABL exon 2 (e13a2) or BCR exon 14 to
ABL exon 2 (e14a2). In most Ph-positive acute lymphoid leukemias
(ALL) the breakpoint on chromosome 22 is located in the first large
intron of the BCR gene (minor breakpoint cluster region, or m-bcr),
and, as a consequence, BCR exon 1 is joined to ABL exon 2 (ela2
junction). In few cases, the breakpoint may take place at the very 3’
end of the BCR gene (micro breakpoint cluster region, or -bcr),
producing a junction between BCR exon 19 and ABL exon 2 (e19a2).
Rare types of BCR-ABL transcripts with junction between BCR exon 6
or exon 8 to ABL exon 2 have been occasionally identified in CML

others, however, the BCR-ABL fusion can be found by
FISH (fluorescent in situ hybridization) in cells showing
an apparently normal karyotype, and derives from a
subcytogenetic translocation moving only a small por-
tion of chromosome 9 containing the ABL gene to chro-
mosome 22 or vice versa (Morel et al. 2003).

The rearrangement between BCR and ABL shows a
certain degree of variability at the molecular level
(Fig. 2.1), and the different types of BCR-ABL hybrid
genes generate different types of fusion transcripts
and proteins, which show a preferential but not exclu-
sive association with different leukemia phenotypes
(Melo 1996; Saglio et al. 1997).

All BCR-ABL fusion genes contain a 5 portion de-
rived from BCR sequences and a 3’ portion which in-
cludes the bulk of the ABL gene, most often devoid of
the 1b alternative first exon and less frequently of exon
1a as well (Chissoe et al. 1995). In very rare cases, the
breakpoint within the ABL gene falls downstream of
exon 2, and in these cases the fusion transcripts encode

a protein-lacking part of the SH3 domain. Although this
domain in normal Abl is considered to exert the role of
an internal negative regulator of the TK activity, its
truncation in the Bcr-Abl fusion protein does not imply
a different leukemia phenotype in the cases showing
this peculiarity (Tiribelli et al. 2000).

In CML, the breakpoints on chromosome 22 are pre-
dominantly restricted to a central region of the BCR
gene called “M-bcr” (major breakpoint cluster region),
which contains 5 exons originally named b1 to bs, cor-
responding to BCR exons e1o to e14. Two different types
of BCR-ABL transcript junction may be present (Groffen
et al. 1984; Heisterkamp et al. 1985). In the first, BCR
exon 13 is joined to ABL exon 2 (e13a2 junction, pre-
viously b2a2), whereas in the second, BCR exon 14 is
spliced to ABL exon 2 (e14a2 junction, previously
b3a2) (Shtivelman et al. 1985). The two chimeric mRNAs
differ by 75 bp corresponding to the length of exon 14
sequences, and the corresponding P210 proteins differ
by 25 amino acids.

Whereas approximately 30% of the Ph-positive ALL
cases show the same types of Bcr-Abl rearrangements
and express the same types of hybrid proteins found
in CML; in the remaining 70%, a shorter Bcr-Abl hybrid
protein (P19o) is detected (Chan et al. 1987). In these
cases the breakpoint is located in the first large intron
of the BCR gene (the minor breakpoint cluster region,
or m-bcr), and in this rearrangement the sequences of
the first BCR exon are joined to ABL exon 2 (e1a2 junc-
tion) (Fainstein et al. 1987). Both in vitro (Lugo et al.
1990) and animal studies (Li et al. 1999; Quackenbush
et al. 2000) suggest that P19o is characterized by a high-
er transforming activity than P210, and this could ex-
plain why P1go is preferentially associated with an acute
leukemia phenotype.

However, the relationship between the type of Bcr-
ADl fusion protein and the leukemia phenotype is an in-
triguing question which, at present, remains largely un-
solved. Thus, whereas the P1go fusion protein is almost
exclusively associated with acute leukemias, mainly
lymphoid (Ph-positive ALL), there are also rare CML
cases which, instead of P210, express exclusively P1go
(Selleri et al. 1990). These P1go CMLs frequently appear
to have a disease similar in many aspects to chronic
myelomonocytic leukemia (Melo et al. 1994; Ravandi
et al. 1999). The discovery that at diagnosis all CML pa-
tients also express a variable amount of transcripts with
an e1a2 junction (encoding the P19o protein) as a con-
sequence of an alternative splicing between BCR exon 1
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and ABL exon 2 within the original e13a2 or e14a2 tran-
scripts leading to P210, makes the question even more
complex (Saglio et al. 1996; van Rhee et al. 1996).

Finally, a longer type of BCR-ABL transcript in
which the breakpoint takes place at the very 3" end of
the BCR gene (at the micro breakpoint cluster region,
or p-ber) and joins BCR exon 19 to ABL exon 2
(e19a2) is found in a small proportion of CML patients
(Saglio et al. 1990). This transcript contains the same
portion of ABL mRNA as the other more common types
of BCR-ABL transcripts, but includes almost all the BCR
coding sequence, and results in a fusion protein of 230
kd molecular weight (P230) (Verstovsek et al. 2002). In-
terestingly, this type of BCR-ABL rearrangement has
been often associated with a very mild form of CML, de-
nominated Ph-positive neutrophilic CML (Ph+ N-
CML), showing clinical and hematological features over-
lapping those of classical CML and chronic neutrophilic
leukemia (CNL) (Pane et al. 1996). However, p230 Bcr-
Abl cases associated with a classical CML phenotype
or even to acute leukemia have been also described
(Pane et al. 2002)

Additional rare types of BCR-ABL transcripts have
been occasionally identified in CML and Ph-positive
leukemia patients. Among the other potential junctions
with ABL exon 2 or exon 3 that can maintain the fusion
sequences in frame, those involving BCR exon 6 (Hoch-
haus et al. 1996) or exon 8 (How et al. 1999) have been
described but are rare, and the former are generally as-
sociated with a rather aggressive CML phenotype
(Schultheis et al. 2003). In other cases, the correct read-
ing frame between BCR exons and ABL exon2 is main-
tained through the presence of abnormal breakpoints
within the BCR exons, or through the interposition of
extraneous sequences derived from introns or even
from other (and sometimes rather distant) genes (Melo
1997; Roman et al. 2000; Saglio et al. 2002). Although
the number of these cases is small, it appears that many
of these patients had a somewhat unusual and fre-
quently aggressive clinical course (Melo 1997).

The latter findings and other observations, in partic-
ular those showing frequent deletions on the derivative
chromosome 9q+ (see below) or unexpected duplica-
tions of BCR sequences present in both the BCR-ABL
and the reciprocal ABL-BCR transcripts (Melo 1997;
Melo et al. 1993; Litz et al. 1993; Zhang et al. 1995), sug-
gest that the genesis of the Ph-chromosome and that of
the consequent BCR-ABL rearrangement can be the re-
sult of rather complex events and the reason why certain

types of rearrangement are more frequent than others is
presently unknown.

In conclusion, whereas there is a clear preferential
association between certain types of BCR-ABL tran-
scripts and specific leukemia phenotypes, such associa-
tion is not absolute. In cases in which the same fusion
occurs in different types of leukemia (i.e., p210 in
CML and in ALL, p1go in ALL and in CML) other still
unknown factors, like different levels of expression,
may play a significant role (Verstovsek et al. 2002).

2.4 Mechanisms Leading to Constitutive
Activation of the Bcr-Abl Tk Activity

The Bcr-Abl fusion protein certainly plays a key role in
the neoplastic transformation of the Ph-chromosome
positive clone. Definitive evidence of this emerged from
experiments with transfection of normal hemopoietic
bone marrow progenitors of mice with retroviral vec-
tors carrying the P21o-type BCR-ABL gene (Daley et
al. 1990; Pear et al. 1998; Zhang and Ren 1998). In this
manner, it was possible to reproduce a CML-like dis-
ease, which frequently and rapidly switched into an
acute lymphoid leukemia, thus mimicking at least in
part the characteristic biphasic course of the human
disease.

A substantial increase of the TK activity, compared
to that of normal Abl, is the leading feature of all known
forms of rearranged Abl proteins endowed with trans-
forming properties, in all viruses, mice, and humans
(Pendergast 2002). Moreover, there is a direct relation-
ship between the level of TK activity and its transform-
ing potential, suggesting that the Abl enzymatic activity
is the key factor in inducing and maintaining the neo-
plastic phenotype (Wang 2004). However, more efficient
and sophisticated mouse models of CML created more
recently have been crucial for establishing a correct
structure-function analysis of Bcr-Abl (Van Etten
2002). These models have clearly indicated that the ac-
tivation of the tyrosine-kinase activity of Abl is neces-
sary, but not sufficient per se to induce a CML-like dis-
ease. Domains/motifs of Bcr-Abl outside the Abl kinase
catalytic site could be crucial determinants of both the
severity and lineage specificity of Bcr-Abl-induced leu-
kemogenesis (Ren 2005).

In the past years, considerable efforts have been de-
voted to understanding the critical sequences of the
BCR-ABL gene whose mutations, deletions, or rearran-
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gements might influence the enzymatic activity and
trigger its oncogenic potential. As discussed, the central
feature is certainly the fact that the normally regulated
TK of the Abl protein is constitutively activated by the
junction with the N-terminal portion of the BCR gene
product. The presence of these sequences allows consti-
tutive dimerization of the Bcr-Abl protein, thus promot-
ing a transphosphorylation process (McWhirter and
Wang 1993). The uncontrolled TK activity of Bcr-Abl
somehow mimics the functions of the normal Abl by in-
teracting with its effector proteins, and ultimately deter-
mines an uncontrolled cellular proliferation, a de-
creased adherence of the leukemia cells to the bone
marrow stroma, and a reduced sensitivity to apoptotic
stimuli.

However, to consider Bcr-Abl only a constitutively
activated form of normal Abl is too simplistic: Bcr-Abl
may have different binding properties with respect to
its normal counterpart. For instance, Bcr-Abl binds di-
rectly to Grbz, and since this association involves the
Ber portion of the protein, which is absent in Abl, sig-
naling through this pathway is unique to the human on-
cogene (Pendergast et al. 1993).

The kinase domain of Bcr-Abl is also regulated dif-
ferently from that of Abl. The latter is tightly regulated
(Hantschel and Superti-Furga 2004), as shown by the
lack of oncogenic activity even following Abl overex-
pression (Pendergast 2002). Both intra- and intermole-
cular interactions are implicated in the tight control of
Abl TK activity (Wang 2004). The crystal models of in-
active Abl have shown that, as for Src, its autoinhibition
relies on a complex set of intramolecular interactions
that involve, besides the catalytic TK domain, the SH3
and SH2 domains (Barila and Superti-Furga 1998;
Brasher and Van Etten 2000; Smith et al. 2003) and
other segments in the N-terminal portion of the protein,
such as the myristoyl group (Hantschel et al. 2003), the
SH3-SH2 connector (Nagar et al. 2003), the SH2-kinase-
domain linker, and the so-called Cap region, a domain
of approximately 8o residues located immediately up-
stream of the SH3 domain (Hantschel and Superti-Furga
2004; Pluk et al. 2002). In the inactive conformation Abl
resembles Src, in that the SH2 and SH3 domains bind to
the kinase domain and this conformation is kept stable
by the contact of the myristoyl group with a hydropho-
bic region on the C-terminal portion of the protein (Na-
gar et al. 2002). As a consequence, mutations or dele-
tions able to disrupt the coordinated interaction of these
domains may lead to activation of the Abl TK (Azam et

al. 2003). In addition, several proteins that bind to the
Abl SH3 domain and inhibit the kinase activity in vivo
have been identified, such as Pag/Msp23/PrxI (Wen and
Van Etten 1997), Abi1 (Ikeguchi et al. 2001; Shi et al.
1995), Abi2 (Dai and Pendergast 1995), and F-actin
(Woodring et al. 2001). In the nucleus, the Rb protein
binds to the ATP-binding portion of the Abl kinase do-
main during the G1 phase of the cell cycle and this in-
teraction inhibits the Abl kinase activity (Welch and
Wang 1993). At the moment, however, the physiologic
relevance of the Abl binding proteins is not completely
clear. Recently, an interesting hypothesis reconciling the
self-imposed ability of Abl to maintain a latent confor-
mation with the presence of Abl inhibitors has been pro-
posed. According to this hypothesis the cellular inhibi-
tors of Abl control and stabilize the autoinhibited con-
formation (Wang 2004).

In the Bcr-Abl fusion protein, the first few Abl resi-
dues are replaced by the N-terminal segment of Bcr.
Since the major part of the SH3 region is intact, the
mechanism of increased tyrosine-kinase activity is
mainly due to the dimerization induced by the coiled-
coil (CC) motif on the Bcr portion (Pendergast et al.
1993). Mutations or deletions in this CC motif abolish-
ing the capacity of Bcr to dimerize abrogate the leuke-
mogenic potential of Bcr-Abl in mice, at least on the
myeloid lineage (He et al. 2002; Zhang et al. 2001).
Therefore, dimerization through the CC-motif is essen-
tial for Ber-Abl TK activation, allowing an initial trans-
phosphorylation of a regulatory Tyr residue at position
1294 in the kinase domain, followed by phosphorylation
of another Tyr residue at position 177 of the Bcr portion,
that becomes a Grb2-binding site (Fig. 2.2). Grb2 in turn
binds SOS and GAB2, and the formation of this com-
plex, strictly dependent on phosphorylation at Tyr 177,
leads to activation of RAS and recruitment of SHP2
and PI3K (Pendergast et al. 1993; Puil et al. 1994). The
role of other sites of phosphorylation, such as a Tyr re-
sidue at position 245 of Abl in the linker between the
SH2 and the kinase domain, is still matter of debate
(Brasher and Van Etten 2000; Tanis et al. 2003). This se-
quence of phosphorylation events, in part similar to that
occurring in the full activation of normal Abl, is impor-
tant to understand the mechanism of action of imatinib,
and may explain why certain mutations outside the ATP
binding pocket may cause resistance to the drug (Azam
et al. 2003). Since imatinib binds to the Bcr-Abl TK in its
inactive conformation, mutations that favor the mainte-
nance of an active state can cause resistance to the drug.
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Fig. 2.2. Pathways activated by Bcr-Abl. The Bcr-Abl proteins can
form dimers or tetramers and transautophosphorylate at Tyr residue
1294. Subsequent phosphorylation at the Tyr 177 residue in the Bcr
portion generates a high-affinity binding site for growth factor re-
ceptor-bound protein 2 (Grb2). Grb2 binds to Bcr-Abl through its
SH2 domain and to Sos and Grb2-associated binding protein 2
(Gab2) through its SH3 domains. Sos in turn activates Ras and its
downstream effectors. The SH2 domain of Abl can bind SHC, which,
following phosphorylation, can also recruit Grb2. Bcr-Abl proteins
may also activate STATs either by direct association of Stat SH2
domains with phosphorylated tyrosines on Bcr-Abl or via the Src
family kinase Hck. Finally, Myc is activated by Bcr-Abl activation
through the SH2 and the C-terminus regions of the Abl portion and
via Jak2

In addition to dimerization, the inability of cellular
inhibitors of Abl to bind to the SH3 region of the Bcr-
Abl protein may contribute to the mechanisms leading
to the constitutive TK activity (Brasher et al. 2001). This
could occur through the formation of oligomers which,
in turn, might interfere with the SH3 binding of inhibi-
tory proteins (Golub et al. 1996), and is thus in keeping
with the observation that rare CML cases carrying BCR-
ABL transcripts in which the SH3 domain is absent be-
cause of an unusual breakpoint position within the ABL
gene, do not differ significantly in leukemia phenotype
from those carrying the classical types of transcripts
(Tiribelli et al. 2000). It has been shown that Bcr-Abl
TK activity may induce the proteasome degradation
of Abl cellular inhibitor proteins, such as Abi-2 (Dai
et al. 1998).

Finally, the failure of normal mechanisms of inacti-
vation may also play a role in maintaining Bcr-Abl acti-
vation. Whereas activated Abl is rapidly downregulated
by ubiquitin-dependent proteasome machinery, and
this prevents the unwarranted persistence of high levels
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of activated Abl kinase activity in the cells, this mecha-
nism may fail to inactivate Bcr-Abl (An et al. 2000). It is
also known that tyrosine phosphatases may counterba-
lance the effect of the TK proteins in the cells (Neel et al.
2003). Transcriptional or posttranscriptional deregula-
tion of the tyrosine-phosphatases has been described
to occur in Bcr-Abl transformed cells (Chien et al.
2003) and, although we still lack a comprehensive vision
of all these aspects, an important possible role of these
proteins to the leukemogenic process induced by Becr-
ADbl can be envisaged.

2.5 Pathways Activated by Bcr-Abl

The molecular pathways by which the Bcr-Abl proteins
induce transformation still remain rather elusive, in
spite of the large body of data accumulated in recent
years. This is in part a consequence of our incomplete
knowledge of the physiological function of the ABL pro-
to-oncogene product. Nevertheless, it is becoming pro-
gressively evident that a multiplicity of molecular inter-
actions is implicated in the transforming activity of the
Bcr-Abl hybrid proteins, inducing perturbations of var-
ious molecular pathways at different levels, from mem-
brane to nucleus, and affecting three main functions:
proliferation, adhesion, and apoptosis. In this context,
however, two general aspects must be considered: (1)
each activated pathway may be implicated in more than
one function, as e.g., the PI3K/AKT pathway, which is
relevant for both proliferation and apoptosis (Vivanco
and Sawyers 2002); (2) the functional relevance of each
activated pathway may vary in the context of lineage of
the BCR-ABL positive cells (Hu et al. 2004).

2.5.1 Effects of Bcr-Abl on Signal Transduction

2.5.1.1 RAS Pathway

One of the critical signaling pathways constitutively ac-
tivated in CML hematopoiesis is that controlled by Ras
proteins and their relatives (Cortez et al. 1997) (Fig. 2.2).
The TK activity of P210 maintains p21 Ras in an active
state, bound to GTP. Ras activation results from interac-
tion of P210 with other cytoplasmic proteins, which
function as adaptor molecules, to create multiprotein
signaling complexes. The amino-terminal BCR-encoded
sequences of Bcr-Abl contains a tyrosine phosphory-
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lated site at position 177 that binds the SH2 domain of
the adaptor proteins Grbz (Pendergast et al. 1997).
The essential role of phosphorylation of this Tyr residue
in the Ber portion is underlined by the finding that mu-
tation of tyrosine 177 to Phe abrogates the ability of Bcr-
Abl to induce myeloid leukemia in a murine model of
CML (He et al. 2002). The P210-Grb2 ligand recruits
Sos, a Ras-guanine nucleotide-releasing-protein (GNRP),
which is constitutively associated to the Grb2 SH3 do-
main (Cortez et al. 1997) (Fig. 2.2). In turn, Bcr-Abl-
Grb2-Sos complex stimulates conversion of the inactive
GDP-bound form of Ras to its active GTP-bound state
(Cortez et al. 1997). In addition, the RAS-controlled
pathway is enhanced by the phosphorylation of the
Shc gene products p46 and ps2 by the Bcr-Abl phos-
pho-Tyr residue located at position 1294 of the TK do-
main, which, after the formation of a Shc-Grb2 complex,
has the potential to further activate the RAS-mediated
signaling (Pelicci et al. 1995). The critical role of inter-
mediate adaptor proteins, consisting of SH2/SH3 do-
mains, but lacking a catalytic domain, as potential sub-
strates for P210 Bcr-Abl TK activity is substantiated by
heavy phosphorylation of Crkl. This is the most promi-
nent tyrosine phosphorylated protein in Ph-positive
cells (Oda et al. 1994), where it binds Bcr-Abl and
through p120CBL may link P210 to the PI-3 kinase path-
way (Sattler et al. 1996), which is not only relevant for
proliferation but also for the regulation of apoptosis. Fi-
nally, Bcr-Abl activates Rafi, Meki, Mek2, and Erk ki-
nases through p21 Ras, which elicits early nuclear
events, such as transactivation of JUN (Raitano et al.
1995).

Another way to activate both the RAS and the PI3K/
AKT pathways is represented by the activation of the
scaffold protein Gab2 which is recruited and phos-
phorylated by Bcr-Abl through the formation of a com-
plex with the adaptor protein Grb-2, that binds the
phosphorylated Tyr residue at position 177 of the Ber
portion of Bcr-Abl (Sattler et al. 2002). The fundamental
role of Gab2 activation in this pathway is underlined by
the fact that Bcr-Abl was unable to confer cytokine-in-
dependent growth, a characteristic of BCR-ABL-positive
leukemia cells, in primary myeloid cells isolated from
Gab27/” mice (Sattler et al. 2002). Gab2 is also impli-
cated in the activation of SHP2, a phosphatase also
known as PTPN11, which is frequently found inactivated
in many types of human cancer and in an autosomal-
dominant genetic disorder, the Noonan syndrome.
The subjects affected by this syndrome, besides other

congenital defects, show a predisposition to develop leu-
kemia (Tartaglia et al. 2004). PI3K and SHP2 are re-
quired for normal activation of the RAS pathway by
most receptor tyrosine kinases and cytokine receptors
(Sattler et al. 2002), but the mechanism of the activation
of RAS-ERK pathway by SHP2 is at present unknown.
The importance of Ras signaling in CML is mainly asso-
ciated with the increased proliferation induced by Bcr-
Abl activation but, through the stimulation of the
PI3K/AKT pathway, it may also be relevant for inhibi-
tion of apoptosis (Kharas and Fruman 2005).

2.5.1.2 MYC Pathway

Another postulated nuclear “target” of the transforming
activity of the P210 protein is the proto-oncogene MYC,
which is expressed at high levels in CML cells. MYC ac-
tivation, however, seems to be independent from the ac-
tivation of the Ras pathway and, in fact, in vitro comple-
mentation studies reveal that the SH2 and the C-termi-
nus regions of Abl are directly involved in the mecha-
nism of MYC upregulation (Zou et al. 1997).

It has been recently demonstrated that Jak2 is impli-
cated in Myc induction by Bcr-Abl (Xie et al. 2001,
2002). This is particularly relevant in light of the recent
reports that Jak2 activation through a specific point mu-
tation is responsible for a very high percentage of classic
myeloproliferative disorders such as polycytemia vera
(PV), essential thrombocythemia (ET) and idiopathic
myelofibrosis (IM) (Baxter et al. 2005; James et al.
2005; Jones et al. 2005; Kralovics et al. 2005; Levine et
al. 2005). This finding seems to establish a connection
between the molecular pathogenesis of different myelo-
proliferative disorders. Myc seems also essential for Bcr-
Abl-mediated transformation of both fibroblasts and
hematopoietic cells, as dominant negative mutants of
Myc were shown to be able to block this process (Saw-
yers et al. 1992). Although most of the Myc functions
still lack a precise definition, it is known that this tran-
scription factor induces the transcription of specific
genes connected with cell cycle and apoptosis in re-
sponse to mitogenic signals (Menssen and Hermeking
2002).

2.5.1.3 STAT Pathway

STAT1 and STATs are constitutively activated in BCR-
ABL-positive cell lines and in primary cells from CML
patients (Carlesso et al. 1996; Ilaria and Van Etten



1996). P19o Bcr-Abl is also able to activate STAT6 (Ilaria
and Van Etten 1996), and this may be relevant for the
preferential association with the lymphoid phenotype
shown by this type of Bcr-Abl protein.

Demonstration of STAT activation by Bcr-Abl led to
the attractive model that this could explain the cytokine
independence characteristic of the BCR-ABL positive
cells. In normal cells, nuclear translocation of STATs oc-
curs only after cytokine binding to receptor and is
mediated by the activation of the receptor-associated
Jak kinases (Sillaber et al. 2000). However, Bcr-Abl pro-
teins activate STATs not by a Jak-dependent pathway, by
but either direct association of Stat SH2 domains with
phosphorylated tyrosines on Bcr-Abl or via the Src fam-
ily kinase Hck (Schreiner et al. 2002). Furthermore, fac-
tor-independent growth may also derive from an auto-
crine loop (Sirard et al. 1994). The suggestion that
Ber-Abl induces secretion of growth factors such as
IL-3 and G-CSF has been supported in some experimen-
tal systems (Humphries et al. 1988).

2.5.1.4 Other Signaling Pathways

Activation of the transcription factor NF-kB/Rel by Bcr-
Abl has been demonstrated, but the mechanisms remain
obscure. Bcr-Abl induces NFkB/Rel nuclear transloca-
tion, which is at least partially due to increased IkBa de-
gradation (Kirchnera et al.2003). The p38 MAPK path-
way has also been recently reported to show alterations
in CML (Mayer et al. 2001). A hypothetic scenario is that
this pathway, normally inhibited by Bcr-Abl, could be
restored by interferon-alpha, explaining the antiproli-
ferative effect of this drug on CML cells

Several other pathways activated by Bcr-Abl still lack
a precise definition. For example, associations with the
subunit of the IL-3 receptor (Wilson Rawls et al. 1996)
and with the Kit receptor (Hallek et al. 1996) have been
reported. More recently, however, the role of the Dok-1
and Dok-2 proteins, also known to be heavily phos-
phorylated by Bcr-Abl (Kashige et al. 2000), has been
in part elucidated. Indeed, Dok-1 and Dok-2 negatively
regulate Ras and MAP kinase activation and, therefore,
seem to oppose the transformation induced by p210
Ber-Abl (Di Cristofano et al. 2001). As a consequence,
Dok-1 and Dok-2functional loss could potentially con-
tribute to disease progression (Niki et al. 2004; Yasuda
et al.2004), but whether this really occurs in the natural
history of the human disease still needs to be estab-
lished.
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2.5.2 Impaired Adhesion to Bone Marrow Stroma

An increasing set of data suggests that stromal proteins
are also implicated in the well-known defective adhe-
sion capacity of CML cells. This may derive from the
fact that the Bcr-Abl protein forms multimeric com-
plexes with adhesion proteins like Paxillin, and is able
to bind to F-actin or focal adhesion kinase (FAK), thus
suggesting a direct action on the cytoskeleton function
(Salgia et al. 1995). Crkl, the most abundant phosphory-
lated protein in CML neutrophils, has roles in the regu-
lation of cellular motility (Uemura et al. 2000) and may
mediate these interactions by way of its association with
focal adhesion proteins such as Fak and p13oCas (Salgia
et al. 1996).

Since adhesive interactions are tools for extensive
“cross talk” between cells, they ensure the regulated
state of a large number of cell functions such as growth
and differentiation. Part of the adhesion defect of Ph-
positive hematopoiesis is mediated through abnormali-
ties of the phosphatidyl-inositol (PI)-linked surface re-
ceptors, which are involved in the reduced adhesion ca-
pacity of CML progenitors to the bone marrow stromal
compartment (Bathia et al. 1995). In particular, the de-
ficient expression of one PI-linked cell surface cytoad-
hesion molecule, the lymphocyte-associated-antigen
three (LFA 3), has been associated with the abrogation
of the immuno-mediated control on the size of the
Ph-positive clone (Upadhyaya et al. 1991). LFA 3 (iden-
tified by the monoclonal antibody CD58) is a widely ex-
pressed cell surface protein, whose only known function
is to act as the binding ligand for the T cell surface pro-
tein CD2. CD2/LFA 3 adhesive interaction between a
subset of human T cells and early (CD34+) hematopoie-
tic progenitors plays a role in controlling the size of the
actively cycling stem cell pool. Through LFA3-deficient
expression, the Ph-positive stem cell compartment
may escape this immune-mediated growth regulation.

However, the most relevant consequences of changes
in the adhesion properties of CML cells arise from ab-
normal interactions of Ph-positive progenitors with
the hematopoietic microenvironment. This was first de-
scribed by Gordon et al., who observed the failure of the
Ph-positive hematopoietic progenitors to adhere to pre-
formed stromal layers (Gordon et al. 1987). Normally, ad-
hesion of the hematopoietic stem cell to special “niches”
within the bone marrow microenvironment is crucial for
maintenance of its quiescent state. This phenomenon re-
sults from adhesive interactions between the f1 integrins
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VLA-4 and VLA-5, the homing lymphocyte receptor
(CD44) and the cell surface proteoglycan receptor lo-
cated on the cell surface, with distinct functional do-
mains of fibronectin, a component of the hematopoietic
microenvironment extracellular matrix (Verfaille et al.
1992, 1994, 1997). Hematopoietic inhibitory factors
MIP1a and TGF-f have also been proposed as soluble
messengers responsible for contact-mediated inhibitory
effects on cell proliferation (Verfaille et al. 1994). As a
consequence, impaired adhesion to the stromal microen-
vironment allows CML progenitors to cycle continu-
ously, independently of physiological stimuli that induce
cell cycle arrest on their normal counterparts (Eaves et
al. 1986).

In conclusion, the complete biochemical pathway
underlying the adhesion defect of Ph-positive progeni-
tors has not yet been identified, and there are contrast-
ing observations regarding the integrin function in cell
lines as compared to primary cells. It seems to involve
both direct interactions of Bcr-Abl with molecules play-
ing a key role in cytoskeleton organization and indirect
interactions mediated by other proteins. In relation to
this, it is not presently known if the previously de-
scribed interaction between PLC-y1 and normal Abl
(Plattner et al. 2003, 2004), is also deregulated in Bcr-
Abl transformed cells thus underlying the adhesion de-
fect observed in CML.

2.5.3 Inhibition of Apoptosis

Whereas the normal Abl protein plays a key role in the
cellular response to genotoxic stress and has a proapop-
totic function, the oncogenic Bcr-Abl tyrosine kinase is
a potent inhibitor of apoptosis (Skorski 2002; Wang
2000). This may be in part explained by the fact that
one of the most striking differences between the normal
Abl and Bcr-Abl lies in their different subcellular local-
ization. The Abl protein is found in both the nucleus
and the cytoplasm and can shuttle between these two
compartments because of the presence of nuclear local-
ization and nuclear export domains. The mechanisms
responsible for nuclear targeting of Abl have been re-
cently elucidated (Pendergast 2005; Yoshida and Miki
2005; Yoshida et al. 2005). Abl is sequestered in the cy-
toplasm by binding to 14-3-3 proteins, and this binding
requires phosphorylation of Abl on Thr 735. In response
to DNA damage, activation of the c-Jun N-terminal kin-
ase (Jnk) induces phosphorylation of 14-3-3 proteins

and their release from Abl, which as a consequence is
able to translocate to the nucleus, where it functions
as it has been previously discussed. By contrast, Bcr-
Abl is exclusively cytoplasmic and seems to be unable
to enter the nucleus, where normal Abl exerts its pro-
apoptotic activity (Wang 2000). Interestingly, Bcr-Abl
is retained in the cytoplasm mainly because of its con-
stitutively activated tyrosine kinase, but if the kinase is
inhibited in vitro with imatinib and its nuclear export
simultaneously blocked with leptomycin B, the oncopro-
tein may enter the nucleus. If imatinib is subsequently
removed and the tyrosine kinase activity of the trapped
nuclear Bcr-Abl is reactivated, apoptosis is induced
(Vigneri and Wang 2001).

Furthermore, Bcr-Abl can inhibit apoptosis at the
cytoplasmic level mainly by activating the PI3K/AKT
pathway. Indeed, Bcr-Abl, but not Abl, associates with
and activates PI3K (Varticovski et al. 1991). This is ef-
fected via more than one pathway, such as via Crk
and Crkl (Sattler et al. 1996) or via p21Ras, as shown
in other systems (Kauffmann-Zeh et al. 1997). Similarly,
recent work suggests that the scaffolding adaptor pro-
tein Gabaz, recruited to Tyri77 of Bcr-Abl via a Grb2/
Gab2 complex, represents a fundamental factor in link-
ing Bcr-Abl to PI3K activation (Sattler et al. 2002). Akt
kinase is certainly an important effector of Bcr-Abl-ac-
tivated PI3K (Skorski 1997), and its activation is depen-
dent on the PI3K products, phosphatidylinositol 3,4 bi-
sphosphate (PIP,), and phosphatidylinositol 3,4,5 tri-
sphosphate (PIP,) (Jain et al. 1996). Once active, Akt ex-
erts many cellular functions through the phosphoryla-
tion of downstream substrates such as mTOR, Bad, cas-
pase 9, Aski, Mdm2, and the forkhead transcription fac-
tor, FKHRL1 (Komatsu et al. 2003). The net result of Bcr-
Abl activation of this pathway is the deregulation of the
apoptotic machinery (Franke et al. 1997), ultimately
leading to a prolonged survival and expansion of the ab-
normal clone.

Finally, downregulation of ICSBP (interferon con-
sensus sequence binding protein) may also represent a
way by which Bcr-Abl could inhibit apoptosis (Hao
and Ren 2000). This is supported by the finding that
ICSBP knockout mice show the development of a
chronic myeloproliferative disease resembling CML
(Holtschke et al. 1996).

In conclusion, multiple signals initiated by Bcr-Abl
(in particular those transduced through the Ras and
the PI3K/AKT pathways) have simultaneous prolifera-
tive and antiapoptotic consequences, and both these as-
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pects may contribute to the expansion of a clone in
which a proliferative stimulus is not counterbalanced
(as it generally happens in normal clones) by increased
apoptosis. Bcr-Abl acts on both fronts at the same time,
promoting the expansion of the transformed clone.

2.6 Bcr-Abl and Genetic Instability

The same mechanisms responsible for inhibition of
apoptosis could also be responsible for the rapid accu-
mulation of those additional genetic mutations that
may lead to disease progression, ending, in the great
majority of cases, with an acute leukemia phase which
is usually fatal in a few months (Skorski 2002b). Under-
standing the mechanisms which trigger the transition
from chronic to acute phase is of utmost importance be-
cause the timing of this event is the major determinant
of patient survival in CML. This is more extensively de-
scribed and discussed in Chap. 3, entitled Chronic Mye-
loid Leukemia: Biology of Advanced Phase.

2.7 Mechanisms Leading to the t(9;22)
Translocation and to BCR-ABL
Rearrangement

Although we know that leukemogenesis in humans re-
sults from a number of recurrent chromosomal translo-
cations, we still lack any substantial information on the
mechanisms of many of these translocations, including
the t(9;22) which gives origin to the Ph-chromosome.
We know that ionizing radiation may have a role, since
accidental exposure to radiation has been demonstrated
to be significantly associated to an increased risk to de-
velop CML (Preston et al. 1994), and high-dose irradia-
tion of myeloid cell lines in vitro is able to induce the
formation of transcriptionally active BCR-ABL fusion
genes similar to those present in CML patients (Deinin-
ger et al. 1998). In addition, the t(9;22) translocation and
the BCR-ABL fusion is probably a relatively frequent
event that only very sporadically leads to the develop-
ment of a leukemia, as suggested by the finding of small
amounts of BCR-ABL transcripts in leucocytes from a
high percentage of adult normal subjects (Biernaux et
al. 1995; Bose et al. 1998). However, at present, no clear
molecular basis favoring the rearrangement between the
BCR and ABL genes has been identified, and only hypo-
thetical mechanisms have been proposed. The close

proximity of the BCR and ABL genes in hematopoietic
cells in interphase has been suggested to be a potential
mechanism that may favor translocations between the
two genes (Neves et al. 1999). In addition, a 76-kd dupli-
con on chromosome 9 near to the ABL gene and on
chromosome 22 near to BCR has been recently identified
(Saglio et al. 2002). Duplicons are chromosome-specific
duplications, ranging from few to 200 kb in length,
which have been implicated in the formation of new
genes over evolutionary time and that, due to misalign-
ment during meiosis, can be responsible for genetic dis-
eases known as “genomic disorders”(Ji et al. 2000 ). At
present, the possible role of duplicons in triggering mi-
totic changes in somatic cells, finally leading to the gen-
esis of recurrent chromosomal translocations like those
present in human leukemias, is purely speculative. The
duplicon identified on chromosomes 9 and 22 could
have a role in the initial step of the t(9;22) translocation
process, simply by drawing together the specific chro-
mosomal regions containing the BCR and the ABL genes
and favoring exchanges between them. Very sporadi-
cally, this exchange could result directly in the forma-
tion of a functional BCR-ABL rearrangement, encoding
an oncogenic Bcr-Abl protein able to confer a growth
advantage to the Ph-positive clone, and ultimately lead-
ing to its expansion (Saglio et al. 2002).

However, several findings suggest that the genesis of
the Ph chromosome and the BCR-ABL rearrangement
can be the final result of a complex and, in some in-
stances, multistep event. These findings include: (1)
the presence of variant translocations involving also
other chromosomes in addition to chromosome 9 and
22 (Huret 1990; Verma et al. 1989); (2) the presence of
sporadic cases with aberrant BCR-ABL transcripts
showing the presence of sequences of different origin
interposed between the BCR and ABL exons (Melo
1997); (3) the presence of large deletions on the deriva-
tive chromosome 9q+ surrounding the breakpoint posi-
tion and involving in most cases both the Abl and the
Bcr genes and their nearby regions (Sinclair et al.
2000). The origin of these deletions, which have been
associated with a worse prognosis in interferon (IFN)-
treated patients (Sinclair et al. 2000), and whose prog-
nostic significance for imatinib-treated patients is still
controversial (Huntly et al. 2004; Quintas-Cardama et
al. 2005), is unknown.

Furthermore, another important observation made
on the high percentage of CML patients able to reach
partial or complete cytogenetic responses (CCR) to im-
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atinib treatment was that karyotypic abnormalities were
detectable in the Ph-chromosome negative cells of some
(5-10%) of these patients, and that this phenomenon, in
a minority of cases, was also associated with myelodys-
plastic features (Alimena et al. 2004; Bumm et al. 2003;
Deininger 2003; Goldberg et al. 2003; Loriaux and Dei-
ninger 2004; Medina et al. 2003; O’Dwyer et al. 2003;
Terre et al. 2004). Interestingly, these cytogenetic abnor-
malities are not random and are similar to those, such
as trisomy 8, monosomy 7 and del(20q), found asso-
ciated with CML progression in the Ph-positive clone
(Andersen et al. 2002; Loriaux and Deininger 2004).
The mechanism behind the formation of cytogenetic
abnormalities in Ph-negative cells is unclear. Although
we cannot formally exclude that imatinib may be direct-
ly or indirectly responsible for these abnormalities, it
must be underlined that the same findings have been
also reported in patients treated with interferon-alpha
(Casali et al. 1992; Fayad et al. 1997; Izumi et al. 1996).
The lower incidence of the phenomenon observed in
the latter cases could be simply due to the fact that
the interferon-alpha antiproliferative effect, being much
less Bcr-Abl-specific than that of imatinib, could have
also suppressed most of the Ph-negative clones, in addi-
tion to the Ph-positive cells.

Therefore, the possible scenario is that imatinib
simply unmasks the presence of clones with Ph-negative
cytogenetic abnormalities and that these may represent
the consequence of a diffuse damage to the hematopoie-
tic compartment or the collateral progeny of an abnor-
mal stem cell with a predisposition to acquire additional
mutations, including the formation of a Ph chromosome
(Loriaux and Deininger 2004). According to this hy-
pothesis, the t(9;22) translocation is not the primary,
but a subsequent event in the pathogenesis of CML. This
model for CML development had been proposed several
years ago by Fialkow and his coworkers, based on the
observation that Ph-negative EBV-transformed lympho-
blastoid cell lines established from female CML patients
heterozygous for G6PD isoenzymes, exhibited a pattern
of G6PD expression skewed towards the pattern of the
CML clone (Fialkow et al. 1981; Raskind et al. 1993). In
addition, evidence in favor of a multistep pathogenesis
of CML comes from epidemiological studies that ob-
served that the frequency of CML in England and Wales
was more compatible with 2 or 3 than with a single event
(Vickers 1996).

Based on the reported observations, a model for the
pathogenesis of CML can be envisaged, in which the for-

mation of the Ph-chromosome represents a secondary
event taking place in a genetically unstable stem cell
and favored by genetic elements (like the described du-
plicon for example), able to boost frequent exchanges
between chromosomes 9 and 22 (Spencer and Granter
1999). These exchanges may also occur less frequently
in normal hematopoietic cells, as suggested by the find-
ing of low levels of BCR-ABL fusion transcripts in the
normal population. Fortunately enough, they are prob-
ably not able to trigger the expansion of a leukemic
clone without the coexistence of other defects such as
those that can be present in ancestral leukemic or pre-
leukemic stem cells. For unknown reasons, these can
predispose to the accumulation of specific genetic le-
sions, like the t(9;22) translocation and the other com-
mon cytogenetic abnormalities found associated with
CML progression. In this case, the genetic instability
characterizing the Ph-positive clone and determining
blastic transformation of the leukemia could precede,
rather than follow the acquisition of the Bcr-Abl rear-
rangement, although an “expediting” role for the latter
defect cannot be excluded.
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Abstract. Chronic myeloid leukemia (CML) usually
starts with an indolent chronic phase characterized by
the overproduction of mature granulocytes, but inevita-
bly evolves to a terminal blastic phase in which exces-
sive numbers of undifferentiated blasts are produced.
The molecular mechanisms underlying disease progres-
sion are still very poorly understood. Whereas the BCR-
ABL oncogene has a central role in disease etiology, it is
not sufficient by itself to precipitate the transition to
blast crisis. Other secondary genetic events are pre-
sumed to be essential for this process but the number
required for blastic transformation is still unknown.
Although various genetic abnormalities have been iden-
tified in blast crisis samples, the significance of these for
disease progression is far from certain. Candidate genes,
suggested by their induced cellular phenotype, have
been investigated, usually in in vitro models of CML.
Several of these genes have also proven to have abnor-
mal expression or activity in small numbers of CML
blast crisis samples. At the cytogenetic level, disease
progression in CML is often accompanied by the ap-
pearance of nonrandom chromosomal abnormalities.
These are the microscopically visible manifestations of
an underlying genomic instability and increased toler-
ance of genetic aberrations. Here we summarize the cur-
rent state of knowledge concerning the biology of ad-
vanced phase CML.

3.1 Introduction

Chronic myeloid leukemia (CML) is a clonal myelopro-
liferative disorder originating in a single hematopoietic
stem cell. The course of the disease generally involves
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three phases: an initial chronic phase (CP), an inter-
mediate accelerated phase (AP), and a terminal blast
crisis (BC). Common symptoms of CP include fatigue,
weight loss, excessive sweating, and splenic discomfort,
although many patients are asymptomatic and it has
been estimated that an incidental diagnosis is made in
at least 20% of cases of CML (Savage et al. 1997). In al-
most all cases of CP CML, the neoplastic expansion in-
volves a leukemic clone that retains a capacity for differ-
entiation. Consequently, there is excessive production of
mature granulocytes that function normally despite
being derived from malignant progenitors. The “mild”
or “indolent” phenotype of CP CML typically used to
last for 3-7 years from diagnosis and rarely posed major
problems for clinical management, though its duration
may be considerably longer since the introduction of
tyrosine kinase inhibitors. The evolution of CML, how-
ever, to a more aggressive disease used to be inexorable
and may still be so. Disease progression is heralded by
the appearance of numerous immature blasts, a sign
that differentiation is being arrested in the leukemic
clone, leading to the exuberant production of undiffer-
entiated precursors rather than terminally differentiated
cells. As CML progenitors lose their capacity for differ-
entiation, the disease either enters the transitional AP or
transformation to BC occurs. When present, the AP pre-
cedes BC by 2-15 months (Sawyers et al. 2002). Blastic
transformation is characterized by the development of
a marked refractoriness to treatment (Wadhwa et al.
2002) but the formal diagnosis of BC requires there to
be 20%, or more, blasts in the peripheral blood (PB)
or bone marrow (BM) (Sawyers et al. 2002). In 25% of
cases, blasts are derived from the lymphoid lineage
but the majority of patients have blasts which are either
myeloid or undifferentiated (Kantarjian et al. 1987; Var-
diman et al. 2001). Clinical indications of BC include: fe-
ver, sweating, pain, weight loss, cytopenia, hepatosple-
nomegaly, enlarged lymph nodes, and extramedullary
disease (Sawyers et al. 2002). The clinical outcome of
blastic transformation is dismal: median survival after
onset of myeloid BC used to be no more than 3-6
months (Wadhwa et al. 2002) but may today be some-
what longer since the introduction of tyrosine kinase in-
hibitors. The unravelling of the biological causes and
mechanisms of disease evolution is therefore of para-
mount importance for defining effective therapeutic ap-
proaches in advanced phase CML.

3.2 The BCR-ABL Oncogene and Its Role
in Determining Disease Phenotype

A consistent chromosomal abnormality, the Philadel-
phia chromosome (Ph), is associated with over 90%
of all cases of CML (Nowell and Hungerford 1960).
The Ph is a partially deleted chromosome 22 that is pro-
duced as a result of a reciprocal translocation involving
the long arms of chromosomes 9 and 22, the t(9;22q)
(q34;q11) (Rowley 1973). As a result of this translocation,
3’ sequences from the ABL1 (Abelson) proto-oncogene
on chromosome 9 (Bartram et al. 1983) are juxtaposed
with 5" sequence from the BCR (breakpoint cluster re-
gion) gene on chromosome 22 (Groffen et al. 1984).
The fusion gene, BCR-ABL, encodes a protein tyrosine
kinase, Bcr-Abl, which is necessary and sufficient for
the transformation of cells (Daley and Baltimore 1988;
Lugo et al. 1990; McLaughlin et al. 1987). In fact, mice
transplanted with BM cells retrovirally transduced with
the BCR-ABL gene develop a myeloproliferative syn-
drome that recapitulates features of CML (Daley et al.
1990). Depending upon the break points within the
BCR gene, three variants of the BCR-ABL oncogene
may be generated which are transcribed and translated
into 190, 210, and 230 kDa species (Melo 1996; Shtivel-
man et al. 1985). Of these, by far the most common is
p210""4*! which is the form of the oncoprotein asso-
ciated with “classical” CML (Ben Neriah et al. 1986).
CML progenitors are characterized by defective ad-
hesive properties (Gordon et al. 1987), increased resis-
tance to multiple anticancer agents (Bedi et al. 1995),
and increased resistance to apoptosis (Bedi et al.
1994). This last property may be a feature predominant-
ly of advanced phase CML since it has been reported
that CP progenitors are no more resistant to apoptosis,
upon growth factor withdrawal, than normal progeni-
tors (Amos et al. 1995). Hence, complete growth fac-
tor-independence and resistance to apoptosis may re-
quire other mutations in addition to formation of the
BCR-ABL oncogene. Other phenotypic characteristics
associated with blastic transformation include the
aforementioned increased rate of proliferation and the
loss of differentiation in cells that comprise the leuke-
mic clone. Recently, the role of self-renewal of CML-
committed progenitors in disease progression has been
highlighted; progression to blast crisis has been re-
ported to originate in the granulocyte-macrophage
“pool” rather than in the pool of hematopoietic stem
cells (Jamieson et al. 2004). Elevated levels of BCR-



ABL mRNA transcripts were detected in this subpopula-
tion which was also found to possess self-renewal capac-
ity in vitro. In addition, these authors demonstrated
that f-catenin may be important in disease evolution,
since it was activated in granulocyte-macrophage pro-
genitors from patients with CML in AP or BC. These
findings are novel and somewhat controversial (Huntly
and Gilliland 2004; Huntly et al. 2004); it remains for
other investigators to confirm the importance of self-re-
newal of the granulocyte-macrophage pool in BC.

The molecular signaling in CML is highly complex,
and the cytoplasmic location of the Bcr-Abl (Wetzler et
al. 1993) oncoprotein affords it access to numerous cel-
lular substrates that are unavailable to the predominant-
ly nuclear proto-oncogene, Abl (Van Etten et al. 1989).
The signal transduction pathways affected by Bcr-Abl
have been extensively reviewed in Chap. 2, entitled
Ber-Abl and Signal Transduction, and elsewhere (Dei-
ninger et al. 2000). The relevance of Bcr-Abl itself in
disease progression is uncertain (Calabretta and Perrot-
ti 2004). Whereas it has been demonstrated in cell lines
that secondary mutations causing activation of the
STAT5 (signal transducer and activator of transcription
5) pathway can maintain the transformed phenotype in
the absence of Ber-Abl (Klucher et al. 1998), it is notable
that in CML patients’ BCR-ABL expression is retained
by the leukemic clone throughout the course of the dis-
ease. This suggests that Bcr-Abl must be important for
the continued maintenance of the neoplastic phenotype,
even in advanced phase CML, and that a selection pres-
sure favors the continued existence of the oncogene.
Moreover, Bcr-Abl expression increases with disease
progression (Elmaagacli et al. 2000; Gaiger et al. 1995;
Guo et al. 1991; Lin et al. 1996), a phenomenon that
has recently been shown to occur at the mRNA and pro-
tein levels in CD34" progenitors (Barnes et al. 2005a).
Elevated expression of Bcr-Abl is likely to contribute
to the phenotype of advanced phase disease since stud-
ies using cell line models of CP and BC CML suggest
that this oncoprotein exerts dose-dependent effects
upon growth factor dependence (Barnes et al. 2005b;
Cambier et al. 1998; Issaad et al. 2000), clonogenicity
(Barnes et al. 2005b; Cambier et al. 1998), migration
(Barnes et al. 2005b), and the rate at which cells develop
resistance to imatinib (Barnes et al. 2005a).
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The t(9; 22) translocation is the sole chromosomal ab-
normality detected in most cases of CP CML. In BC,
however, additional chromosomal anomalies are found
in 60-80% of patients (Johansson et al. 2002). Many
of these abnormalities are not random (Alimena et al.
1987; Mitelman et al. 1976) and a subset of them occur
with high frequency in BC karyotypes. In a survey of
the 1,674 cases of secondary chromosomal changes re-
ported in the literature up to 2002, Johansson et al. (Jo-
hansson et al. 2002) list the most common (with their
frequency of occurrence) as being: trisomy 8 (+38;
33%), an additional Ph chromosome (+Ph; 30%), iso-
chromosome 17 (i(17q); 20%), trisomy 19 (+19; 12%),
loss of the Y chromosome (-Y; 8% of males), trisomy
21 (+21; 7%), and monosomy 7 (-7; 5%). In addition,
they propose that these represent the major evolutionary
“routes” by which disease progression proceeds. Combi-
nations of these abnormalities are often seen in BC pa-
tients and this has led to speculation concerning their
order of appearance within the leukemic clone. A puta-
tive temporal sequence beginning with i(17q) followed
by +8, +Ph, and +19 has been assigned to their occur-
rence (Johansson et al. 2002). Although the source of
the nonrandom nature of the chromosomal abnormali-
ties is unknown, a correlation between centrosome aber-
rations and disease stage in CML has recently been iden-
tified (Giehl et al. 2005). An examination of the distribu-
tion of breakpoints has revealed that certain chromo-
some regions must be particularly susceptible to break-
age. These include: 1p36, 1q12-32, 3q21, 326, 7p15, 11423,
12p13, 1224, 13q14, 14q32, 17p11-13, 17q10-11, 21q22, and
22q10 (Johansson et al. 2002). A majority of the second-
ary chromosomal changes in CML are unbalanced since
they consist of trisomies, monosomies, and deletions.
Rare exceptions do exist, however, such as the presence
of t(15; 17)(q22;q12-21) in addition to t(9; 22), which has
been described in less than 10 cases of CML and which is
associated with promyelocytic BC (Johansson et al.
2002). Other balanced rearrangements are characteristic
of acute myeloid leukemia (AML) or myelodysplastic
syndromes (MDS) but are infrequently found in CML
BC. These include inv(3)(q21q26)/t(3; 3)(q21;q26), t(3;
21)(q26;q22), t(7; 11)(p15; p15), t(8; 21)(q22;q22), and
inv(16)(p13q22) (Johansson et al. 2002).

With regard to the phenotype of BC, cytogenetic evo-
lution patterns are not especially informative. In review-
ing the available data, Johansson et al. (Johansson et al.
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2002) concluded that the only significant differences in
the patterns seen between myeloid and lymphoid BC are
a slightly higher prevalence of +8 and i(17)q in myeloid
BC and a higher frequency of -7 and hypodiploidy in
lymphoid BC. Moreover, the type of treatment employed
affects the frequency of occurrence of certain secondary
abnormalities. Busulphan, for instance, appears to be as-
sociated with a particularly high incidence of +8 (44%)
compared with the frequency observed after hydroxyur-
ea therapy (12%) (Johansson et al. 2002). Conversely, the
incidences of +8, +Ph, i(17q), +19, +21 and +17 are lower
in patients treated with interferon a (IFN-a) than in those
receiving busulphan or hydroxyurea (Johansson et al.
2002). At present, it is unknown whether imatinib me-
sylate is associated with particular secondary chromo-
somal abnormalities, although one study (Fabarius et
al. 2005) has linked this drug to centrosome and chro-
mosome aberrations in in vitro cultures of cell lines.
The prognostic impact of secondary abnormalities
in CML is complex. Trisomy 8 and +Ph occurring in
BC have been linked to a poor prognosis, and i(17)q
or other changes causing the loss of 17p predict a poor
outcome (Johansson et al. 2002). The presence of an ad-
ditional secondary chromosomal abnormality is not al-
ways a sign of disease progression. Very rarely, patients
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Fig. 3.1. Transformation of CML CP to CML BC is driven by the acqui-
sition of secondary mutations. BC occurs when the leukemic clone
has undergone multiple genetic changes (secondary to formation of
the BCR-ABL oncogene) including loss, gain, and mutation of genes
essential for normal cell physiology. These mutations may occur on
different chromosomes and confer a selective advantage on the cells
harboring them. Examples include: (A) point mutation of single base
pairs, (B) deletion of DNA sequences, (C) amplification of DNA se-
quences, and, (D) interstitial insertion of “foreign” DNA from another
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present with an inherited chromosomal abnormality in
addition to the t(9; 22), as was the case in a recent report
of a woman with an inherited inv(16)(p13q22) (Silva et
al. 2005). Finally, it should be remembered that a signif-
icant proportion of patients enter blast crisis without
detectable secondary chromosomal abnormalities indi-
cating that these gross changes, though common, are
not by themselves necessary for blastic transformation.

3.4 Molecular Genetic Aspects of Blast Crisis

The search for genes whose loss or altered function con-
tributes to disease evolution has been guided by knowl-
edge of both the genotype and phenotype of blast crisis
cells (Shet et al. 2002). Visible cytogenetic changes such
as the chromosomal abnormalities discussed previously
suggest the loci for genes that are lost, mutated, dupli-
cated, or otherwise altered by the disease process
(Fig. 3.1). Changes in cellular phenotype associated with
blast crisis have implicated genes which are subject to
cytogenetically cryptic abnormalities (Table 3.1). The
correct functioning of these candidate genes is often es-
sential for the regulation of cell signaling in the untrans-
formed cell.
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chromosome (translocation) or another region of the same chromo-
some (isochromosome). The deleted, amplified and inserted se-
quences shown in (B), (C) and (D) are not to scale; the actual lesions
may be much larger and, in the case of amplification, involve whole
genes. The cumulative effect is transition from an indolent to an ag-
gressive disease phenotype. CP progenitors continue to undergo
differentiation to become mature granulocytes, whereas BC cells ex-
perience a differentiation arrest
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Table 3.1. Mechanisms and gene abnormalities involved in blastic transformation

Mechanisms of disease Genes implicated References
progression

Loss of leukemia tumor TP53 Ahuja et al. 1989; Feinstein et al. 1991; Bi et al. 1992, 1993,
suppressor function 1994 a,b; Skorski et al. 1996; Honda et al. 2000;
Fioretos et al. 1999
INK4/ARF Sill et al. 1995
p16 INK4A(CDKN2) Serra et al. 1995
p14 ARF Hernandez-Boluda et al. 2003; Nagy et al. 2003;

Serrano et al. 1993; Sharpless and DePinho 1999;
Pomerantz et al. 1998

RB1 Towatari et al. 1991; Ahuja et al. 1991; Beck et al. 2000
PP2A Neviani et al. 2005
Overexpression of MYC McCarthy et al. 1984; Blick et al. 1987; Jennings
protooncogenes and Mills 1998; Sawyers et al. 1992; Notari et al. 2005
Differentiation arrest C/EBP a Perrotti et al. 2002; Zhang et al. 1997
Mutator phenotype POLB Canitrot et al. 1999

(DNA polymerase f)

MLH1,PMS2,MSH2 Stoklosa et al. 2005
Deficiencies of DNA repair DNA-PKcs Deutsch et al. 2001; Gaymes et al. 2002; Brady et al. 2003
RAD51 Slupianek et al. 2001; Nowicki et al. 2004
FANCD2 Slupianek et al. 2005 b; Koptyra et al. 2005
WRN Slupianek et al. 2005a
NBS1 Rink et al. 2005
XPB Takeda et al. 1999; Canitrot et al. 2003
Failures of genome surveillance BRCAT Deutsch et al. 2003
ATR Dierov et al. 2004, 2005; Nieborowska et al. 2005
Loss of hematopoietic DOK-1/DOK-2 Niki et al. 2004
homeostasis
Unknown but present in 2% of AML-1/EVI-1 Mitani et al. 1994; Mitani 2004; Ogawa et al. 1996
cases of myeloid BC
Unknown - present infrequently NUP98/HOXA9 Yamamoto et al. 2000; Dash et al. 2002; Grand et al. 2005
in BC
Unknown - gene expression PIASy Ohmine et al. 2001
profiling candidates RUNX1 AML-1, AF1Q, Nowicki et al. 2003

ETS2, LYL-1, PLU-1,

GBDR1, NME1, GRO2,

CA4, SNC73,

MSF, CREBBP Nowicki et al. 2003; Carter et al. 2005
KNSLT1EG5

CD7, PR-3, ELA2 Yong et al. 2005
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3.5 Gene Abnormalities Suggested
by Chromosomal Abnormalities

3.5.1 Trisomy 8

Trisomy 8 is the most common (33%) (Johansson et al.
2002) secondary chromosomal abnormality observed in
CML BC. Trisomies have pathological consequences for
cellular physiology, but the mechanisms by which the
occurrence of a third chromosome translates into
pathophysiology are poorly understood. In the case of
+8, whereas gene dosage effects are the probable under-
lying cause, enumerating and identifying the duplicated
genes that are responsible have proven to be extremely
difficult. It is unlikely that duplication of the entire com-
plement of genes on chromosome 8 is necessary for the
selective advantage of cells with this genotype since
many genes will be “irrelevant”, having no involvement
with cell signaling in hematopoietic cells. Conversely,
the hypothesis that the +8 clone persists and contri-
butes to disease evolution because of duplication of a
single essential gene has been criticized as simplistic
(Johansson et al. 2002). Nevertheless, one candidate
gene on chromosome 8, the proto-oncogene MYC lo-
cated at 8q24, has been implicated in disease progres-
sion in CML.

Overexpression of MYC - in which state it functions
as an oncogene — has been observed in CML patients
due to an increase in its copy number (McCarthy et
al. 1984) and in BC with +8 (Blick et al. 1987). In a sur-
vey of fourteen CML patients, Jennings et al. (Jennings
and Mills 1998) found that only one of eleven patients
demonstrating +8 had evidence of increased dosage of
MYC. In a further two patients without +8, increased
copy numbers for MYC were detected as a result of gene
amplification. These findings led the authors to propose
+8 and gene amplification as representing alternative
mechanisms for increasing MYC gene dosage (Jennings
and Mills 1998). However, evidence to contradict the
link between increased expression of MYC and +8 has
been provided by a microarray gene expression profil-
ing study in which acute myeloid leukemia (AML) sam-
ples with +8 were compared with normal CD34" pro-
genitors (Virtaneva et al. 2001). As is to be expected
with microarray profiles, a complex pattern of up-
and downregulated genes was revealed in the leukemic
samples relative to the normal samples. Perhaps sur-
prisingly, MYC was found to be downregulated in
AML +8 samples relative to CD34" samples (Virtaneva

et al. 2001). These findings, however, remain to be con-
firmed in CML samples with +8. Moreover, reduced ex-
pression of MYC in CML cells would be expected to at-
tenuate the oncogenic “signal” that originates from Bcr-
Abl. This was demonstrated by Sawyers et al. (Sawyers
et al. 1992) who showed that transformation by v-Abl
and Bcr-Abl of rat fibroblasts and primary mouse BM
cells could be blocked by functionally inhibiting MYC
expression with dominant negative mutants of MYC.
Bcr-Abl has recently been shown to regulate MYC ex-
pression via a pathway involving MAP®™™ "2 and the
translational regulator, heterogeneous nuclear ribonu-
cleoprotein K (hnRNP K) (Notari et al. 2005). Upon
phosphorylation by Bcr-Abl, MAP**¥"2 stimulates tran-
scription of hnRNP K which, in turn, promotes the
translation, but not the transcription, of MYC mRNA.
If overexpression of MYC is not the primary reason
for disease progression associated with +8, then it is
possible that other genetic abnormalities involving the
additional chromosome 8 could be responsible. More-
over, structural alteration of chromosome 8 genes can
occur via subtle and microscopically cryptic chromo-
somal rearrangements. In addition to the common sec-
ondary chromosomal abnormalities described pre-
viously, “marker” chromosomes resulting from highly
complex rearrangements are found in 20% of cases of
CML BC (Gribble et al. 1999). Conventional Giemsa
banding (G-banding) techniques lack sufficient resolu-
tion to discern the rearrangements involved in the for-
mation of marker chromosomes, but newer cytogenetic
methods such as comparative genomic hybridization
(CGH) and multicolor fluorescence in situ hybridization
(M-FISH) have proven effective in resolving some of
these abnormalities (Gribble et al. 2003). In a cytoge-
netic study in which eleven BC samples were analyzed
by G-banding and CGH (Gribble et al. 1999), overrepre-
sentation of the long arm of chromosome 8 was found
to be the commonest anomaly and was present in five
patients. Furthermore, in a subsequent cytogenetic
analysis of ten CML-derived cell lines (Gribble et al.
2003), overrepresentation of 8q23/q24 was the most fre-
quent genomic imbalance. Overrepresentation was not
associated with a unique chromosomal abnormality
but was the result of numerous complex structural re-
arrangements. An especially highly rearranged chromo-
some 8 was detected in the cell line MEG-o01 which con-
tained no less than five different 8q amplicons. On the
basis of the evidence from these cytogenetic studies,
overrepresentation of 8q, and hence overrepresentation



3.5 - Gene Abnormalities Suggested by Chromosomal Abnormalities 43

of the genes contained within this region, would seem to
have a strong association with disease progression. It is
expected that further fine mapping of the regions in-
volved in amplifications of chromosome 8 will reveal
the gene(s) which, in triple dose, underlie the associa-
tion with disease transformation.

3.5.2 Loss of 17p

Loss of the short arm of chromosome 17 (17p) occurs
frequently in CML BC, most often associated with iso-
chromosome 17 (i(17q)) which is found in 20% of pa-
tients (Johansson et al. 2002). Since the TP53 gene which
encodes the vital tumor suppressor protein, ps3, is lo-
cated on 17p, it is not surprising that abnormalities of
chromosome 17 have been linked to mutations or dele-
tions of TPs53. These are found in up to 30% of cases of
BC, but not CP CML (Ahuja et al. 1989; Feinstein et al.
1991). In addition, inactivating mutations of TPs53 are
common in CML cell lines (all of which have been iso-
lated from BC patients) (Bi et al. 1992, 1993), and both
alleles of this gene are absent in the myeloid BC cell line,
K562 (Bi et al. 1992). Retroviral transduction of progeni-
tors from CP patients with mutant TP53 has been shown
to promote their proliferation and to lead to the growth
of factor-independent colonies (Bi et al. 1994 b). Similar-
ly, treatment of CP cells with TP53 antisense oligonu-
cleotides caused a significant increase in the number
of granulocyte-macrophage colony-forming unit colo-
nies (Bi et al. 1994a).

The effects of loss of p53 function on disease pro-
gression in CML have been studied in animal models
(Honda et al. 2000; Skorski et al. 1996). In the first of
these, mice injected with Bcr-Abl-expressing cells lack-
ing ps3 were found to develop a more aggressive disease
than mice injected with cells expressing both Bcr-Abl
and ps3 (Skorski et al. 1996). In the second, more refined
model, transgenic mice expressing p210°**' under the
control of the Tec promoter were bred with mice hetero-
zygous for ps3 (p53+") (Honda et al. 2000). The Bcr-
AbI™" ps3*~ mice resulting from this crossing devel-
oped a myeloproliferative disorder resembling CML
and ultimately died after the disease underwent blastic
transformation. An unexpected finding of this work
was that the residual, normal TPs3 allele was frequently
lost in Bcr-Abl-expressing blasts. This implies that a
Bcr-Abl-dependent mechanism causes loss of the
remaining allele. On balance, however, the cytogenetic

evidence linking abnormalities of chromosome 17 with
mutations of TP53 is rather weak. Fioretos et al. (Fiore-
tos et al. 1999) carried out a detailed FISH analysis of
samples from 21 hematological malignancies and found
that the majority of cases of i(17)q were dicentric, con-
taining two centromeres, and had breakpoints cluster-
ing in 17p11. They proposed that these cases should be
redesignated idic(17)(p11). Furthermore, these authors
sequenced the TPs3 coding region in 16 cases of CML
reported to have i(17q) and could find no mutations.
Based on current knowledge, Johansson et al. (Johans-
son et al. 2002) suggest that whereas TP53 mutations
are undoubtedly involved in the progression of some
CML cases, the mutation or loss of other, as yet uni-
dentified, genes on 17p which result from idic(17)(p11)
are likely to be of greater pathogenetic significance in
cases of CML associated with this chromosomal ab-
normality.

3.5.3 Additional Chromosomal Translocations

Fusion genes generated by secondary chromosomal
translocations in addition to the t(9; 22)(q34;q11) are
known to contribute to disease progression in CML (Ta-
ble 3.1). The most common of these, found in 2% of
cases of myeloid BC, is AML-1/EVI-1 generated by the
t(3; 21)(q26;q22) (Mitani et al. 1994). The molecular
mechanisms by which the product of the AML-1/EVI-1
fusion accelerates disease evolution are complex (re-
viewed by Mitani 2004). Four processes have been sug-
gested: a dominant-negative effect upon transcriptional
activation of AML-1(RUNX1), antagonism of the growth-
inhibitory signals transduced by transforming growth
factor a (TGF-a), blockade of signaling by Jun N-termi-
nal kinase (JNK), and stimulation of AP-1 activity (Mi-
tani 2004). In addition, it is of note that the EVI-1 (eco-
tropic viral integration site) partner gene in this fusion
is frequently overexpressed in CML BC cases lacking
any cytogenetic evidence of 3q26 involvement (Ogawa
et al. 1996). Another fusion gene, NUP98/HOXAy, is
found infrequently in cases of CML BC and is generated
by the t(7; 11)(p15; 15) (Yamamoto et al. 2000). In a
mouse model, NUP98/HOXA9 has been shown to co-op-
erate with Bcr-Abl to induce “blast crisis” (Dash et al.
2002). A recent report (Grand et al. 2005) describes a
case of CML with a NUP98/LEDGF (Lens epithelium de-
rived growth factor) fusion generated by a t(9;11) (p21;
p15). The condition of this patient deteriorated rapidly,
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consistent with the notion that the appearance of these
rare fusion genes precipitates disease progression
(Grand et al. 2005).

3.6 Gene Abnormalities Suggested by Disease
Phenotype

3.6.1 Loss of Tumor Suppressor Function

Both the expression of oncogenes and the inactivation of
tumor suppressor genes contribute to the process of
transformation in human malignancies (Table 3.1). In
CML, whereas a potent oncogene, BCR-ABL, has a cen-
tral role in causing the malignant phenotype, the impor-
tance of inactivated tumor suppressor genes is less clear.
The evidence regarding TPs3 has already been consider-
ed. Mutations of another locus for the tumor suppressor
genes INK4/ARF have been implicated in disease pro-
gression in cases of lymphoid BC. This locus, located
on 9p21, encodes two tumor suppressor proteins by
means of two distinct promoters and alternative reading
frames. Both proteins share a common second exon but
are translated from alternative reading frames. One of
these, plélNK“A, also known as CDKN2, is a cyclin-de-
pendent kinase inhibitor which has an RNA transcript
comprising exons 1a, 2, and 3 (Serrano et al. 1993).
The other product, p14ARF (alternative reading frame),
has a smaller transcript containing exons 1/, 2, and 3
(Stott et al. 1998). The expression of pléINK4A prevents
the Ds-cdk4/6 complex from phosphorylating Rb, lead-
ing to an arrest of the cell cycle at late G1 (Sharpless and
DePinho 1999). When overexpressed, p14*"F stabilizes
p53 in the nucleus by preventing its MDM2-mediated cy-
toplasmic export and degradation (Pomerantz et al.
1998). Sill et al. (Sill et al. 1995) used a semiquantitative
multiplex polymerase chain reaction (PCR) to look for
deletions of p16 in 34 CML BC patients. Homozygous
deletions of p16 exons were found in 5 of 10 (50%) of pa-
tients with lymphoid BC but no deletions could be de-
tected in BC samples of nonlymphoid phenotype. Re-
sults from another mutational study using PCR corrob-
orated the restriction of these mutations to the lym-
phoid lineage (Serra et al. 1995). Homozygous deletion
of this locus was present in 3 of 8 (40%) cases of lym-
phoid BC but no losses were detected in 9 cases of mye-
loid BC or in 22 CML CP cases. Similarly, in a sequential
study of 42 patients (Hernandez-Boluda et al. 2003),
homozygous deletions of the INK4/ARF locus were

found in 6 of 21 (29%) patients with lymphoid BC but
none could be detected in 21 myeloid BC patients. None
of the samples from these patients taken when they were
still in CP had detectable deletions. Apart from the cor-
relation with a lymphoid BC phenotype, these deletions
were not associated with any clinico-hematological fea-
ture and had no bearing on the therapeutic response
and survival of the lymphoid BC patients. Homozygous
deletion of the INK4/ARF locus undoubtedly contributes
to disease progression in some cases of BC with a lym-
phoid phenotype. However, the role of promoter meth-
ylation at the INK4/ARF locus in disease progression is
somewhat controversial. Whereas Herndndez-Boluda et
al. found no hypermethylation of the p16 gene in lym-
phoid BC samples, Nagy et al. (Nagy et al. 2003) detected
aberrant methylation of the p16™*** or p14*** promo-
ters in 14 of 30 accelerated phase samples. Further stud-
ies will be needed to resolve these discrepancies. Promo-
ter methylation at this locus could have important clin-
ical implications since this would be expected to lead to
transcriptional silencing.

Normal cell physiology requires tight regulation of
kinase and phosphatase activities. Where a kinase
transduces an oncogenic signal, as is the case with
Bcr-Abl, then phosphatases that share the same protein
substrates as the kinase can function as tumor suppres-
sors. A phosphatase which has recently been shown to
act as a tumor suppressor by antagonizing Bcr-Abl is
protein phosphatase 2A (PP2A) (Neviani et al. 2005).
In CD34" cells from CML CP patients, the phosphatase
activity of PP2A was found to be only moderately im-
paired but in those from BC patients, PP2A had negligi-
ble activity (Neviani et al. 2005). Inactivation of PP2A
was mediated via SET, a phosphoprotein which func-
tions as a physiological inhibitor of PP2A and which
is frequently overexpressed in solid tumors and leuke-
mias (Neviani et al. 2005). SET transcription was shown
to be regulated by Bcr-Abl in a dose-dependent manner,
and its increased expression in BC CD34" progenitors
correlated with the increased expression of Bcr-Abl,
which is a feature of advanced phase disease (Barnes
et al. 2005a; Elmaagacli et al. 2000; Gaiger et al. 1995;
Guo et al. 1991; Lin et al. 1996). In addition, Bcr-Abl
may inhibit PP2A via a second mechanism involving
the Jak2-dependent or Src-dependent phosphorylation
of its catalytic subunit (PP2Ac) on tyrosine 307 (Neviani
et al. 2005). Significantly, Bcr-Abl and PP2A were found
to share protein substrates, including MAPK, STATS5,
and Akt. In the recombinant murine cell line 32D/



BCR-ABL, phosphorylation of these proteins by Bcr-Abl
was reduced by inhibiting SET expression or through
the forced expression of PP2Ac (Neviani et al. 2005).
It is probable that the expression of active PP2A is in-
compatible with disease progression in CML, since
Bcr-Abl is itself a substrate for this phosphatase. Inhibi-
tion of SET expression by short hairpin RNA interfer-
ence or overexpression of PP2A by retroviral transduc-
tion led to a reduction in Bcr-Abl expression in 32D/
BCR-ABL cells. Furthermore, pharmacological stimula-
tion of PP2A using forskolin resulted in reduced Bcr-
Abl expression in CML BC CD34" cells, a CML cell line
(K562) and in murine cell lines expressing imatinib-re-
sistant mutants of Bcr-Abl. Downregulation of Bcr-Abl
was shown to involve proteasomal degradation of the
nonphosphorylated oncoprotein via a mechanism
mediated by the tyrosine phosphatase, SHP-1 (Neviani
et al. 2005). Reactivation of PP2A in imatinib-sensitive
and resistant Bcr-Abl-expressing cells led to growth
suppression, impaired clonogenicity, restored differen-
tiation capacity, enhanced apoptosis and decreased
their in vivo leukemogenic properties (Neviani et al.
2005). In view of the mutual antagonism of Bcr-Abl
and PP2A, inhibition of the latter tumor suppressor pro-
tein may be a prerequisite for disease progression in
CML.

Loss of function of another tumor suppressor gene,
the retinoblastoma-susceptibility (RB1) gene, located on
13q14, may be involved in disease evolution in some
cases of CML. Reports differ as to the frequency with
which it is mutated or deleted in CML. In one study (To-
watari et al. 1991) abnormalities of RB1 were detected in
five cases of megakaryoblastic CML but not in seventeen
cases with either a lymphoid or myeloid phenotype. In
other reports (Ahuja et al. 1991; Beck et al. 2000), abnor-
malities were not confined to megakaryoblastic BC but
were also found in cases with myeloid and lymphoid
lineages. Overall, RB1 mutations and deletions are found
in up to 20% of cases of CML BC, and most of these will
be submicroscopic, as cytogenetically identifiable dele-
tions of 13q are rare in CML (Johansson et al. 2002).

3.6.2 Differentiation Arrest

Advanced phase CML is characterized by the excessive
production of immature, undifferentiated blasts. It fol-
lows, therefore, that blastic transformation must involve
a failure of hemopoietic differentiation. The genes re-
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sponsible for normal differentiation, together with their
attendant transcription factors, represent candidate
molecules for investigators studying this process in
CML. An important candidate transcription factor
which is essential for granulocytic differentiation is
the CCAAT/enhancer binding protein a (C/EBP a)
(Zhang et al. 1997). C/EBP @, a member of the basic re-
gion leucine zipper (bZIP) family of transcription fac-
tors, is actively expressed in myeloid cells where it acti-
vates transcription of granulocyte colony-stimulating
factor receptor (G-CSF-R) from the CSF3R gene (Smith
et al. 1996). Mice which are null for the C/EBP a gene
have monocytes but lack neutrophils and eosinophils
(Zhang et al. 1997). Perrotti et al. (Perrotti et al. 2002)
have shown that whereas C/EBP «a protein was expressed
in normal BM and CML CP samples, it was undetectable
in BC BM cells. In one case, this differential expression
of C/EBP a could be demonstrated in paired CP/BC
samples from the same patient. Interestingly, the levels
of C/EBP a mRNA were similar in all samples suggesting
that this transcription factor, similarly to MYC (Notari
et al. 2005), is downregulated at the translational, rather
than the transcriptional level in the CML BC cells. An
upstream open reading frame (uORF) is present in
mRNA transcripts of C/EBP a which is separated from
the AUG initiation codon of the second open reading
frame (ORF) by a spacer of seven nucleotides. Muta-
tional analysis revealed that a CCC nucleotide triplet
within this spacer was necessary for the repression of
C/EBP a translation. A protein that bound to this motif
was subsequently isolated and was identified as being
the heterogeneous nuclear ribonucleoprotein E2
(hnRNP E2) (Perrotti et al. 2002). The expression of
hnRNP E2 inversely correlated with that of C/EBP a in
CML cells and was readily detected, by immunoblotting,
in CML BC samples but was either low or undetectable
in normal and CML CP BM cells. Induction of hnRNP
E2 required the tyrosine kinase activity of Bcr-Abl
and expression of this ribonucleoprotein could be in-
hibited by treating cells with imatinib mesylate. Abroga-
tion of translation of C/EBP a resulting from the induc-
tion of hnRNP E2 by Bcr-Abl may be one of the key
events responsible for the arrest of differentiation that
characterizes CML BC. Significantly, BCR-ABL expres-
sion per se does not appear to be sufficient to complete-
ly inhibit C/EBP expression since it was readily detect-
able in CML CP cells. These authors demonstrate a
dose-dependent effect of Bcr-Abl expression on deple-
tion of C/EBP a and speculate that the elevated levels
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of Bcr-Abl seen in advanced phase disease (Barnes et al.
2005a) may be required for the complete suppression of
translation of this transcription factor (Perrotti et al.
2002). Mutation of the CEBPA gene, which is observed
in 10-15% of AML patients preferentially of M1/M2 sub-
type, has recently been discounted as a factor in disease
evolution in CML (Pabst et al. 2006). In this study, no
mutations could be detected in the coding region of
CEBPA in 64 CP samples, 95 myeloid BC samples, and
15 BCR-ABL-expressing cell lines.

3.6.3 Mutator Phenotype

Malignant cells commonly have mutations which are
present at a frequency and number that cannot be ac-
counted for by the spontaneous mutation rate of normal
cells. This disparity led to the proposal of the “mutator
phenotype” hypothesis (reviewed in Loeb 2001). The
mutator phenotype arises due to mutation of genes that
are critical for maintaining genomic stability. The in-
creased rates of mutation and genetic evolution asso-
ciated with tumor progression are cited as being mani-
festations of this phenotype (Loeb 2001). Evidence that
Bcr-Abl can induce a mutator phenotype in hemopoiet-
ic cell lines is provided by a study in which Ba/F3 cells
were transfected with p19o®* " and p210"**" (Cani-
trot et al. 1999). Mutation rates for two loci, hypox-
anthine guanine phosphoribosyl transferase (HPRT)
and Na-K-ATPase, were determined for transfected
and untransfected cells. Expression of either form of
Bcr-Abl resulted in mutation rates that were three to fi-
vefold higher than those observed for untransfected
cells. Moreover, the presence of Bcr-Abl was associated
with a twofold (p210° ") or fourfold (p190o®**") in-
crease in expression of DNA polymerase f (Canitrot et
al. 1999), the most error-prone of the DNA polymerases
responsible for base excision repair (BER) of damaged
DNA (Hoeijmakers 2001) (Fig.3.2C). Although this
finding has yet to be confirmed in primary cells, upre-
gulation of this polymerase has been reported for other
cancer cell lines (Scanlon et al. 1989), including ovarian
and colon lines. Increased expression of the least accu-
rate DNA polymerase, at the expense of others with
greater fidelity, might be expected to create an imbal-
ance that would contribute to genomic instability.
Failure of proof-reading by DNA polymerases leads
to the incorporation of incorrect nucleotides into
DNA sequences (misincorporation). This leads to mis-

matches between the misincorporated nucleotide and
the correct nucleotide on the second DNA strand. A re-
cent preliminary report (Stoklosa et al. 2005), suggests
that the mismatch repair (MMR) mechanism responsi-
ble for the detection and removal of misincorporated
nucleotides may be compromised in Bcr-Abl-expressing
cells. Colocalization of the MMR proteins MLH1 and
PMS2 could be detected in untransformed, but not in
Bcr-Abl-expressing leukemic cells. MLH1 was also found
to colocalize with MSH2 in normal but not Bcr-Abl-pos-
itive cells following treatment with N-methylyl-N'-nitro-
N-nitrosoguanine. The apparent inability of these pro-
teins to form the required heterodimers in the presence
of Bcr-Abl implies that MMR may be deficient in CML
cells. These findings, although yet to be confirmed in
a greater number of patient samples, suggest another
mechanism by which Bcr-Abl may induce a mutator
phenotype.

3.6.4 Deficiencies of DNA Repair

Another DNA repair protein, the catalytic subunit of the
DNA-dependent protein kinase (DNA-PKcs) has been
shown to have abnormal expression in primary CML
progenitors and in human and murine hemopoietic cell
lines expressing different amounts of Bcr-Abl (Deutsch
et al. 2001) (Fig.3.2A). DNA-PKcs was found to be
downregulated in human (UT-7) and murine (Ba/F3)
cell lines in inverse proportion to the amount of ex-
pressed Bcr-Abl protein. Such inverse correlation was
confirmed in Ba/F3 cells containing the BCR-ABL trans-
gene under the control of a tetracycline-inducible pro-
moter. Levels of DNA-PKcs mRNA were found to be
consistently high in all of the UT-7 clones despite the
fact that DNA-PKcs was virtually undetectable by im-
munoblotting in cells with high Bcr-Abl expression.
This finding prompted the authors to conclude that
Bcr-Abl was exerting a negative effect on DNA-PKcs ex-
pression by a posttranscriptional mechanism. Treat-
ment of Bcr-Abl-expressing UT-7 cells with a tyrosine
kinase inhibitor or either of two proteasome inhibitors
resulted in the restoration of expression of DNA-PKcs
to levels comparable to those seen in clones which did
not express Bcr-Abl. Significantly, DNA-PKcs protein
was abundant in nonleukemic CD34"% cells but was al-
most undetectable in CD34" cells obtained from two
CML patients. In agreement with the findings in cell
lines, upregulation of DNA-PKcs expression in CML
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Fig. 3.2. Bcr-Abl-induced defects in DNA repair that may contribute
to genomic instability in advanced-phase CML. The two main
mechanisms for repair of DNA double-strand breaks (DSB) are (A)
nonhomologous end-joining (NHEJ) and (B) homologous recombi-
nation (HR). (A) The expression of the catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) is downregulated (red arrow)
in inverse relation to the expression of Bcr-Abl in cells. DNA-PKcs
binds to the free ends of DSBs where it forms a complex with the
Ku70/Ku80 heterodimer. Ligation of the broken strands also requires
DNA ligase IV, x-ray cross complementation group 4 protein (XRCC4)
and the nuclease, Artemis (not shown). (B) The transcription, acti-
vation, and stability of the DNA repair protein Rad51 are all stim-
ulated (three red arrows) by Bcr-Abl expression. Rad51 associates
with exposed strands of DNA at a DSB to form a nucleoprotein fil-
ament. Repair by HR also requires numerous other proteins in-
cluding Rad51-paralogs and the Rad50/Mre11/Nbs1 complex (not
shown). The fidelity of Bcr-Abl-stimulated HR has been reported to
be worse than that of untransformed cells leading to unfaithful
repair and genomic instability. (C) Point mutations or “abasic” sites
caused by depurination are repaired by base excision repair (BER).
Bcr-Abl stimulates the expression (red arrow) of DNA polymerase
(DNA pol f), the most “error-prone” DNA polymerase involved in
BER. The gap-filling reaction in BER also requires an XRCC1-/DNA
ligase 3 complex (not shown). Insertion of incorrect nucleotides into
DNA by DNA pol # may contribute to the mutator phenotype of CML
cells. (D) Exposure to UV radiation causes “bulky” or helix-altering
DNA lesions in which covalent bonds form between adjacent pyri-
midines. These are resolved by nucleotide excision repair (NER) in
which the lesion is excised within a section of DNA spanning 25-30
nucleotides. In myeloid cells, Bcr-Abl stimulates and, in lymphoid
cells, inhibits (red arrows) the association of xeroderma pigmento-
sum group B (XPB) protein with proliferating cell nuclear antigen
(PCNA). XPB functions as a helicase as part of the TFIIH complex
which is essential for recognition of the DNA lesion and its excision.
PCNA forms part of a second complex (not shown) which is re-
sponsible for DNA repair synthesis following excision of the lesion-
containing segment. Defects in NER in CML cells may contribute to
genomic instability and may account for why advanced phase cells
are resistant to cytotoxic drugs that induce lesions similar to those
caused by UV irradiation
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CD34" cells was achieved by treatment with a protea-
some inhibitor implying a major role for the proteaso-
mal-ubiquitin pathway in the inhibition of DNA-PKcs
by Bcr-Abl. It remains to be confirmed how prevalent
downregulation of DNA-PKcs is in the CML patient
population and this must await studies with larger co-
horts of patients. Loss of this protein would be expected
to have severe consequences for genomic stability since
DNA-PKcs has an essential role in the nonhomologous
end-joining (NHE]) pathway by which mammalian cells
repair DNA double-strand breaks (DSBs) (reviewed by
Collis et al. 2005). In this capacity, DNA-PKcs forms a
complex with a heterodimer of the Ku proteins (Kuyo
and Ku80) (Gottlieb and Jackson 1993; Suwa et al.
1994), DNA ligase IV (Nick McElhinny et al. 2000), x-
ray cross complementation group 4 protein (XRCC4)
(Grawunder et al. 1997), and Artemis, a nuclease (Ma
et al. 2002). DSBs are the most difficult form of DNA
damage to repair and are also the most insidious since
they pose a severe threat to the integrity of the genome
if they are left unrepaired (Khanna and Jackson 2001).
Furthermore, there is evidence that the NHE] mecha-
nisms in CML cells are “error-prone” and capable of
“misrepair” when challenged with excessive DSBs (Bra-
dy et al. 2003; Gaymes et al. 2002). This situation is
likely to exacerbate genomic instability contributing to
disease progression.

An alternative mechanism for the repair of DSBs,
homologous recombination (HR), has been shown to
be enhanced in cell lines transfected with BCR-ABL
(Slupianek et al. 2001) (Fig. 3.2B). The process of HR re-
quires Rads1, one of six human homologs of the RecA
protein of E.coli (Radsi-paralogs). Unusually, Bcr-Abl
was implicated in controlling the transcription, activa-
tion, and degradation of Rads1 (Slupianek et al. 2001).
Transcriptional regulation of Rads1 was found to in-
volve the src homology (SH) 2 and SH3 domains of
Bcr-Abl and signaling via activation of STATs5. Elevated
levels of Rads1 protein could be detected in BM cells
from six CML patients (three in CP and three in BC) rel-
ative to the level found in normal BM cells. No correla-
tion between disease phase and expression level of
Rads1 was apparent. Activation of Radsi by Bcr-Abl
was shown to occur via phosphorylation of the HR re-
pair protein on tyrosine residue 315. Degradation of
Rads1 can be mediated via proteolysis catalyzed by cas-
pase-3. In agreement with its known role in blocking the
activation of caspase-3 (Amarante et al. 1998; Dubrez et
al. 1998), Bcr-Abl was found to prevent the activation of
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this enzyme, which in turn led to abrogation of Rads1
proteolysis. The collective effects of Bcr-Abl on the tran-
scription, activation, and stability of Rads1 are manifest
as a drug-resistant phenotype whereby lesions caused
by the cytotoxic agents, mitomycin C and cisplatin,
are rapidly repaired by enhanced HR activity. It is un-
clear whether the fidelity of the Bcr-Abl-stimulated
HR repair mechanism is the same or worse than that
of untransformed cells. If the latter possibility were
the case, then regulation of Radsi by Bcr-Abl would
be expected to contribute to the genomic instability of
CML cells in addition to its effect upon repair of
drug-induced DNA lesions.

Subsequent reports by the same group found that
HR and NHE] mechanisms activated in response to
DSBs caused by reactive oxygen species (ROS) (Nowicki
et al. 2004) or y-irradiation (Slupianek et al. 2005b)
were indeed less faithful in Bcr-Abl-expressing cells
than in normal cells. In addition, these workers have re-
cently identified two Radsi-interacting proteins, Fanco-
ni D2 protein (FANCD2) (Koptyra et al. 2005) and the
Werner syndrome protein (WRN) (Slupianek et al.
2005a) whose expression and activity are stimulated
by Bcr-Abl kinase activity in CML cells. In the former
case activation involves monoubiquitination, whereas
tWRN is activated by tyrosine phosphorylation. Addi-
tional and more detailed studies will be required to de-
termine the consequences of these altered molecular in-
teractions for the repair of DSBs. It should be noted that
other groups (Deutsch et al. 2003; Dierov et al. 2003)
have failed to find elevated expression of Rads1 in other
cell line models of CML. Furthermore, it remains to be
seen whether regulation of Radsi-paralogs by Bcr-Abl is
common in CML, and this will require a larger sample
size.

Although DSBs are undoubtedly the most lethal
form of DNA damage, other genetic lesions, such as
the so-called bulky or helix-altering lesions, may con-
tribute to the underlying genomic instability that char-
acterizes the advanced phase of CML. There is growing
evidence that the p210 form of Bcr-Abl may interfere
with mechanisms responsible for the repair of such
damage. An interaction between the CDC24 homology
domain of Bcr-Abl and the xeroderma pigmentosum
group B protein (XPB) was identified following a yeast
two-hybrid screen (Takeda et al. 1999). The CDC24
homology domain is present within p210®**** but not
p190° AP and the purpose of the screen was to func-
tionally characterize this region by isolating proteins

capable of interacting with it. In the event, XPB emerged
as the only positive “hunter” protein to target the
CDCz24 “bait” XPB, a subunit of the basal transcription
factor TFIIH, is mutated in the hereditary condition xer-
oderma pigmentosum group B, which predisposes suf-
ferers to skin cancer upon exposure to ultraviolet
(UV) light. When expressed in the 27-1 cell line (a
UV-sensitive mutant of the Chinese hamster ovary-9 cell
line), XPB corrected its DNA repair-deficient pheno-
type. Coexpression of p210°"! (but not p1go®=4")
with XPB abrogated this effect (Takeda et al. 1999). In-
triguing differences in the ability of p210®**""express-
ing lymphoid and myeloid cell lines to repair short-
wave UV (UVC)-damaged DNA were observed by Cani-
trot et al. (Canitrot et al. 2003). In an in vitro repair as-
say, extracts from lymphoid Ba/F3-p210 cells expressing
p2105"4" were twofold less active in repairing UVC-
damaged DNA than parental Ba/F3 cells. In contrast,
the opposite was the case for myeloid cell lines where
the DNA repair activity of extracts from 32D-p210 cells
was more than twofold that of parental 32Dcl3 cells.
Similarly, increased (twofold) activity for repair of
UVC-damaged DNA was obtained from primary murine
BM cells infected with a BCR-ABL-containing retrovirus
compared with their untransduced counterparts.
Sensitivity to UVC-induced cytotoxicity was increased
by p210°"4°" expression in Ba/F3 cells whereas
p210°" 4! rendered 32Dcl3 cells more resistant to
UVC. Both effects could be reversed by treatment with
imatinib indicating that the influence of Bcr-Abl on
DNA repair was mediated via its tyrosine kinase activ-
ity. In addition, Bcr-Abl was found to regulate the colo-
calization of XPB with proliferating cell nuclear antigen
(PCNA), stimulating this reaction in myeloid and inhib-
iting it in lymphoid cell lines (Canitrot et al. 2003)
(Fig. 3.2D). Lesions generated by UVC, including cyclo-
butane pyrimidine dimers and (6-4) photoproducts, are
repaired by nucleotide excision repair (NER) (de Laat et
al. 1999). This mechanism involves recognition of the le-
sion, excision of between 25 to 30 nucleotides spanning
it, and DNA synthesis to repair the excised region using
the opposite, undamaged strand as a template. Two mul-
tiprotein complexes are required for NER: one is in-
volved in recognition and excision, and contains TFIIH,
XPA, XPG proteins and replication protein A (RPA); the
second, essential for DNA repair synthesis, contains
PCNA, replication factor C (RFC), RPA, DNA polymer-
ase d/e and DNA ligase I (Aboussekhra et al. 1995). The
findings of Canitrot et al. not only suggest a means by



which Bcr-Abl-expression may contribute to genomic
instability by interfering with NER, but may explain,
in part, why advanced phase CML cells are resistant to
cytotoxic drugs that induce lesions in DNA similar to
those caused by UV irradiation (Canitrot et al. 2003).
The observation that p210®**"expression has oppo-
site effects upon NER in lymphoid and myeloid cell
lines is novel, but remains to be confirmed in primary
cells from CML patients in lymphoid and myeloid BC.

3.6.5 Failures of Genome Surveillance

A feature of advanced phase CML is the acquisition of
additional genetic changes. The presence of such
changes implies a failure of the mechanisms that have
evolved to detect aberrations that threaten the integrity
of the genome. These mechanisms constitute a system
for “genome surveillance” A key component of this sys-
tem is the nuclear protein kinase, ataxia telangiectasia
mutated (ATM), which functions as a DNA damage
“sensor,” initiating a signaling cascade in response to
the detection of DSBs (Hoeijmakers 2001). Inactivating
mutations of the ATM gene cause ataxia telangiectasia, a
recessive disorder characterized by x-ray hypersensitiv-
ity, genomic instability and a predisposition to both sol-
id tumors and hematological malignancies. Since blastic
transformation is associated with complex karyotypes,
many of which involve DSBs, ATM would seem to be a
logical candidate for a gene which is likely to be mutated
or deleted in CML BC. However, a mutational analysis of
ATM involving 59 CML BC patients and 14 CML cell
lines failed to find any clearly deleterious mutations
(Melo et al. 2001). Mutation of histidine to tyrosine at
amino acid position 1380 was detected in the NALM1
cell line, and two patients were found to have a mutation
of leucine to phenylalanine at position 1420. Both of
these mutations corresponded to polymorphisms pres-
ent at almost identical frequencies in normal indivi-
duals. This negative result strongly suggests that muta-
tions of ATM are unlikely causes of disease progression
in CML.

Downstream of ATM is breast cancer 1 (BRCA1), a
gene first identified as being mutated in hereditary
breast cancer (Miki et al. 1994), and which has been re-
ported as being expressed at abnormally low levels in
CML cells (Deutsch et al. 2003). In mononuclear cells
obtained from one patient in CP, two in AP, and two
in BC, BRCA1 was almost undetectable by immunoblot-
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ting (Deutsch et al. 2003). Disease phase had no bearing
on BRCA1 expression since levels of protein were equally
low in all five samples. In contrast, BRCA1 was highly
expressed in three samples from mobilized PB. Immu-
noblotting revealed that BRCA1 expression was also se-
verely reduced in Bcr-Abl-transfected human UT-7 and
murine Ba/F3 cell lines, relative to their parental coun-
terparts. A reciprocal relationship between expression
of p210®**" and BRCA1 was confirmed in Ba/F3 cells
containing a tetracycline-inducible BCR-ABL transgene.
Negative regulation of BRCA1 expression by Bcr-Abl was
shown to involve a posttranscriptional mechanism,
since mRNA levels were not significantly different in
UT-7 cells which expressed different amounts of Ber-
Abl. The phenomenon depends upon the tyrosine kin-
ase activity of Bcr-Abl and may involve the ubiquitin-
proteasomal pathway. The latter point could not be
demonstrated conclusively, since a prolonged exposure
to proteasome inhibitors was required to reverse the
downregulation of BRCA1 but this, in turn, caused a re-
duction in the levels of Bcr-Abl within cells (Deutsch et
al. 2003). A precise role for BRCA1 has yet to be defined,
but it is believed to act as part of a DNA damage sensor
that moves to sites of repair within the nucleus (Wang et
al. 2000). BRCA1 acts in conjunction with other proteins
involved in genome surveillance and DNA repair includ-
ing Rads1 (Scully et al. 1997), the Rad50/MRE11/NBS1
complex (Zhong et al. 1999), ATM (Cortez et al. 1999),
and BLM (Wang et al. 2000). A recent report (Rink et
al. 2005), describes enhanced expression of Mre11 and
Nbsi, but not Radso, as a consequence of Bcr-Abl kinase
activity. In addition, Nbs1 exhibited increased phos-
phorylation on serine 343 in mitomycin-c-treated CML
progenitors and cell lines relative to normal cells. The
consequences of these findings for genome surveillance
remain to be determined but these authors hypothesize
that the enhanced phosphorylation of Nbs1 may con-
tribute to the resistance of Bcr-Abl-positive cells to gen-
otoxic agents (Rink et al. 2005). Consistent with the no-
tion of Bcr-Abl acting to abrogate or compromise ge-
nome surveillance, is the finding that the frequency of
ionizing radiation-induced sister chromatid exchange
in a UT-7 cell line expressing Bcr-Abl was substantially
higher than in the parental cells (Deutsch et al. 2003).
The process of genome surveillance activates dis-
crete checkpoints within the cell cycle. The fate of cells
with damaged DNA is determined at each cell cycle
checkpoint. Activated checkpoints either delay the cell
cycle to provide additional time for DNA repair, or ini-
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tiate cell death by apoptosis, if the damage proves irrep-
arable (reviewed in Bartek and Lukas 2003). Recent evi-
dence suggests that a checkpoint within the synthesis
phase (S-phase) of the cell cycle may be compromised
in CML cells by the direct involvement of Bcr-Abl with
nuclear proteins (Dierov et al. 2004). Although Bcr-Abl
has a predominantly cytoplasmic localization (Wetzler
et al. 1993) it can be induced to “shuttle” to the nucleus
in response to treatment of cells with imatinib mesylate
(Vigneri and Wang 2001). In a series of elegant experi-
ments performed by Dierov et al. (Dierov et al. 2004),
Bcr-Abl was shown to undergo a rapid (within 10
min) translocation to the nucleus in response to etopo-
side-induced genotoxic “insult.” This effect, which was
demonstrated in both NIH 3T3 fibroblasts with ectopic
expression of p210°*" and mononuclear cells from a
CML patient in BC, was transient, and Bcr-Abl was
found to return to the cytoplasm within 2 h of the eto-
poside having been washed away. Cell lines expressing
Bcr-Abl, including 3T3 cells and Ba/F3 cells containing
tetracycline-inducible p210°“*" (Ba/F3 pTet-on p210),
exhibited enhanced DNA damage, as measured by the
“comet” assay, in response to etoposide insult. These cell
lines exhibited a radioresistant DNA synthesis (RDS)
phenotype, since the DNA damage was rapidly repaired
and the cells were found to have passed through S-phase
more rapidly than etoposide-treated control cells. Im-
munoprecipitation studies revealed that Bcr-Abl asso-
ciated with the two main DNA damage sensor proteins,
ataxia-telangiectasia mutated (ATM), and rad 3-related
protein (ATR). ATM function was unaltered by this in-
teraction, as assessed by the phosphorylation of its sub-
strate Chk2 (Matsuoka et al. 2000). In contrast, the kin-
ase activity of ATR was inhibited by Bcr-Abl as evi-
denced by a significant reduction in the phosphoryla-
tion of its substrate, Chki (Liu et al. 2000; Sanchez et
al. 1997). The failure to phosphorylate, and hence acti-
vate, Chki in turn leads to a protein complex, cdcy/
Dbf4, remaining active and DNA replication proceeding
inappropriately. Normally, activated Chki mediates the
intra-S phase checkpoint by disrupting the cdcy/Dbfs
complex, which in turn causes decreased loading of
cdcgs in the prereplication complex (Costanzo et al.
2003). The association of Bcr-Abl with ATR, in response
to etoposide treatment, and the concomitant reduction
in Chk1 phosphorylation were demonstrated in both
Ba/F3 pTet-on p210 cell lines and in primary cells from
two CML patients (Dierov et al. 2004). These findings
led the authors to speculate that disruption of ATR-sig-

naling by Bcr-Abl should predispose cells to increased
translocations and deletions following DSBs, and that
this is the increased DNA damage that they are detect-
ing in their comet assays. The same group have recently
confirmed that this is indeed the case, as these chromo-
somal abnormalities have been observed in etoposide-
treated Bcr-Abl-expressing cell lines and Ph™ cells from
CML patients when spectral karyotyping (SKY) was used
to visualize chromosomes (Dierov et al. 2004, 2005). A
picture is emerging of DNA damage in Bcr-Abl-express-
ing cells, which may take the form of increased sister
chromatid exchange as a result of downregulation of
BRCA1 (Deutsch et al. 2003) or may involve large num-
bers of chromosomal translocations due to the abroga-
tion of ATR-Chk1 signaling (Dierov et al. 2004, 2005).
Neither mechanism is mutually exclusive, and it is of
note that inactivation of Chki may be a common theme
in the erosion of genome surveillance in Bcr-Abl-ex-
pressing cells, since this kinase has also been reported
as being a substrate for BRCA1 (Yarden et al. 2002).
Recently, however, Skorski’s group have reported con-
trary findings in which ATR-signaling is enhanced in
Bcr-Abl-positive CML cells and Chk: is strongly acti-
vated by phosphorylation on serine 345 (Nieborowska
et al. 2005). Further studies should resolve this con-
troversy, but it is clear that Bcr-Abl alters normal cellu-
lar responses to DNA damage via an interaction with
ATR.

3.6.6 Loss of Hemopoietic Homeostasis

Mechanisms responsible for maintaining homeostasis
in the hemopoietic compartment, involving two Dok
(downstream of tyrosine kinase) proteins, may be com-
promised in advanced phase CML (Niki et al. 2004).
This finding was unexpected since neither of the Dok
proteins, p62d°k (Dok-1) (Carpino et al. 1997; Yamanashi
and Baltimore 1997) and p56d°k'2 (Dok-2) (Di Cristofa-
no et al. 1998) had been considered as essential tumor
suppressor genes. Both Dok proteins, however, are
known substrates of p210®*®" (Carpino et al. 1997;
Di Cristofano et al. 1998; Yamanashi and Baltimore
1997). Upon phosphorylation by Bcr-Abl, Dok-1 and
Dok-2 associate with the pi20 rasGTPase-activating
protein (rasGAP) (Cong et al. 1999; Lemay et al.
2000). In a recent report by Niki et al. (Niki et al.
2004), single and double knockout (KO) Dok-1 and
Dok-2 mutant mice were generated. Whereas mice with



a single KO had normal hemopoiesis, inactivation of
both Dok-1 and Dok-2 caused a transplantable, CML-
like myeloproliferative disorder with complete pene-
trance. Cells from these mice displayed increased prolif-
eration and reduced apoptosis. Moreover, Ras-signaling
was implicated in this phenotype since the double Dok-1
and Dok-2 KO cells were found to have elevated Ras ac-
tivation. This finding is understandable in light of the
known role of these proteins in the negative regulation
of Ras. By crossing Dok-1"~ and Dok-2"" mice with a
transgenic mouse model of CML, Tec-p210”°"**! (Honda
et al. 2000), these authors additionally demonstrated
that inactivation of these proteins reduced the latency
of disease and accelerated the onset of blastic transfor-
mation of the myeloproliferative disorder. It remains to
be seen how the animal data are related to the actual ex-
pression of Dok-1 and Dok-2 in human cells and how
relevant these findings prove to be for CML.

3.7 Candidate Genes from Expression Profiling

Expression profiling studies have identified candidate
genes that are differentially regulated in CML BC rela-
tive to CP samples (Table 3.1). Consistent with the idea
that CML BC is a very heterogeneous disorder, few “uni-
versal” genes have been found that show consistent dif-
ferences between CP and BC. Ohmine et al. (Ohmine et
al. 2001) carried out a background-matched population
screening in which cRNA from the AC133" blasts of 7 CP,
2 AP, and 4 myeloid BC patients, together with a control
mixture from healthy individuals, was hybridized to oli-
gonucleotide microarrays representing 3,456 human
genes. They found 17 genes which were upregulated
and 9 which were downregulated in CML BC. Of the lat-
ter group, the protein inhibitor of activated STAT
(PIASy) was considered the most worthy of further
study. Nowicki et al. (Nowicki et al. 2003) performed ex-
pression profiling of mononuclear cells of 5 CP patients
(BM), 5 myeloid BC patients (BM and PB) and 7 normal
individuals (4 PB and 3 BM). After hybridization of this
cRNA to an Affymetrix (Affymetrix, Santa Clara, CA,
USA) human genome UgsAv2 microarray, they found
only 13 genes, amongst those considered as being poten-
tially relevant for malignant transformation, that were
consistently deregulated by fourfold or more in all of
their CML samples. These were: transcription factors
(RUNX1(AML-1), AF1Q, ETS2, LYL-1), a chromatin bind-
ing protein (PLU-1), an enzyme (inosine-5-monophos-
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phate dehydrogenase), genes associated with other ma-
lignancies (GBDR1, NME1, GRO2, CA4, SNC73, MSF),
and a gene which causes Rubinstein-Taybi malforma-
tion syndrome upon inactivation (CREBBP). Another
gene identified in this profiling study, although not
one of the 13 consistently deregulated genes, was EG5
(KNSL1). EG5 encodes a microtubule-associated motor
protein required for generation of the mitotic spindle
(Blangy et al. 1995) and was found to be highly ex-
pressed in BC. Recently, the Egs protein has been shown
to be expressed in CML cell lines and BC patient sam-
ples (Carter et al. 2005). Eg5 expression was downregu-
lated by treatment of the BC cell line, KBMs, with ima-
tinib but not of the imatinib-resistant KBM5 derivative
or the Bcr-Abl-negative HL-60 cells. These findings im-
plicate Egs as being a downstream effector of Bcr-Abl.
Knock-down of Eg5 expression using antisense oligonu-
cleotides induced a G2/M cell cycle block followed by
cell death in both imatinib-sensitive and imatinib-resis-
tant KBMj5 cells. Moreover, the survival of Scid mice
which had been injected with KBMs cells was signifi-
cantly improved by Egs-antisense treatment (Carter et
al. 2005). Excessive expression of Egs in BC may con-
tribute to the disease process by facilitating mitosis,
but additional studies, involving a greater number of
patient samples, will be required to ascertain whether
this is the case, and if this gene product is required
for the proliferation and survival of BC CML cells.

Using cDNA subtractive hybridization, Janssen et al.
(Janssen et al. 2005) identified 8 genes which may be re-
levant to disease progression in CML: genes related to
apoptosis (YWHAZ, GAS2), cytokines (IL8, IL6, PBEF1,
CCLy), a cell cycle-associated gene (SAT), and a specific
factor V/Va-binding protein (MMRN). The relevance of
each of these candidate genes to disease progression in
CML will need to be further clarified in follow-up stud-
ies.

Gene expression profiling studies which compare CP
and BC samples by microarray are open to criticism be-
cause this experimental design does not take account of
the extreme heterogeneity of the disease. In particular,
no distinction is made regarding the rate of disease pro-
gression between individuals. The duration of CP in dif-
ferent CML patients is highly variable. Considering pa-
tients in the extreme “tails” of the frequency distribu-
tion for the onset of BC raises important questions.
Why do some patients enter BC within months of diag-
nosis while others take years to do so? What is the
source of this heterogeneity? Two main explanations
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may be envisaged. The first is that all patients develop
CML with an equal chance of their disease undergoing
transformation to BC. In this scenario, the genetic ma-
keup of the patient has no bearing upon their suscepti-
bility to subsequent disease progression. Heterogeneity
of CP duration may be explained as being due to the
timing of the appearance of deleterious mutations in es-
sential genes. Individuals whose disease progresses
more rapidly than others have acquired early on suffi-
cient mutations in the “constellations” of proto-onco-
genes and tumor suppressor genes required to precipi-
tate BC. According to this explanation, disease evolution
should be entirely stochastic. The second explanation is
that patients develop CML with an unequal chance of
their disease undergoing blastic transformation. In this
scenario, differences in gene expression at presentation
of CP determine the susceptibility of individuals to dis-
ease progression. Heterogeneity of CP duration reflects
the heterogeneity in the patterns of genes expressed by
different patients. This heterogeneity will be present
from the outset and should be detectable in samples
taken at diagnosis.

To investigate this latter hypothesis, Yong et al.
(Yong et al. 2005) carried out gene expression profiling
using samples from CP patients that had been stored
within 3 months of diagnosis and before the start of
treatment. The CP samples were retrospectively strati-
fied according to whether the patients had entered BC
within 3 years of diagnosis, in which case they were de-
fined as having had “aggressive disease,” or whether the
patients had survived for over 7 years prior to the onset
of BC, with an “indolent disease.” Unlike other studies
(Nowicki et al. 2003) where RNA was extracted from
the heterogeneous pool of mononuclear cells, Yong et
al. used CD34" progenitors, which constitute the major-
ity of immature cells in chronic phase. cRNA was
synthesized from 19 (aggressive=10, indolent=9) pa-
tients and hybridized to Affymetrix HG-U133A Gene-
Chip microarrays. This study identified 20 genes with
a pattern of expression that was significantly different
between patients with aggressive disease and patients
with indolent disease. These findings were confirmed
by quantitative real-time PCR (Q-RT/PCR) and gene ex-
pression was correlated with patient survival using a
multivariate Cox regression model on 68 patients. The
combination of a low expression of CDy with high ex-
pression of proteinase 3 (PR-3) or elastase (ELA2) was
found to be highly predictive of longer survival.
Although these results have yet to be confirmed in a

larger cohort of patients, this expression profile may
represent an important prognostic marker for predict-
ing the onset of blast crisis in different individuals.

3.8 Conclusion

Disease progression in CML is complex and multifactor-
ial. No single cytogenetic or molecular genetic event can
be responsible for the heterogeneous nature of BC. In
reviewing the biology of advanced phase CML a few pat-
terns may be discerned amongst the general chaos.
Nonrandom chromosomal abnormalities are common
in disease progression in CML. These are mainly gross
markers of an underlying genomic instability and an in-
creased tolerance of genetic aberrations due to compro-
mised “genome surveillance” mechanisms. The nonran-
dom nature of these cytogenetic patterns is probably a
consequence of certain chromosome regions being in-
nately more “break-prone” than others. Gross chromo-
somal changes, such as trisomies, rarely yield useful
clues concerning changes at the molecular level. How-
ever, in the case of MYC, its duplication, either by +8
or as a result of more complex rearrangements, may
be important for disease progression.

It remains an open question as to how many second-
ary mutations need to be combined in order for blastic
transformation to occur. It is unlikely that this number
is the same for all patients and, conversely, it is likely
that in some cases BC is precipitated by fewer mutations
than in others because these mutations are in more crit-
ical genes. Data (some of them conflicting) are available
concerning the frequency of loss of the tumor suppres-
sor genes TP53 and INK4/ARF. Due to the high fre-
quency of inactivating mutations of TP53 it seems likely
that loss of p53 function has an important role in dis-
ease progression. However, it is also possible that there
are other genes located on 17p whose loss is as signifi-
cant, if not more so, for disease progression than ps3.
The correlation of loss of heterozygosity of INK4/ARF
with lymphoid BC is well established and it seems cer-
tain that this mutation is important in driving the pro-
cess of disease evolution in some cases of BC with a
lymphoid phenotype. Deletion of this locus may be
equivalent to two “hits” at other loci since it encodes
two tumor suppressor proteins. In addition, transcrip-
tional silencing via promoter methylation may be an al-
ternative mechanism for functionally removing these
tumor suppressors.



In the absence of a general “handle” on how to un-
cover the specific causative abnormality in each individ-
ual patient, much of the investigation to date has con-
centrated on analyzing candidate genes which, by na-
ture of their function, are suspected as underlying the
phenotype of CML blasts. In some cases, such as the
mutational analyses of ATM (Melo et al. 2001), ABL
(v-abl transforming mutations) (Melo and Goldman
1992), ABL-BCR (Melo et al. 1993), JunB (Yang et al.
2003), N-ras (Garicochea et al. 1998; Watzinger et al.
1994), neurofibromatosis gene (NF1) (Garicochea et al.
1998), BCL1o (a proapoptotic gene) (Bose et al. 1999),
Wilms tumor predisposing gene (WT1) (Carapeti et al.
1997), granulocyte colony-stimulating factor receptor
(G-CSF-R) (Carapeti et al. 1997), p57Kip2 (Guran et al.
1998), type II transforming growth factor-f recep-
tor(TGF-f RII) (Rooke et al. 1999), FHIT (Carapeti et
al. 1998), and Fms-like tyrosine kinase 3 (FLT3) (Wang
et al. 2005) the results are negative, but in others this
approach has proven fruitful (Table 3.1). An epigenetic
mechanism for the differentiation arrest of CML pro-
genitors has been proposed involving induction of
hnRNP E2 which, in turn, inhibits translation of the
transcription factor C/EBP a. The impaired genome sur-
veillance of CML cells may result from direct binding of
Bcr-Abl to ATR in the nucleus or it may result from loss
of BRCA1. Such mechanisms are not mutually exclusive
and both may operate together. A recurring theme is
that of deficient or error-prone repair of DNA damage.
Several mechanisms have been implicated including:
BER (overexpression of error-prone DNA polymerase
f, NER (stimulation and inhibition of colocalization of
XPB with PCNA), NHE] (downregulation of DNA-
PKcs), and HR (upregulation of Rads1). Finally, loss
of homeostasis of the hemopoietic compartment may
be important in disease progression following the unex-
pected discovery that Dok-1 and Dok-2 may function as
essential tumor suppressor genes. The relevance of these
mechanisms to disease progression in CML will need to
be tested by sequential analyses, ideally with paired CP
and BC material, on larger cohorts of patients. It seems
likely that the approach of studying candidate genes will
continue and that many of these will be suggested by
microarray expression profiling.
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Abstract. This chapter describes the incidence and clin-
ical features of CML at diagnosis and the required inves-
tigations to evaluate patients with BCR-ABL-positive
chronic myeloid leukemia. Some rarer presentations
or features at diagnosis are highlighted. It describes
prognostic indicators for evaluating outcome both in
the preimatinib and imatinib era. Response to therapy
is now a more powerful predictor of outcome than the
traditional risk groupings derived from diagnostic data.
The IRIS Trial shows 93% of patients treated with ima-
tinib free of progression to accelerated phase or blast
crisis at 54-month follow-up. For patients in complete
cytogenetic and major molecular responses at 12
months, the figures are even better. Criteria associated
with disease progression are evaluated. There is a gen-
eral consensus for definition of blast crisis but defini-
tions for accelerated phase still vary. The outcome for
patients who have progressed to these stages is poor,
although the impact of newer kinase inhibitors is still

to be evaluated. It is likely that definitions of progres-
sion will change to take into account failure to obtain
an adequate response to kinase inhibitor therapy. De-
spite the efficacy demonstrated with imatinib so far, re-
sistance does occur and, in addition, sudden transfor-
mation to blast phase, particularly of lymphoid lineage,
may occur. The outlook for patients with transformed
disease remains poor even with intensive therapy in-
cluding allogeneic transplantation.

4.1 Clinical Features of CML

Chronic myeloid leukemia (CML) is a clonal disorder of
a pluripotent stem cell (Fialkow et al. 1997). It is charac-
terized by the presence of a reciprocal translocation be-
tween chromosomes 9 and 22, t(9;22)(q34;q11) known as
the Philadelphia chromosome (Nowell and Hungerford
1960). The translocation breakpoints involve two genes,
a shortened BCR gene on chromosome 22 and a trans-
located ABL gene from chromosome 9 to form a fusion
BCR-ABL gene on chromosome 22.

The resultant aberrant protein has dysregulated tyr-
osine kinase activity and is thought to be the initiating
event in the chronic phase of CML (Daley et al. 1990).
There are no known factors predisposing to CML other
than ionizing radiation (Bizzozero et al. 1966; Corso et
al. 1995). Ph positive CML has a worldwide incidence
of 1-1.5 cases per 100,000 population per year (Faderl
et al. 1999). Data from the Scottish Cancer Registry
1997-2001 show an incidence of 0.9-1.2 per 100,000 per-
son-years at risk (Scottish Cancer Registry, ISD). Early
data may not take into account only those persons with
a Ph chromosome or an aberrant BCR-ABL fusion gene
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necessary for a diagnosis of CML. Despite the consistent
molecular events in CML, the disease is heterogeneous
in both presentation and clinical course. The disease
is bi- or triphasic with patients typically presenting in
the chronic phase (CP). The disease usually transforms
to one or both of the advanced phases-accelerated phase
(AP) and blast transformation (BT). Around 20% of pa-
tients will die in chronic phase of unrelated conditions
(Kluin-Nelemans, et al. 2004).

In this chapter we discuss clinical features at disease
diagnosis as well as the natural history of each phase of
disease, prognostic risk grouping, and some of the side
effects encountered with treatment.

4.1.1 Diagnosis

Most patients are easily diagnosed from the typical
findings on an examination of the blood count and film
and the demonstration of the typical Ph chromosome.
While some cases are diagnosed incidentally, the major-
ity of patients are symptomatic at presentation. The dis-
ease usually presents in the CP, which generally has an
insidious onset. Occasional patients may present in
more advanced stages of the disease. There are a num-
ber of investigations which should be performed at di-
agnosis:
Full blood count (FBC) with manual differential of at
least 300 cells for percent of blasts, eosinophils, and
basophils. This is necessary for the parameters re-
quired by the Sokal and Hasford Prognostic Risk
scores. Automated counters do not give a sufficiently
accurate differential count. It should be performed
before any therapy has been given.
Demonstration of a Ph chromosome and/or a BCR-
ABL fusion gene. This can be done on peripheral
blood or marrow. Standard cytogenetics should be
done on a minimum of 20 metaphases. If cytoge-
netics fail fluorescence in situ hybridization (FISH)
analysis using dual fusion probes spanning the
breakpoints on both chromosome 9 and 22 is helpful.
The FISH report should also include the deletion sta-
tus of chromosome 9 as this may have prognostic sig-
nificance (Huntly et al. 2001; Quintas-Cardama et al.
2005), as discussed later. The presence or absence of
additional cytogenetic changes should be noted.
Measurement of spleen size on quiet breathing in
centimeters below the costal margin, again for prog-
nostic indices.

Quantitative RT-PCR analysis of blood or marrow
for type and level of BCR-ABL transcript.

4.1.2 Laboratory Features

In CP CML, the peripheral blood typically shows signif-
icant leukocytosis. Typical levels from the multicenter
randomized trials in CML show levels of around 100-
150x10°/1 (Allan et al. 1995; Kluin-Nelmans et al. 2004;
The Benelux CML Study Group 1998; The Italian Coop-
erative Study Group 1994). This leukocytosis is largely
due to myeloid cells in varying stages of maturation, pre-
dominantly myelocytes and segmented neutrophils.
Blasts usually account for <2% of the WBC. Basophilia
is invariably present and there is often eosinophilia. The
platelet count may be normal or increased with throm-
bocytopenia rarely occurring during CP. There is often a
mild normocytic anemia (Spiers et al. 1977). Some cases
may present with predominant thrombocytosis with little
if any elevation of the white cell count (Morris et al. 1988).
Thus all patients with high platelet counts consistent with
a myeloproliferative disorder should have cytogenetic or
molecular analysis to detect a BCR-ABL fusion gene.

The bone marrow aspirate and biopsy are typically
markedly hypercellular with a high myeloid:erythroid
ratio. Blasts are usually less than 10% but often these
are fewer than 5% of cells. Megakaryocytes are small
with hypolobulated nuclei. They may be increased, nor-
mal or slightly decreased in number, but increased
numbers are the most common finding with up to
50% of patients having moderate to extensive prolifera-
tion of megakaryocytes (Thiele et al. 2000). An in-
creased amount of reticulin fibers in the marrow corre-
lates with increased numbers of megakaryocytes, extent
of splenomegaly, and severity of anemia (Thiele et al.
2000). Pseudo-Gaucher cells and sea-blue histiocytes
are seen in approximately one third of specimens. They
reflect the increased bone marrow cell turnover and are
derived from the malignant clone (Bhatia et al. 1991;
Golde et al. 1977; Thiele et al. 1998).

4.1.3 Clinical Features at Diagnosis

The median age at diagnosis is 55-60 years, with fewer
than 10% of cases occurring under age 20 years. The
disease occurs in both sexes with a male:female ratio
of 1.3:1 (Faderl et al. 1999). Data from the Scottish Can-
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Table 4.1. Findings at diagnosis by allocated treatment in Ph-positive CML patients (n=513) (with permission from Hehl-

mann et al. 1994)

IFN (n=133) Bu (n=186) HU (n=194)
Age years median(range) 47.4+14.9/47(18-85) 48.5+15.5/4.9(17-84) 46.9+15.3/47(15-84)
Sex (% male) 66.2 61.3 50.5
Fatigue, general ill-feeling (%) 61.8 68.8 57.9
Symptoms due to organomegaly (%) 28.8 36.0 349
Weight loss (%) 174 239 19.5
Fever (%) 3.8 9.7 3.7
Extramedullary manifestations (skin, 9.2 8.2 3.7
lymph nodes (%))
Splenomegaly (%) 68.3 721 726
Hepatomegaly (%) 479 53.2 46.3
Spleen size (cm below costal margin) 6.2+6.4 6.4+6.7 6.5+6.5
Liver size (cm in mid clavicular line) 12.7+23 12.8+2.6 12.6+2.7

IFN =Interferon-a; Bu=Busulfan; HU=Hydroxyurea

cer Registry over 1997-2001 show a median age of 64
years and a rising incidence with age. Only 5% of cases
were <25 years (Scottish Cancer Registry, ISD).

About 20-45% of patients are asymptomatic at diag-
nosis and are picked up incidentally from examination of
the peripheral blood (Faderl et al. 1999; Savage et al.
1997). Clinical features include weight loss, sweats,
symptoms of anemia, abdominal discomfort secondary
to splenic enlargement, bruising, epistaxis, or other
hemorrhagic sequelae. The only recent description of
symptoms comes from the multicenter randomized
trials of therapy from the German Study Group (Table
4.1). They found fatigue to be common in about 60%
of cases, symptoms of organomegaly in around 30%
of patients, and fever and weight loss in about 20%
(Hehlmann et al. 1994). In the UK CML V trial compar-
ing low and high dose interferon (247 patients), symp-
toms at diagnosis were present in 66% of patients. The
major symptoms were malaise/fatigue 54%, weight loss
30%, organomegaly symptoms 37%, fever/sweats 25%,
and hyperviscosity symptoms 8%. However, these symp-
toms were generally mild as the WHO performance sta-
tus was >1in only 4% (personal communication, P. Shep-
herd). The median age for the German Study Group was
47 years and 60 years for the UK CML V Trial. The in-
cidence of symptoms is not dissimilar in these two trials.

Savage, Szydlo, and Goldman (Savage et al. 1997)
have reported on the major presenting features of

CML. They reviewed the records of 430 patients with
CML referred to the Hammersmith Hospital in London
for allogeneic bone marrow transplantation between
1981 and 1997. This was obviously a selected population
of relatively young patients with a median age of 34
years (range 5 to 62 years). However, it is the most de-
scriptive series to report on signs and symptoms at di-
agnosis of CML. Less than 10% were diagnosed in ad-
vanced phase. Male patients outnumbered female pa-
tients (58% vs. 42% respectively). The median duration
of symptoms was 3 months (range o to 36 months). Ta-
ble 4.2 summarizes the various clinical features and
their relative frequencies.

Some similarities and differences are evident if we
compare this series to the initial patient characteristics
reported in the German CML-1 trial - see Table 4.1
(Hehlmann et al. 1994). Fatigue was the most common
symptom in both groups although the incidence was
lower in Savage’s study, perhaps reflecting a younger co-
hort of patients. The incidence of weight loss was sim-
ilar. However, hepatomegaly was more common in the
German group. In the UK study, the frequency of weight
loss, sweats, and bone pain did not differ between those
diagnosed in CP and AP. The authors observed that
symptoms improved or resolved following treatment
in patients diagnosed in CP but often persisted in those
treated for AP. Laboratory features for this study are
given in Table 4.3. The WBC count was >100 in over
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Table 4.2. Clinical features at diagnosis of CML (n=430)
(with permission from Savage, Szydlo and Goldman
1997)

Clinical feature n %
Symptoms
Fatigue or lethargy 140 335
Bleeding 89 213
Weight loss 84 20.0
Splenic discomfort 76 18.6
Abdominal mass or fullness 62 14.8
Sweats 61 14.6
Bone pain 31 74
Infection 26 6.2
Headache 21 5.8
Dyspnea 19 4.5
Visual disturbances 18 44
Weakness 18 44
Arthralgia 17 4.0
Cough 13 3.1
Malaise 13 3.1
Dizziness 9 2.2
Nausea/vomiting 9 2.2
Ankle edema 9 2.2
Priapism 8 1.9
Mental changes 7 1.6
Signs
Spleen palpable: 314 75.8
1-10 cm 153 36.9
>10 cm 161 38.9
Spleen not palpable 100 24.2
Purpura 66 15.8
Palpable liver 9 2.2
Incidental diagnosis 85 20

70% of patients and the platelet count > 450 in 50% of
cases. Low platelet counts <150 are uncommon at diag-
nosis, being present in around 10% only. Anemia, gen-
erally mild, was present in about 60% of patients.
Bleeding was reported in 21% of cases in the study
by Savage, et al. 1997. Purpura was the most common
hemorrhagic sign, occurring in 15.8% of patients. This

is somewhat surprising given that <1% had platelets
<50%10°/1. Seven women (3.7%) presented with menor-
rhagia. Retinal hemorrhages occurred in 11 patients, of
whom six had WBC count >250x10%/1. Other patients
presented with prolonged bleeding after dental extrac-
tion, epistaxis, bleeding duodenal ulcer, oozing gums,
rectal bleeding, and one patient had a subdural hemato-
ma. Splenic discomfort was reported in 19% of cases.
This was usually felt in the left upper abdomen but
could be referred to the left shoulder or left lower chest
in a minority of patients. Splenic rupture was seen in
one patient. Avascular necrosis of the femoral head
has been reported rarely. Gout was also rarely seen.
Other reported symptoms included skin rash in three
patients, including one with leukocytoclastic vasculitis.
One patient presented with acute dizziness and unilat-
eral hearing loss suggestive of hemorrhage or ischemia
in the inner ear. Laboratory findings at diagnosis from
this series are shown in Table 4.3. Male patients were re-
ported to have higher WBC counts, larger spleens, and
lower platelet counts than females. These differences
persisted after exclusion of patients diagnosed inciden-
tally. Duration of symptoms did not differ between male
and female patients. Patients <40 years of age had
greater degrees of leukocytosis, anemia, and splenome-
galy than older patients. One could speculate that this
could be because they tolerate these symptoms better
and took longer to seek medical attention. Male patients
were slightly older than female patients (ages 33.7 years
and 31.6 years respectively, P=0.06). The WBC count
correlated with spleen size. Both WBC and spleen size
correlated inversely with hemoglobin level, but neither
correlated with platelet count. With respect to hemosta-
sis, the median platelet count of bleeding patients was
lower than that of nonbleeding patients (median values
319 and 485, respectively, P=0.0002). However, throm-
bocytopenia (<150x10°/1) was present in <10% of pa-
tients with hemorrhage. The median WBC was higher
in patients with than in those without bleeding manifes-
tations (217 and 170%x10°/l, P=0.004). These observa-
tions suggest that platelet dysfunction rather than
thrombocytopenia is the major cause of the bleeding
and that high numbers of circulating granulocytes con-
tribute to impaired platelet function. Since hemorrhagic
manifestations abate with treatment, platelet dysfunc-
tion is likely related to disease activity.

A large variety of platelet dysfunctions have been
described in chronic myeloproliferative disorders.
These abnormalities may be due to a decrease in the



Table 4.3. Hematological findings at diagnosis in CML
(with permission from Savage, Szydlo and Goldman
1997)

Laboratory Measurement Median Range
WBC (x10%/1) (n=400) 174 5.0-850.0
Hb (g/dl) (n=344) 10.3 4.9-16.6
Platelets (x10%/1) (n=337) 430 17-3182
WBC (x10°/1) n %

<20 18 4.5
20-99 92 23.0
100-249 145 36.2
250-350 69 17.2
>350 76 19.0

Hb (g/dI) n %

<75 38 11.0
7.6-9.4 81 235
9.5-11.4 95 27.6
=115 130 37.8
Platelets (x10°%/1) n %

<50 3 6.9
50-149 12 3.6
150-449 155 46.0
450-599 55 16.3
600-999 73 21.7
>1000 39 11.6

platelet content of serotonin and adenine nucleotides,
decreased platelet density, an abnormal ultrastructure
with paucity of granules, platelet membrane glycopro-
tein abnormalities, defective arachidonic acid metabo-
lism, and reduced aggregation response with epinephr-
ine (Holme and Murphy 1990; Pareti et al. 1982; Weh-
meier et al. 1989; Yamamoto et al. 1984).

Decreased intraplatelet levels of vWF: Ag and fibri-
nogen have also been reported in CML (Meschengieser
et al. 1987). However, this was more frequently observed
in essential thrombocythemia and polycythemia vera
and was thought to be secondary to platelet activation
and in vivo release of both antigens.

Despite the fact that some patients in the UK series
had a marked thrombocytosis, none presented with
classic ischemic events such as stroke or myocardial in-
farction. These complications have, however, been de-
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scribed in CML and were related to hyperleukocytosis
(Hild and Myers 1980). The UK investigators suggested
that the lack of ischemic symptoms may have been due
to their relatively young study population. However,
they also acknowledge that thrombosis has not been a
clinical feature of previous large unselected series which
included older patients (Mason et al. 1974; MRC Work-
ing Party 1968; Rowe 1983). In addition, it has not been
noted as a presenting feature of the randomized trials of
interferon therapy. This suggests that platelet-related
ischemia is rare in CP CML compared with other mye-
loproliferative disorders.

Priapism was present in 3% of male patients. Pon-
niah and colleagues reported successful management
of this urological emergency with prompt leukapheresis
in a previously fit 19-year-old man with previously un-
diagnosed CML who presented with a WBC count of
513x10°/1 (Ponniah et al. 2004). Aseptic necrosis of
the femoral head complicating severe leukostasis has
also been reported (Kraemer et al. 2003).

The benefits of leukapheresis in the treatment of
other symptoms of hyperviscosity and thrombocytosis
in CML are well documented. These reports include
rapid improvement in cases of impaired visual acuity
secondary to a “hyperleukocytic retinopathy” (Mehta
et al. 1984) and recovery from digital gangrene due to
thrombocytosis (Win and Mitchell 2001).

4.1.4 Prognostic Risk Grouping

The clinical course of CML is variable and survival is re-
lated to the phase of the disease and the risk character-
istics of the patient. Prognostic risk grouping based on
the diagnostic blood film and clinical features can delin-
eate subgroups with varying survival. The response to
therapy, especially cytogenetic and molecular responses,
either to interferon (Hasford et al. 2005) or to imatinib
(Hughes et al. 2003; Kantarjian et al. 2004) is also of
prognostic significance. The Sokal (Sokal et al. 1984)
and Hasford scores (Hasford et al. 1998) are widely used
“staging” systems which can predict, at diagnosis, statis-
tically significant differences in median survival for bu-
sulfan/hydroxyurea or interferon-treated patients, re-
spectively. Until the advent of imatinib, these scoring
systems were helpful for informing patient choice on
whether to proceed directly to allograft if a donor was
available or to first consider a trial of drug therapy, re-
serving transplantation for those with an inadequate
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clinical response. Sokal, et al. evaluated the prognostic
significance of disease features recorded at diagnosis
among 813 patients with Ph-positive CP CML. They
identified three different cohorts of patients within this
population, most of which were treated with single-
agent busulfan or hydroxyurea. The disease features
found to have prognostic significance included spleen
size, age, percent of circulating blasts, and platelet count.
Only the platelet count did not have progressive influ-
ence on risk over its entire range of values; it did not in-
fluence survival significantly at values below 700 x10°/1.
However, above this threshold it behaved as a continu-
ous variable. The following hazard ratio function was
derived:

Ai(t)/2(t)=Exp 0.0116 (Age — 43.4)+0.0345 (Spleen -
7.51)+0.188 [(p|ate|e'cs/700)2 -0.563+0.0887 (Blasts — 2.10)

The Sokal score divided patients into three approxi-
mately equal groups scoring as low <o0.8, intermediate
0.8-1.2, and high-risk >1.2. Median survivals were
roughly twice as high in the low-risk group compared
to the high-risk group, 60 vs. 32 months (Sokal et al.
1984). In the 1980s interferon-alpha was shown to be ef-
fective therapy in CML and in particular was able to in-
duce cytogenetic remissions when used as therapy for
CML (Talpaz et al. 1986). Multicenter prospective ran-
domized trials comparing interferon to hydroxyurea
or busulfan showed improvement in survival with inter-
feron regimens. A meta-analysis of these randomized
trials showed an improvement in survival by 15% at 5
years for interferon-treated patients from 41.8 to
56.8% (Chronic Myeloid Leukemia Trialists’ Collabora-
tive Group 1997). Major cytogenetic responses were seen
in the randomized trials of 11-21%, and from 11-43% in
single center studies (reviewed by Shepherd 2001). Ma-
jor cytogenetic response rates were predominantly seen
in Sokal low-risk patients and to a lesser extent in inter-
mediate-risk patients. Where they occurred in high-risk
patients they were frequently not durable. Clinical fea-
tures associated with improved cytogenetic response
to interferon-alpha included asymptomatic disease at
diagnosis, smaller spleen size, lower leukocyte and pe-
ripheral blast counts, normal platelet count, and hemo-
globin level (Kantarjian et al. 1995; The Italian Coopera-
tive Study Group 1994). These are the patients who fall
into low and intermediate Sokal risk groups. A coopera-
tive study of complete cytogenetic responders (CCyR) to
interferon showed low-risk patients achieving CCyR to
have a 10-year survival of >80% (Bonifazi et al. 2001).

High-risk patients with CCyR did not obtain durable re-
sponses. However, while the Sokal score worked well for
patients treated with busulfan or hydroxyurea, it was re-
ported by some authors to be a poor prognostic discri-
minator for patients treated with interferon-alpha (Has-
ford et al. 1996; Ohnishi et al. 1995; Ozer et al. 1993). The
Collaborative CML Prognostic Factors Study Group
analyzed 1,303 newly diagnosed patients with CML
and used statistical methods to identify independent
prognostic factors for patients treated with interferon-
alpha (Hasford et al. 1998). They described a new scor-
ing system, which in addition to the Sokal variables in-
cluded percent eosinophils and basophils:

Prognostic score=([0.6666 xage] +[0.042 x spleen
size]+[0.0584x % blasts]+[0.0413x% eosinophils] +
[0.2039%x % basophils]+[1.0956 x platelets]) x 1000

where age equals o when the patient is <50 years or
equals 1 when patient >50 years old; spleen size is mea-
sured as centimeters below costal margin; basophils
equals o when basophil count <3% or equals 1 when
is >3%; and platelets equals o when platelet count is
<1500%10°/l or equals 1 when >1500x10°/l. Three
groups were identified by the score:

Low-risk - 41% of all patients; score <780

Intermediate-risk - 45% of all patients; score >780

and <1480

High-risk - 15% of all patients; score >1480

They showed on this database that the Sokal score failed
to discriminate between intermediate- and high-risk
groups for survival. The new proposed staging system
showed better discrimination between the risk groups
with median survivals of 96 months vs. 65 months vs.
42 months for low-, intermediate-, and high-risk
groups, respectively. Five-year survival probabilities
were 75%, 56%, and 28%, respectively. In addition, this
scoring system has been combined with an analysis of
major cytogenetic response rates to assess survival for
patients on interferon alpha (Hasford et al. 2005). Major
cytogenetic response within the low- and intermediate-
risk groups had a marked influence on survival within
these groups; however, major cytogenetic response
within the high-risk group, admittedly rare, did not
confer any advantage.

With the advent of imatinib, a selective BCR-ABL
kinase inhibitor, and other agents, the prognostic value
of the Sokal or Hasford scores needs to be reassessed.
However, the data on interferon-treated patients can



serve as a benchmark for the assessment of the long-
term effectiveness of imatinib. Imatinib is now first-line
therapy for CML, except for those (few) who proceed di-
rectly to allograft. Around 60% of patients treated with
imatinib 400 mg in CP after failing interferon-alpha
therapy will achieve a major cytogenetic response. This
is complete in 41% (Kantarjian et al. 2002a). CCyR is
reached in 75% of those treated with imatinib as first-
line therapy (O’Brien et al. 2003). This study, the IRIS
study, is the only study that has at least some details
of the Sokal risk score for the patients entered. The IRIS
study did not initially show a significant difference in
progression-free survival among the different Sokal
risk-group categories (O’Brien et al. 2003). However,
with further follow-up, the Sokal classification was
shown to differentiate three groups with distinct pro-
gression-free survival probabilities (Cervantes et al.
2003). A further update of these results at 54 months
of follow-up was presented at ASH 2005 (Simonsson et
al. 2005). They confirm the prognostic significance of
Sokal Risk Group (Fig. 4.1). However, in addition they
show that if high-risk patients do achieve CCyR on im-
atinib, their survival to date seems as good as other pa-
tients achieving CCyR (Simonsson et al. 2005). Details
of Hasford scores are not available for the IRIS study.
Hence, these “traditional” prognostic models need to
be re-examined and possibly revised in this new era
of treatment for CML.

The major prognostic indicator now appears to be
the depth and quality of cytogenetic and molecular re-
sponses to imatinib. There is good evidence from the
IRIS Trial (O’Brien et al. 2003) and indeed from the ear-
lier studies in interferon-resistant and interferon-intol-
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Fig. 4.1. Survival by Sokal Group in patients on the imatinib arm of
the IRIS trial: 54-month follow-up
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erant patients (Kantarjian et al. 2002a,b; Marin et al.
2003) that the achievement of a major or complete cyto-
genetic response is associated with improved prognosis.
If CCyR is achieved at 12 months, a >3 log reduction in
BCR-ABL transcript levels is associated with improved
progression-free survival (Hughes et al. 2003). A further
update with 54 months of follow-up was presented at
ASH 2005 (Simonsson et al. 2005). These confirm the
prognostic importance of achieving a cytogenetic re-
sponse and a >3 log reduction in transcript level for
those in CCyR (Figs. 4.2, 4.3). There is also some evi-
dence that higher doses of imatinib, i.e., 800 mg daily,
are associated with improved rates of CCyR, major
molecular response, and transcript undetectability com-
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Fig. 4.2. Survival without accelerated phase or blast crisis by the
level of cytogenetic response at 12 months in the imatinib arm of
the IRIS trial: 54-month follow-up. CCyR - complete cytogenetic
response; PCyR - partial cytogenetic response; MCyR - major cy-
togenetic response
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Fig. 4.3. Survival without accelerated phase or blast crisis by the
level of molecular response at 12 months in the imatinib arm of the
IRIS trial: 54-month follow-up
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pared with standard dosage, i.e., 400 mg daily (Kantar-
jian et al. 2004).

Other traditional prognostic variables are now chal-
lenged by the advent of imatinib. Older age has been a
consistent poor prognostic factor in patients with CML
and as such is a feature of the Sokal and Hasford risk
scores. However, with imatinib therapy older age ap-
pears to have lost much of its prognostic relevance
(Cortes et al. 2003). Cortes, et al. reported that among
187 patients in early CML-CP, a complete cytogenetic re-
sponse was achieved in 87% of patients aged 60 years as
compared to a rate of 79% in younger patients
(P=0.28). This suggests that the previous poor prog-
nosis amongst older patients was related to comorbidity
or treatment-associated toxicity rather than to an in-
trinsically worse disease biology.

The development of FISH techniques led to the dis-
covery of deletions of derivative chromosome 9 [der(9)]
in 10-15% of patients with Ph-positive CML (Grand et
al. 1999; Sinclair et al. 2000). These deletions are
thought to occur at the same time as the Ph transloca-
tion, and are usually large and located in the regions
flanking the translocation breakpoint of the der(9).
They have been associated with a poor prognosis, with
patients having earlier disease progression and reduced
survival (Cohen et al. 2001; Huntly et al. 2001, 2003;
Kolomietz et al. 2001; Sinclair et al. 2000). However, it
has recently been reported that imatinib overcomes
the adverse prognostic significance of der(9) deletions;
the rates of major (82% vs. 79%, P=0.82) and complete
cytogenetic response (76% vs. 66%, P=0.33) with ima-
tinib therapy were similar in patients with and without
der (9) deletions, respectively (Quintas-Cardama et al.
2005). Twenty-eight-month median follow-up revealed
no difference in overall survival or response duration.

An additional clinical variable to be considered in
imatinib-treated patients is the development of myelo-
suppression. Grade 3 or 4 neutropenia has been re-
ported in 35-45% of patients treated with standard-dose
imatinib (Kantarjian et al. 2002 a; Sneed et al. 2004). In a
multivariate analysis of 143 patients with late CML-CP,
Sneed, et al. reported that any myelosuppression >grade
3 was associated with a lower rate of major (P=0.04) or
complete (P=0.01) cytogenetic responses (Sneed et al.
2004). This was more pronounced with myelosuppres-
sion that lasted more than 2 weeks. A low neutrophil
count and poor cytogenetic response at 3 months were
found to have poor prognostic significance (Marin et
al. 2003). However, a similar analysis failed to find these

to have prognostic significance (Kantarjian and Cortes
2004). Myelosuppression is commoner when imatinib
was used later in the course of the disease. It may reflect
reduced numbers of surviving Ph-negative stem cells. It
may also in part contribute to reduced dose intensity
and this may impact unfavorably on prognosis.

The toxicity profile of imatinib is very much more
favorable when compared with interferon. This was
demonstrated in the International Randomized Study
of Interferon and STI 571 (IRIS) trial (O’Brien et al.
2003) where intolerance to treatment in the combina-
tion-therapy group resulted in a high rate of crossover
to imatinib. Quality of life was also significantly better
with imatinib compared to interferon (Hahn et al.
2003). Imatinib-related nonhematological side effects
occurred in less than 10% of patients and included nau-
sea, vomiting, edema, weight gain, muscle cramps, diar-
rhea, and cutaneous reactions (Druker et al. 2001;
O’Brien et al. 2003). These skin reactions represent 7-
21% of all toxic events (Brouard and Saurat 2001), and
are usually dose dependent. The spectrum of skin reac-
tions includes pruritus, dermatitis, hypopigmentation,
and an occasional severe form, including one report
of Steven-Johnson syndrome (Hsiao et al. 2002), and
in two cases, squamous cutaneous carcinoma (Baskay-
nak et al. 2003). Grade 3 and 4 adverse events usually re-
quire cessation of imatinib and possible reintroduction
at lower doses once resolved. Many Grade 1 and 2 reac-
tions can be treated symptomatically. The practical
management of patients on imatinib therapy has been
comprehensively reviewed (Deininger et al. 2003; Marin
et al. 2002).

The outlook for CML patients has improved remark-
ably in recent years. When treated with conventional
chemotherapy (busulfan or hydroxyurea), the median
survival was 45 months and 58 months, respectively
(Hehlmann et al. 1993). Median survival for interfer-
on-treated patients was 59% at 5 years (Chronic Myeloid
Leukemia Trialists’ Collaborative Group 1997). However,
patients who achieved a CCyR on interferon-alpha had
an expected survival probability at 10 years of 78%
(Bonifazi et al. 2001). Preliminary data suggest that
the long-term survival of patients who receive imatinib
as first line therapy may prove to be substantially
longer.



4.1.5 Accelerated Phase (AP)

After a variable period of time, the majority of patients
with CP CML treated in the preimatinib era progressed
through an AP to BT. It is generally thought to be asso-
ciated with further instability of the CML stem cell that
confers resistance to therapy. To what extent the same
sequence of events will apply to imatinib-treated pa-
tients is still uncertain. The earliest stage of this progres-
sion from CP is difficult to determine and may (with the
aid of the retrospectoscope) be suspected by an increase
in white cell count, the presence of >5% circulating im-
mature cells, or by an increase in platelet count requiring
a higher dose of drug, be it imatinib, interferon, or hy-
droxyurea, than was previously required to maintain
good control of the disease. Anemia may develop or
the spleen size may increase. The patient does not fulfil
the required criteria for complete hematological re-
sponse. There are no universally accepted definitions
to accurately gauge the precise time when AP occurred
but a number of different criteria for defining AP have
been published. Kantarjian, et al. in 1988 performed mul-
tivariate analysis on features reported to be associated
with AP in 357 patients. They identified 5 characteristics
with independent prognostic importance, namely clonal
(cytogenetic) evolution, peripheral blasts >15%, blood
basophilia >20%, peripheral blasts + promyelocytes
>30%, and thrombocytopenia <100x10°/l. Marked
thrombocytosis (>2000x10°/1), eosinophilia, or nu-
cleated red cells were not found to have adverse prognos-
tic significance. Features such as increasing splenome-
galy, resistance to therapy or systemic symptoms could
not be evaluated due to the retrospective nature of the
study. The criteria for advanced stage disease proposed
by the International Bone Marrow Transplant Registry
(IBMTR) have been used for defining outcomes after al-
logeneic transplantation (Speck et al. 1984; www.ibm-
tr.org). These include the degree of control of the white
cell count, the doubling time of the WBC, and thrombo-
cytosis >1000x10°/1, in addition to clonal evolution, and
(different) % of basophils, blasts and promyelocytes as
given above (see Table 4.4). In practice, the use of these
differing criteria to define AP may well identify different
patient groups with different outcomes. This was well ex-
emplified in a study of CML patients undergoing trans-
plant at the Hammersmith Hospital. The investigators
compared survival according to their original criteria
for CP and AP with survival after the patients were re-
categorized retrospectively according to the IBMTR cri-
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teria. This resulted in “stage migration® - some patients
previously classified as CP were now allocated to the AP
category. This led to an apparent improvement in surviv-
al for both CP patients and for AP patients as the worst of
the CP group had been transferred to the AP group and
they improved the survival of that group as they were
then the best of the worst (the so-called Will Rogers phe-
nomenon) (Savage et al. 1997). This serves to underline
the necessity for well-defined objective criteria to speci-
fy disease phase so that appropriate comparisons can be
made when looking at outcomes of therapeutic interven-
tions. The World Health Organisation (WHO) classifica-
tion of tumors (WHO Classification of Tumours 2001;
and reviewed by Vardiman et al. 2002) introduced a
new classification of AP disease. This is also the classi-
fication used by European Group for Blood and Marrow
Transplantation (EBMT) for its Med-B forms,
(www.ebmt.org). The various criteria with the various
classifications are summarized in Table 4.4.

A recent analysis of the WHO classification (pre-
sented thus far only in abstract form) for patients
treated with imatinib suggests that the criteria defined
by the WHO are valid, although they noted that those
patients with 20-29% blasts had cytogenetic response
rates more similar to those in AP than to those in BT.
They conclude that the threshold for defining BT should
remain at >30% (Cortes et al. 2004). However, since the
criteria for de novo acute leukemia is >20% blasts in the
widely used WHO classification, it makes sense perhaps
to use the same cut off to separate AP and BT CML.

4.1.6 Clonal Evolution

The development of additional chromosome abnormal-
ities in addition to the Ph chromosome is seen in about
10% of cases at diagnosis (Kantarjian et al. 1990) and
develops in 30-50% of cases before BT, often associated
with other features of AP (Majlis et al. 1996; Sessarego
et al. 1987; Swolin et al. 1985). In the series by Kantarjian
et al. (1988) referred to above, the percent of patients
with clonal evolution was lower at 24%. The usual ab-
normalities are trisomy 8, double Ph, and isochromo-
some 17 either alone or in combination. Other abnor-
malities involving other chromosomes are frequently
seen (Majlis et al. 1996). These authors analyzed 264 pa-
tients who developed clonal evolution during the course
of their disease. The majority of these patients were
treated in the interferon era when cytogenetic analysis
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Table 4.4. Criteria for accelerated and blast phase by various groups

Accelerated phase
(one or more present )

Multivariate analysis of
prognostic factors
(Kantarjian et al. 1987,
1988)

IBMTR criteria
(www.ibmtr.org)
Advanced stage disease
(AP or BT not specified)

WHO classification of tumors
(Vardiman et al. 2002) and
EBMT criteria for Med-B
(www.ebmt.org)

PB/BM blasts >15%

PB blasts+promyelocytes >30%

PB basophils >20%

Platelets <100x10%/1
Unrelated to therapy

Platelets N/A

Increasing spleen size and N/A

increasing WBC unrespon-

sive to therapy

Cytogenetic clonal evolu- Yes

tion

Anemia N/A

Blast phase (one or more

present)

PB/BM blasts >30%

Extramedullary blast prolif- Yes

eration

BM biopsy N/A

was performed on a regular basis. The median survival
after development of clonal evolution was 19 months.
However, this was not uniform and they could discrimi-
nate different groups with differing survival according
to the type of chromosome involved, the percentage of
abnormal metaphases, the time to clonal evolution,
and whether other features of AP were present. They
identified a good-risk group - no chromosome 17 ab-
normality, <16% abnormal metaphases, and time to
clonal evolution <24 months - with a median survival
of 54 months. In contrast, a poor-risk group - chromo-
some 17 abnormalities and >36% abnormal metaphases
or the presence of other AP features, and >16% abnor-
mal metaphases - had a median survival of 6 and 7
months, respectively. The remainder had an intermedi-
ate survival of 13-24 months.

>10% 10-19%
>20% N/A
>20% plus eosinophils >20%
<100x10%/1 <100x10%/1
Unrelated to therapy Unrelated to therapy
>1000% 107/ >1000%10%/1
Unresponsive to therapy Unresponsive to therapy
WBC >100x10%I unre- Yes
sponsive to BU or HU
Palpable splenomegaly
Yes Yes
<8 g/dl N/A

>20%

Yes

Large foci or clusters of blasts

4.1.7 Outcome for Patients in Accelerated Phase

In the interferon era, median survival after progression
to AP was around 20 months (Kantarjian et al. 1988;
Majlis et al. 1996). The majority of patients will trans-
form to BT but about 25% of patients will die while in
AP. With the introduction of imatinib into clinical use,
Phase II trials were initiated in late CP patients resistant
to or intolerant of interferon, in AP patients, or in BT
patients. The Phase II study of imatinib in AP evaluated
181 patients in AP according to the Kantarjian criteria
with the exception that clonal evolution without the
presence of any of the other features of AP was not in-
cluded (Talpaz et al. 2002). The initial 62 patients were
treated at a dose of 400 mg daily. Subsequent patients
were started at a dose of 600 mg daily after Phase I dose
escalation studies. Those patients who were treated with



imatinib at a dose of 600 mg did better than those
treated with a dose of 400 mg, both in terms of cytoge-
netic response rate and survival. Estimated progression-
free survival and overall survival were 78% and 67%, re-
spectively, at 12 months. A recent update showed 3-year,
progression-free survival and overall survival of 55%
and 45%, respectively. Those achieving a major cytoge-
netic response by 3 months had significantly improved
3-year survival compared to those who did not achieve
this — 85% vs. 52% (Silver et al. 2004). These would seem
to be better outcomes than previous historical data for
this phase of disease. A subsequent study from Oregon
Health and Science University studied 71 patients with
AP disease but included clonal evolution in addition
to the criteria for AP of the Phase II study. They found
that they could separate patients with different prog-
nosis depending upon whether clonal evolution alone
as a criterium for AP was present (AP-CE) or whether
other signs of acceleration were present without
(HEM-AP) or with clonal evolution (HEM-AP + CE).
Those with AP-CE had major cytogenetic response rates
of 73% vs. 31% vs. 12.5% and overall survival of 100%,
85%, and 67.5%, respectively at 12 months (O’Dwyer et
al. 2002). This was confirmed by a further study which
showed that patients with clonal evolution who were
otherwise in CP performed worse than the remaining
patients in CP but their survival was better than patients
with AP without clonal evolution and significantly better
than AP with clonal evolution (Cortes et al. 2003). A
further study in patients in CP intolerant of or refractory
to interferon confirmed clonal evolution and lack of cy-
togenetic response at 6 months to be adverse prognostic
factors for hematologic relapse (O’Dwyer et al. 2004).

Clonal evolution should probably thus be considered
as a marker for more aggressive disease, warranting ear-
lier intervention either with higher doses of imatinib or
alternative therapy. Detection of clonal evolution is de-
pendent on regular BM examination. Many patients
now are followed only by peripheral blood Q-RT-PCR
for transcript levels once they achieve a complete cyto-
genetic response. However, increasing levels of BCR-
ABL transcripts should prompt bone marrow examina-
tion for cytogenetic analysis to look for clonal evolu-
tion. In addition, cytogenetic abnormalities have been
found in Ph-ve cells of patients who have achieved a cy-
togenetic remission (reviewed by Loriaux and Deinin-
ger 2004). The significance of these is not clear but
many centers recommend yearly cytogenetic analyses
for this reason.
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The current definitions of progressive disease may
now be becoming obsolete. Most patients are now
treated with imatinib as first-line therapy and the ma-
jority will enter complete cytogenetic remission
(O’Brien et al. 2003). For patients who fail to achieve
an adequate response at the cytogenetic or molecular
level or who lose their response, early intervention with
higher doses of imatinib, combination therapy, or the
newer kinase inhibitors could be planned, which would
be for most patients while they remain in chronic
phase. Branford, et al. (Branford et al. 2004) have shown
that for patients treated from diagnosis with imatinib,
increasing levels of BCR-ABL transcripts in the majority
of patients who have achieved complete cytogenetic
response are associated with an increased incidence of
mutations of the tyrosine kinase domain of BCR-ABL.
They suggest mutation screening where a twofold in-
crease in transcript level is found (Branford et al.
2004). If mutations are detected, this is an indication
for increasing the dose of imatinib or switching to alter-
native therapeutic strategies. One can then envisage a
situation where definitions of progressive disease could
include molecular markers and prompt a change in
therapy at an earlier stage than before traditional mark-
ers of acceleration are present. If acceleration were to
occur despite these interventions, then the outcome
may be poorer given that resistance to currently em-
ployed therapeutic strategies is present. Hopefully, the
second generation of kinase inhibitors with increased
binding to their target or multiple targets could delay
progress to AP and BT.

4.1.8 Blast Transformation (BT)

Characteristics of the terminal phase of CML were ini-
tially described in a seminal paper by Karanas and Sil-
ver in 1968. They identified the adverse prognostic im-
pact of >30% blasts + promyelocytes in the peripheral
blood on overall survival. Blast transformation from
CML is now still defined by the presence of >30% blasts
in the peripheral blood or bone marrow or the presence
of extramedullary blastic disease (Enright and McGlave
2000; Kantarjian et al. 1987). One study suggests that
>20% lymphoid blasts may be sufficient to diagnose
lymphoid blast crisis (Arlin et al. 1990) and the WHO
classification suggests >20% blasts for both myeloid
and lymphoid transformations (Vardiman et al. 2002;
WHO Classification of Tumours 2001). For the reasons
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given earlier, particularly for consistency with the no-
menclature for acute leukemia and the prevalence of
the use of the WHO Classification, this should probably
be the regular cut off. It usually occurs after a period of
AP but may occasionally, particularly in lymphoid BT,
occur directly from CP without other features suggest-
ing AP. The likelihood of this happening has been esti-
mated at 0.4% in the first year, 1.8% in the second year,
and 2.6% in the third year (Kantarjian et al. 2003).
These data were based on predominantly interferon-
treated patients. The risk for imatinib-treated patients
is not yet known. Immunophenotyping shows myeloid
BT in about 70-75% of patients and lymphoid BT in
25-30% of cases, but there is frequent cell lineage het-
erogeneity (Bettelheim et al. 1985; Khalidi et al. 1998;
Saikia et al. 1988). Myeloid BT may involve cells of mye-
lomonocytic, megakaryocytic, or erythroid lineage.
Lymphoid BT is usually precursor B cell type, but
may occasionally be of T cell lineage (Advani et al.
1991; Ye et al. 2002). A few are truly biphenotypic with
coexpression of myeloperoxidase and one other myeloid
marker (Cervantes et al. 1998). In addition, phenotypic
changes may occur as the disease progresses. Immuno-
globulin gene studies have shown that the majority of
lymphoid BT show this rearrangement but it is also seen
in about a third of cases with myeloid BT (Khalidi et al.
1998). Bone marrow trephine often shows increasing fi-
brosis. Clinical features associated with BT include ane-
mia, bone pain, increasing splenomegaly, weight loss,
and systemic symptoms. Extramedullary disease may
involve the skin and subcutaneous tissues, lymph nodes
bone, testis, CNS, ileum, and liver (Terjanian et al. 1987;
Kumar et al. 1990; Suh and Shin 2000). Bone abnormal-
ities on scanning or on plain radiographs are frequent
(Valimaki et al. 1981). Bone necrosis has rarely been re-
ported (Macheta et al. 1991).

The majority of patients will have evidence of cyto-
genetic evolution at BT (Johansson et al. 2002). The
most frequent nonrandom cytogenetic features seen in-
volve duplication of the Philadelphia chromosome
(+Ph), trisomy 8, isochromosome 17, +19, and +21,
but many other chromosomes may be involved either
in combination with the above or separately. The pres-
ence of an isochromosome 17q is particularly associated
with the myeloid phenotype.

The blast phase of CML differs from de novo acute
leukemia in response to therapy and remission duration.
Responses are less frequent, often of short duration, and
median survival is usually less than 6 months (Kantarjian

et al. 1987). Lymphoid transformation has a higher re-
sponse rate to therapy and improved survival compared
to myeloid transformation with standard chemotherapy
regimes (Cervantes et al. 1998; Derderian et al. 1993). Im-
atinib has been investigated for use in this phase of the
disease. In a recent phase II study in patients with mye-
loid BT, imatinib induced sustained (>4 weeks) hemat-
ologic response in 31% of patients. The median duration
of this response was 10 months. However, median surviv-
al for all patients was only 6.9 months (Sawyers et al.
2002). The results in patients with lymphoid BT were
worse. Although initial response in reducing the percent-
age of blood blasts was quite high, around 70%, this was
usually not sustained - the median duration was around
2 months (Druker et al. 2001). A single center publication
on CML patients in blast crisis showed a median survival
of only 8 months despite intensive therapy including
AML/ALL regimens, imatinib, and autografting or allo-
grafting (Wadhwa et al. 2002). Patients with lymphoid
BT had a higher response to therapy (42% vs. 31%)
and a longer median survival than those with myeloid
BT (11 months vs. 7 months). Patients with cytogenetic
evolution and those with >50% blood blasts did poorly.
Achieving a response to therapy was associated with im-
proved outcome (13 months vs. 6 months). The use of
imatinib, although initially promising in providing a re-
sponse rate of about 30%, did not translate into improved
duration of survival. However, imatinib and other com-
bination chemotherapy regimens may provide a window
in which allogeneic transplant may be performed,
although again, overall survival is only of the order of
15% at 2 years. The advent of second-generation tyrosine
kinase inhibitors or combinations of these with other cy-
totoxic drugs may perhaps improve the current dismal
prognosis of patients with BT, especially if they have
not previously received treatment with imatinib.
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Abstract. Chronic myeloid leukemia (CML) is caused by
Bcer-Abl, a constitutively active tyrosine kinase that ac-
tivates multiple signaling pathways and is central to dis-
ease pathogenesis. Efforts to develop small molecule
Bcr-Abl inhibitors led to the discovery of imatinib, a
2-phenylaminopyrimidine that inhibits Bcr-Abl with
high selectivity and has rapidly become standard ther-
apy for CML. Responses in newly diagnosed chronic
phase patients tend to be durable, but there is a high re-
lapse rate in advanced disease, which is mostly due to
point mutations in critical residues that interfere with
drug binding, thereby reactivating Bcr-Abl. The fact
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that Ber-Abl remains central to disease pathogenesis has
stimulated a search for novel Abl kinase inhibitors with
activity against mutant Bcr-Abl. Nilotinib, developed
from an imatinib backbone, and dasatinib, a dual Abl/
Src kinase inhibitor, are currently in phase I/II clinical
trials of patients with imatinib-resistant CML, with very
encouraging results. While Bcr-Abl is the most attrac-
tive target, there are multiple signal transduction path-
ways downstream that can be intercepted with specific
inhibitors, such as blockers of farnesyl transferase and
mTOR. Some of these compounds are in clinical trials
of imatinib-resistant patients, but results are not yet
available. Although imatinib is probably not capable
of eradicating CML stem cells, for many patients this
agent has turned a life-threatening disease into a
chronic disorder that does not significantly affect qual-
ity of life.

5.1 Introduction -
Drug Targets in Chronic Myeloid Leukemia

Multiple lines of evidence, most importantly animal
models, indicate that Bcr-Abl is necessary and probably
sufficient to induce the chronic phase of chronic mye-
loid leukemia (CML) (Daley et al. 1990; Pear et al.
1998). Although there may be some kinase-independent
biological effects (Ramaraj et al. 2004), it is undisputed
that tyrosine kinase activity is conditio sine qua non for
Bcr-Abl’s ability to transform hematopoietic cells, impli-
cating Bcr-Abl kinase as an attractive therapeutic target
(Lugo et al. 1990). Bcr-Abl leads to the activation of
multiple signal transduction pathways that confer ma-
lignant properties to hematopoietic cells, such as resis-
tance to apoptosis, decreased dependence on growth
factors, and perturbed interaction with bone marrow
stroma (Deininger et al. 2000; Melo and Deininger
2004). Serine/threonine kinases such as Akt, lipid ki-
nases such as phosphatidyl inositol 3" kinase (PI3K)
and other intermediary proteins including transcription
factors and regulators of apoptosis are required for
transducing and executing these signals; they constitute
an additional set of potential drug targets in cells trans-
formed by Bcr-Abl. It is obvious that pathways down-
stream of Bcr-Abl, which are essential to Bcr-Abl’s ca-
pacity to transform hematopoietic cells, are more pro-
mising targets than pathways with a high degree of re-
dundancy. While the emphasis of this review will be
placed on Bcr-Abl kinase inhibitors, given their domi-

nant role in the clinical management of CML, other po-
tential targets will also be covered.

5.2 ABL Kinase Inhibitors

5.2.1 Preimatinib Inhibitors

In 1989, Gazit and colleagues reported on the synthesis
of a novel class of low molecular weight tyrosine kinase
inhibitors with selective activity towards epidermal
growth factor receptor (EGFR) that they named tyr-
phostins (Gazit et al. 1989). They suggested that this
class of compounds might be useful “as selective anti-
proliferative agents for proliferative diseases caused by
the hyperactivity of protein tyrosine kinases.” In 1992,
the same investigators reported a tyrphostin that inhib-
ited the tyrosine kinase activity of Bcr-Abl and sug-
gested that it might be possible to design specific com-
pounds for the treatment of Abl-associated human
leukemias (Anafi et al. 1992, 1993). Subsequently, the
tyrphostins AG568, AG957, and AGi112 were identified
as the most specific compounds. Growth inhibition of
the CML cell line K562 occurred at micromolar concen-
trations and was associated with inhibition of Bcr-Abl
tyrosine kinase activity (Kaur et al. 1994). Although ac-
tive in vitro, tyrphostins have not been developed for
clinical use. Nonetheless, they provided proof of princi-
ple that tyrosine kinases can be selectively inhibited
with small molecules.

5.2.2 Imatinib

During the late 1980s protein kinase C (PKC) was
ranked highly as a potential drug target in cancer ther-
apy because of its role in cell proliferation. In one med-
icinal chemistry project performed at Ciba Geigy (now
Novartis) with PKC as a target, a 2-phenylaminopyrimi-
dine derivative was identified as the lead compound
(Zimmermann et al. 1996, 1997) (Fig. 5.1). This com-
pound, a low potency inhibitor of both serine/threonine
and tyrosine kinases, served as the starting point for the
synthesis of a series of derivatives. The cellular activity
(as opposed to activity in cell-free systems) was en-
hanced by the addition of a 3'-pyridyl group at the 3'-
position of the pyrimidine (Fig. 5.1A). Activity against
tyrosine kinases was enhanced by introduction of a
benzamide group at the phenyl ring (Fig. 5.1B). Analysis
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Fig. 5.1. Lead optimization. Development of imatinib from a 2-
phenylaminopyrimidine backbone (shown in black). (A) Activity in
cellular assays was improved by introduction of a 3’ pyridyl group
(red) at the 3’ position of the pyrimidine. (B) Activity against tyrosine
kinases was further enhanced by addition of a benzamide group
(blue) to the phenyl ring. (C) Attachment of a “flag-methyl” group
(magenta) ortho to the diaminophenyl ring strongly reduced activity
against PKC. (D) Addition of an N-methylpiperazine (green) in-
creased water-solubility and oral bioavailability. (Adapted from
Deininger et al. 2005)

of structure-activity relationships showed that substitu-
tions at the 6-position of the anilino phenyl ring led to
loss of PKC inhibition, while the introduction of a “flag-
methyl” group at this position retained or enhanced ac-
tivity against tyrosine kinases, including Abl (Fig. 5.1C).
The first series of compounds had low water solubility
and poor oral bioavailability. The attachment of a highly
polar side chain, N-methylpiperazine, markedly im-
proved solubility and oral bioavailability (Fig.s5.1D).
STIs71 (formerly CGP57148B, now imatinib mesylate,
Gleevec or Glivec) emerged as the most promising com-
pound for clinical development in Philadelphia chromo-
some (Ph)-positive leukemia, since it had the highest
selectivity for growth inhibition of Bcr-Abl-expressing
cells.

5.2.2.1 Biochemical Characteristics

The IC,, (i.e., the concentration of compound that in-
duces a 50% reduction of a defined activity) for inhibi-
tion of substrate phosphorylation by Abl and its onco-
genic derivatives Bcr-Abl, Tel-Abl, and v-Abl is in the
range of 25 nM in biochemical assays (in vitro kinase
assays) (Buchdunger et al. 1996; Druker et al. 1996). This
is approximately tenfold lower than the IC,, for inhibi-
tion of cell proliferation of cell lines expressing Bcr-Abl,
a difference that may reflect the fact that intracellular
ATP concentrations are higher (in the range of 1-2
mM) than the micromolar concentrations commonly
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Fig. 5.2. Eadie-Hofstee plot of Abl enzyme kinetics in the presence of
imatinib. The concentration of substrate (poly[AlaGluLysTyr]) was
kept constant at 50 pg/mL, while ATP concentrations were varied
between 1.25 and 100 pM. Vmax (ordinate) remains constant at the
various concentrations of imatinib, consistent with competitive in-
hibition of enzyme activity. (Modified from Cowan-Jacob et al. 2004,
with permission)

used in kinase assays. Alternatively, drug transporters
such as p-glycoprotein may actively lower intracellular
drug concentrations. Besides Abl, imatinib inhibits the
platelet-derived growth factor receptors (PDGFR), the
stem cell factor receptor Kit and the gene product of
the ABL-related gene ARG (also known as Abl2) (Table
5.1) (Heinrich et al. 2000). Kinase assays performed in
the presence of graded ATP concentrations showed that
imatinib acts as an ATP-competitive inhibitor of sub-
strate phosphorylation (Fig.s5.2) (Cowan-Jacob et al.
2004).

5.2.2.2 Structure - Function Relationships
(Fig. 5.3)

The catalytic domains of tyrosine kinases exhibit a uni-
versal bilobar structure. The smaller N-terminal lobe
consists predominantly of antiparallel beta-sheets, while
the C-lobe is largely alpha-helical. The amino acid resi-
dues lining the cleft between the two lobes form the cat-
alytic machinery and include the ATP-binding loop (p-
loop), the conserved DFG (aspartate-phenylalanine-gly-
cine) motif, and the activation loop (activation loop). In
active kinases, the activation loop is stabilized in an
open conformation by phosphorylation on key tyrosine
or serine/threonine residues within the loop. In this
conformation of Abl, a short antiparallel beta-sheet pro-
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Table 5.1. Inhibition of protein kinases by imatinib

Enzyme

c-ABL

v-ABL
p210BCR-ABL
p185BCRABL
TEL-ABL
PDGF-R a and 8
Tel-PDGF-R
-KIT

c-FMS

ELT-3

Btk

¢-SRC

v-SRC

c-LYN

c-FGR

LCK

SYK (TPK-IIB)
JAK-2

EGF-R

Insulin receptor
IGF-IR

FGF-R1
VEGF-R2 (KDR)
VEGF-R1 (FLT-1)
VEGF-R3 (FLT-4)

TIE-2 (TEK)
c-MET

PKA

PPK

PKCa, S1, p2, 7,
o,¢ (ory
Protein kinase
CK-1, CK-2

PKB

p38

Substrate phos-
phorylation ICsq
[pM]

0.2; 0.025*

0.038
0.025*
0.025*
ND
0.38 (PDGF-Rp)
ND
0.41
ND
>10
>10
>100
ND
>100
>100
9.0
>100
>100*
>100
>10
>10
31.2
10.7
19.5
5.7
>50
>100
>500
>500
>100

>100

>10
>10

Cellular tyrosine
phosphorylation
IC5o [uM]

0.1-0.3
0.25
0.25
0.35
0.1
0.15
0.1
0.3-14
>10
ND
ND
>10
ND
ND
ND
ND
>100
>100
>100
>100
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND

ND
ND

Table 5.1 (continued)

Enzyme Substrate phos- Cellular tyrosine
phorylation IC5q phosphorylation
[pM] 1Cs50 [pM]

PDK1 >10 ND

c-Raf-1 0.97 ND

CDC2/cyclin B >100 ND

ND, not done

Imatinib concentrations causing a 50% reduction in kinase activity
(ICs0) are given. "ICso was determined in immunocomplex assays.
PDGF-R, platelet-derived growth factor receptor; Btk, Bruton’s tyrosine
kinase; TPK, tyrosine-protein kinase; EGF-R, epidermal growth factor
receptor; IGF-IR, insulin-like growth factor receptor I, FGF-R1, fibroblast
growth factor receptor 1; VEGF-R, vascular endothelial growth factor
receptor; PKA, cAMP-dependent protein kinase; PPK, phosphorylase
kinase; PKC, protein kinase C; CK, casein kinase; PKB, protein kinase B
(also known as Akt); PKD1, 3-phosphoinoside-dependent protein kin-
ase 1

Fig. 5.3. Structure of the Abl KD in complex with kinase inhibitors.
Shown is (A) the conformation of Abl (blue) in complex with imatinib
(orange), with the Activation loop (magenta) in a “closed” confor-
mation, and (B) the Abl conformation (green) in the PD180970 (red)
complex with the Activation loop (magenta) in an “open” confor-
mation. The p-loop (yellow) folds down over the inhibitor in both
cases. [Figure prepared by Sandra W. Cowan-Jacob based on re-
ported structures (Nagar et al. 2002; Schindler et al. 2000)]. (From
Deininger et al. 2005)

vides a platform for substrate binding. The DFG motif at
the N-terminal end of the activation loop is held in a po-
sition that allows the binding of metal cations by the as-
partate side chain that in turn coordinate the phos-
phates of ATP bound to the p-loop. In the active state



the activation loops of various kinases assume very sim-
ilar conformations, while the activation loop conforma-
tions of inactive kinases are quite distinct. Frequently,
the activation loop occludes the “mouth” of the kinase
and the DFG motif is displaced outward such that pro-
ductive nucleotide binding is impossible.

Since it was assumed that imatinib would compete
with ATP for binding to the active site, its high selectiv-
ity for Abl over closely related kinases such as Src re-
mained unexplained. This discrepancy was reconciled
when the crystal structure of the Abl kinase domain
(KD) in complex with an imatinib analogue, and subse-
quently imatinib itself (AbIK:imatinib) was solved at
high resolution (Nagar et al. 2002; Schindler et al.
2000). Imatinib was found to engage no less than 21
amino acid residues in hydrogen bonds and hydropho-
bic interactions, affording a very high degree of surface
complementarity (Fig.5.4). Contrary to expectations,
Abl was in an inactive conformation in the AbIK:imati-
nib complex, with the activation loop in a closed posi-
tion, mimicking a substrate bound to the kinase and
the regulatory tyrosine 393 in a hydrogen bond with as-
paragine 363, a highly conserved residue. Since in this
conformation the DFG motif is displaced away from
the catalytic center, tyrosine 393 cannot be phosphory-
lated. Given the similarity of the activation loop confor-
mation to a bound substrate, it is very likely that imati-
nib stabilizes a naturally occurring inactive conforma-
tion. The fact that imatinib binds an inactive conforma-
tion of Abl explains its exceptional specificity. What is
not yet clear is why the activation loops of closely re-

300

Glu286"

Fig. 5.4. Amino acids residues interacting with Abl in the AbIK:
imatinib complex. Residues engaged in hydrophobic interactions
are indicated by green dotted lines. Dashed lines indicate hydrogen
bonds, with distances in A. Imatinib carbon atoms are drawn in
green, nitrogen atoms in orange and oxygen atoms in red. Amino
acid numbering is according to Abl variant containing exon la.
(From Nagar et al. 2002, with permission)

g 3633
His 362
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lated kinases such as Src are unable to assume this spe-
cific conformation (Nagar et al. 2002). The data from
the crystal structure analysis were corroborated by bio-
chemical studies. Since phosphorylation of tyrosine 393
(within the activation loop) activates Abl, it was pre-
dicted that phosphorylated forms of Abl would be resis-
tant to imatinib. In fact, this was confirmed in in vitro
kinase assays using phosphorylated and dephosphory-
lated proteins (Nagar et al. 2002; Schindler et al.
2000). An additional important observation from the
crystal structure analysis was that the p-loop, a gly-
cine-rich flexible structure, undergoes a major down-
ward displacement upon binding of imatinib. This “in-
duced fit” interaction is stabilized by a water-mediated
hydrogen bond between Y253 and N322 (Schindler et
al. 2000) and the formation of a hydrophobic cage sur-
rounding a portion of imatinib, in which Y253, L37o0,
and F382 make van der Waals interactions with the in-
hibitor. Knowledge of the AblK:imatinib crystal struc-
ture proved to be instrumental for understanding the
mechanisms of acquired resistance to imatinib.

5.2.2.3 Biological Characteristics

The mesylate salt of imatinib is a white powder with
good water solubility. The watery solution has a pH of
5.5 and a yellowish color. Imatinib inhibits the pro-
liferation of Bcr-Abl expressing cell lines with IC;,s of
0.1-0.5 p{M, and inhibition of proliferation is accompa-
nied by induction of apoptosis, in line with key biolog-
ical effects of Bcr-Abl (Beran et al. 1998; Deininger et al.
1997). Growth suppression in clonogenic assays of pri-
mary CML progenitor cells was observed at similar con-
centrations, although some BCR-ABL-positive colonies
survived up to 10 uM of drug (Deininger et al. 1997). Im-
atinib administered orally at doses ranging from 10 to
so mg/kg twice daily inhibited tumor formation by
32D cells expressing P210°“**®L injected subcuta-
neously into Balb/c mice. However, the drug failed to
eradicate the disease (Druker et al. 1996). Subsequent
studies revealed that the efficacy in the murine model
was highly dependent on the drug administration
scheme. Thus, in a nude mouse model using the human
CML-derived cell line KU812, imatinib administered
once or twice daily produced some tumor regression,
but only three times daily dosing induced lasting com-
plete remissions (le Coutre et al. 1999). A suboptimal
twice-daily dosing scheme may explain why imatinib
showed only rather moderate activity in a retroviral
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transduction-transplantation model of BCR-ABL-posi-
tive leukemia that resembles CML (Wolff and Ilaria, Jr.
2001). Fortunately, pharmacokinetics in humans proved
to be more favorable than in mice. In the phase I study
trough levels in patients treated with 400 mg daily aver-
aged 1.46 pM (Druker et al. 2001b), approximately
three- to fivefold the IC,, in cell proliferation assays
(Deininger et al. 1997). Consistent with this, depho-
sphorylation of CrkL, a specific substrate of the Bcr-
ADbl kinase, in CML cells was demonstrated in patients.
Practically all patients receiving at least 300 mg imatinib
daily achieved a complete hematologic response, and
this correlated with dephosphorylation of CrkL. As ex-
pected, higher trough levels (approximately 5.4 pM)
were seen with 400 mg twice daily (Peng et al. 2004).
Peak levels at 400 mg once and twice daily were 5.2
and 7.4 pM, respectively. Based on “wash out” experi-
ments and the animal data it is likely that trough rather
than peak levels determine efficacy (le Coutre et al.
1999).

In the phase I trials imatinib was generally well tol-
erated (Druker et al. 20014,b). Significant (grade 3-4)
myelosuppression was common, particularly in patients
with advanced disease, likely reflecting antileukemic ef-
ficacy in the presence of a limited pool of Ph-negative
stem cells capable of restoring nonleukemic hematopoi-
esis. Nonhematopoietic side effects were also frequent
but usually mild and only rarely required permanent
discontinuation of therapy. Because of the relative lack
of side effects combined with the observation of almost
100% complete hematologic responses at 300 mg daily,
no maximum tolerated drug dose was formally estab-
lished in the phase I trial of CML. Somewhat arbitrarily
400 mg QD was chosen as the dose for the phase II
trials. The phase II trials, although not designed to com-
pare 400 vs. 600 mg daily, strongly suggested superior-
ity of the higher dose in patients with accelerated phase
or blast crisis (Sawyers et al. 2002; Talpaz et al. 2002).
Higher doses of imatinib (400 mg twice daily) may also
be more effective in terms of major and complete mo-
lecular responses in patients with chronic phase CML
(Cortes et al. 2003b; Kantarjian et al. 2004). The maxi-
mum tolerated dose (MTD) of imatinib was subse-
quently established in patients with gastrointestinal
stromal tumors (GIST) and is in the range of 1000 mg
daily (van Oosterom et al. 2001).

Should the MTD have been used in the phase II
studies of imatinib? As this information was unavailable
at the time, it would have been necessary to delay the

phase II studies. In addition, clinical resistance to ima-
tinib and its mechanisms had neither been investigated
in any detail nor was the extent of this problem known
at the time. More fundamental is the question whether
the MTD or a biomarker such as CrkL phosphorylation
should generally guide dosing in clinical trials of tar-
geted agents. At closer view the use of CrkL phosphor-
ylation as a biomarker is quite complex. Firstly, the im-
munoblots used to measure pCrkL are not very sensitive
and only semiquantitative. Secondly, the assays are per-
formed on total white cells or mononuclear cells but
these differentiated cells may not represent the critical
target population that determines durability of response
to treatment. Thirdly, it is not clear whether there is a
threshold of Ber-Abl kinase activity, below which results
are optimal and not improved with yet greater levels of
kinase inhibition. On the other hand, it could be argued
that one of the distinctive features of targeted therapy is
to dissect maximal therapeutic effects from the MTD. As
yet no randomized trial has shown superiority of 400
mg imatinib twice daily over 400 mg once daily in pa-
tients with chronic phase disease, although several sin-
gle-armed studies strongly suggest this may be the case
(Cortes et al. 2003b; Kantarjian et al. 2004). Several
large randomized trials are underway in the USA and
Europe that will clarify this issue.

5.2.2.4 Resistance and Refractoriness to Imatinib

It is important to distinguish between primary resis-
tance (also referred to as refractoriness) and secondary
resistance (also referred to as acquired resistance). Ac-
quired resistance is defined as the loss of a response
at any level. Refractoriness is defined as the failure to
achieve a certain level of response. The distinction is re-
levant as the mechanisms underlying refractoriness and
acquired resistance may be different (Deininger et al.
2005).

5.2.2.5 Modeling Resistance In Vitro

Before acquired resistance to imatinib was recognized
as a significant clinical problem, several groups at-
tempted to model resistance in vitro. BCR-ABL-positive
cell lines exposed to imatinib at gradually increasing
concentrations eventually tolerate up to tenfold higher
drug concentrations than the parental lines (le Coutre
et al. 2000; Mahon et al. 2000; Weisberg and Griffin



2000). Detailed studies of this in vitro resistance re-
vealed increased expression of Bcr-Abl protein as a re-
sult of gene amplification or transcriptional upregula-
tion as the predominant mechanism. In addition, ex-
pression of Pgp, the product of the MDRi1 drug resis-
tance gene, was demonstrated in a drug-resistant cell
line (Okuda et al. 2001). Several subsequent studies
showed that imatinib is indeed a substrate for Pgp (Bur-
ger and Nooter 2004; Hegedus et al. 2002; Mahon et al.
2003; Widmer et al. 2003). With both of these mecha-
nisms Bcr-Abl kinase remains active in the resistant
cells. In contrast, a Bcr-Abl-independent mechanism
of resistance was postulated for imatinib-resistant sub-
lines of KCL22 cells, as comparable inhibition of Bcr-
Abl kinase activity by imatinib was demonstrated in re-
sistant and sensitive cell clones (Mahon et al. 2000; Tip-
ping et al. 2003). Mutations in the KD of Bcr-Abl, the
dominant mechanism of clinical resistance, have only
recently been described in cell lines (Ricci et al. 2002;
von Bubnoff et al. 2005).

5.2.2.6 Clinical Resistance

The key observation with respect to acquired resistance
in most patients is that phosphorylation of CrkL is re-
stored at the time of relapse, indicating that Bcr-Abl sig-
naling has been re-established (Gorre et al. 2001). It
turned out that, in contrast to cell lines, point mutations
in the KD of Bcr-Abl that impair drug binding are the
predominant mechanism of resistance. In various stud-
ies of patients with acquired drug resistance, the rate of
such mutations ranged from 50 to 90% (Al Ali et al.
2004; Branford et al. 2002; Gorre et al. 2001; Hofmann
et al. 2002; Shah et al. 2002; von Bubnoff et al. 2002).
The differences between the various studies may reflect
differences in the sensitivity of the assays used for mu-
tation screening as well as patient selection. Mutations
have been identified in more than 30 different amino
acids within the KD, and several clusters are recognized
according to their localization, including the p-loop,
theonine 315 (T315), methionine 351 (M351), and the ac-
tivation loop (Table s5.2) (Deininger et al. 2005). Muta-
tions may confer imatinib resistance by one of three
mechanisms. Firstly, they may alter sites directly in-
volved in drug binding. The best example is T315, which
makes a hydrogen bond with imatinib. In the T315I mu-
tant, threonine is replaced with the bulky isoleucine,
eliminating the hydrogen bond and causing a steric
clash with imatinib. Secondly, mutations may prevent
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the conformational changes required for drug binding.
Examples include mutations of the p-loop. Thirdly, mu-
tations may favor the active conformation of the kinase,
from which imatinib is sterically excluded. This mecha-
nism probably underlies the resistance of activation
loop mutants such as H396P. The rather common
M351T mutant may also belong to this category, as it
eliminates the site of an inhibitory interaction between
the Abl kinase and SH2 domain, which may favor the
kinase active conformation. However, since M351T con-
fers resistance also in assays using the isolated Abl KD,
other mechanisms must contribute. Definitive clarifica-
tion of the mechanisms will require solving the crystal
structure of these mutants. The degree to which KD mu-
tations reduce sensitivity to imatinib is highly variable.
Compared to unmutated Bcr-Abl, the IC;, concentra-
tions for highly resistant mutants such as T315],
Y253H, and E255V are more than 200-fold higher in kin-
ase assays and more than 30-fold higher in cell prolif-
eration assays (Corbin et al. 2003). Other mutants, such
as M351T or M244V, exhibit only moderately reduced
drug sensitivity and some mutants, such as F311L, do
not show significant resistance at all (Corbin et al.
2003). This has obvious clinical implications, as dose es-
calation of imatinib may recapture responses in the case
of mutants with a low or moderate degree of resistance,
while this would not be effective with highly resistant
mutants.

Another well-described though less common mech-
anism of clinical resistance is BCR-ABL gene amplifica-
tion or increased levels of mRNA. It is thought that both
result in increased levels of Bcr-Abl protein, although
due to the difficulties of detecting Bcr-Abl protein in ly-
sates of primary CML cells, this has not been formally
demonstrated. Similar to KD mutations, increased levels
of protein will restore Bcr-Abl signaling, as more active
kinase will be present at a given drug concentration. In
contrast, Bcr-Abl independent mechanisms of resis-
tance appear to be uncommon. Activation of Src kinases
has been shown in cell lines from several patients with
clinical resistance but is not a common finding (Donato
et al. 2003). Clonal cytogenetic evolution in patients on
imatinib is an adverse prognostic factor and frequently
seen in patients with drug resistance. However, given
that the types of chromosomal abnormalities seen in
patients treated with imatinib are identical to those seen
in historical controls (Schoch et al. 2003), it is difficult
to mechanistically link these chromosomal changes to
imatinib resistance. The exception is an additional Ph,
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which may be equivalent to gene amplification. Thus,
clonal cytogenetic evolution is more likely to represent
an epiphenomenon than a causal finding in patients
with acquired imatinib resistance.

The possible involvement of leukemia cell-extrinsic
mechanisms in imatinib resistance has been a contro-
versial issue. In nude mice injected subcutaneously with
the human CML cell line KU812, tumor recurrence was
observed after a transient response to imatinib (le Cou-
tre et al. 1999). Unexpectedly, the tumor cells remained
sensitive to in vitro treatment with imatinib, suggesting
the resistance in this model was mediated by an extrin-
sic mechanism. Increased levels of alpha-1 acidic glyco-
protein were subsequently demonstrated in these mice
(Gambacorti-Passerini et al. 2000). As alpha-1 acidic
glycoprotein avidly binds imatinib, this could reduce
plasma levels of active drug. Although an experimen-
tally well-founded hypothesis, no convincing clinical
correlation between alpha-1 acidic glycoprotein levels
and drug resistance has been demonstrated thus far
(le Coutre et al. 2002).

Active drug levels may also be reduced by drugs that
induce Cyp3A4/5, the main imatinib-metabolizing en-
zyme (Deininger et al. 2003). Of greater clinical signifi-
cance as an extrinsic mechanism of “resistance” may be
noncompliance. A survey by Novartis showed that al-
most one third of drug doses are missed in patients.
In addition, underdosing may not be uncommon in
the community setting.

5.2.2.7 Refractoriness and Disease Persistence

The incidence of refractoriness depends on the phase of
disease and the level of response that is considered.
Thus, hematologic refractoriness is rare in patients with
CML in chronic phase but quite common in patients
with myeloid blast crisis. On the other hand, molecular
refractoriness, i.e., the persistence of residual disease at
the molecular level as assessed by RT/PCR, is the rule
even in newly diagnosed patients with chronic phase
(Fig. 5.5). At least in terms of numbers, this is the most
relevant group, given that >90% of patients are diag-
nosed in chronic phase, at least in developed countries,
and that more than 80% of these will achieve a complete
cytogenetic response with standard dose imatinib (Guil-
hot 2004). Anecdotal observations show that disconti-
nuation of imatinib is followed by disease recurrence
in the majority of cases, with the exception of patients
who previously received an allogeneic stem cell trans-
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Fig. 5.5. Frequency of complete hematologic, complete cytogenetic
and complete molecular responses in CML patients treated with
imatinib, according to disease phase (AP, accelerated phase; CP,
chronic phase; M-BC, myeloid blast crisis). (From Deininger et al.
2005)

plant (Cortes et al. 2004; Kim et al. 2004; Mauro et al.
2004; Merante et al. 2005) and possibly of patients
who had been treated with interferon-alpha prior to im-
atinib (Rousselot et al. 2005). This indicates that the re-
sidual BCR-ABL-positive cells are fully leukemogenic.
Nonetheless, a few individuals have remained RT/
PCR-negative for up to 15 months after imatinib was dis-
continued. Longer follow-up is required to see whether
these responses will last.

It is currently unknown which specific properties
endow persistent cells with the ability to survive in
the presence of drug. It has been shown that CML pa-
tients harbor an imatinib-resistant quiescent population
of cells with the capacity of engrafting SCID-NOD mice
(Graham et al. 2002; Holyoake et al. 1999). It is conceiv-
able that these cells represent the persistent population
in patients on imatinib but this remains to be formally
proven. It is also unknown why quiescent cells are resis-
tant to imatinib. As with acquired resistance, it will be
crucial to establish whether or not Bcr-Abl kinase activ-
ity is inhibited in the presence of drug. Several mecha-
nisms could explain imatinib’s failure to inhibit Bcr-Abl
in persistent leukemic progenitor cells, including drug
efflux or lack of drug influx, KD mutations, and high
levels of Bcr-Abl protein (recently reviewed in Deininger
et al. 2005). In one small study, KD mutations were
found in s5/13 patients with complete cytogenetic re-
sponse. An additional four patients tested mutation-
positive on follow-up, associated with a rise in BCR-
ABL mRNA (Chu et al. 2005). Interestingly, the majority
of the mutations detected in these patients confer only
low level resistance in cell lines, suggesting that in the
presence of imatinib they may be sufficient to maintain
the clone’s viability but insufficient to support its ex-



pansion. As the relapse rate in this group was much
higher than would be expected from observations in
larger studies (Kantarjian et al. 2002; O’Brien et al.
2003), it is doubtful whether the cohort is representative
of “typical” patients with complete cytogenetic re-
sponse. Another possibility is that drug transporters
such as Pgp may actively lower intracellular drug levels
in the persistent progenitor cells. There is also evidence
that imatinib is actively transported into the cell by
Oct-1, and thus failure to express this protein could also
be relevant (Crossman et al. 2005; Thomas et al. 2004).
Lastly, it has been shown that the levels of BCR-ABL
mRNA are much higher in lineage-negative than in line-
age-committed CML progenitor cells (Jiang et al. 2003).
It this was reflected in protein levels, then such cells
would be innately resistant to much higher drug con-
centrations than their more differentiated progeny that
are assessed with CrkL phosphorylation assays. All
these mechanisms have in common the fact that Bcr-
Abl remains central to disease pathogenesis, and that
they may be overcome with alternative Abl inhibitors
which are active against KD mutant Bcr-Abl, have in-
creased potency, or exhibit a different profile of affinity
to drug transporters.

Perhaps more disturbing is the possibility that re-
sidual leukemic progenitors may be independent of
Bcr-Abl kinase activity for their survival. Primary
CML progenitor cells are not completely growth-fac-
tor-independent, indicating that physiological growth
and survival pathways are intact and active. Consistent
with this, growth-factor-dependent activation of mito-
gen-activated protein (MAP) kinase signaling has been
demonstrated in CD34-positive cells from CML patients
treated ex vivo with imatinib, suggesting that the cells
are capable of switching to physiological pathways if
forced by inhibition of Bcr-Abl. From a practical point,
this would imply that stem-cell-targeted rather than
Bcr-Abl-targeted therapy would be required to eradicate
residual leukemia (Deininger and Holyoake 2005).

5.2.3 Alternative Abl Kinase Inhibitors

Four classes of alternative Abl inhibitors can be distin-
guished. The first group consists of structurally diverse
compounds with activity against Abl and Src as well as
various additional kinases. The most prominent agent is
dasatinib (formerly BMS-354825) (Shah et al. 2004). The
second class, currently represented only by nilotinib, is
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based on an imatinib backbone (Weisberg et al. 2005).
The third class is substrate rather than ATP competitive
and currently includes ONo12380 (Gumireddy et al.
2005) and adaphostin (Kaur and Sausville 1996; Mow
et al. 2002). Very recently, yet another class of com-
pounds has been described that most likely acts as allos-
teric inhibitors of Bcr-Abl (Adrian et al. 2006).

5.2.4 Combined Abl/Src Kinase Inhibitors

5.2.4.1 Structural Similarities Between
Abl and Src

The N-terminal portions of Abl and Src, excluding the
unique N-terminal cap, exhibit a high degree of se-
quence homology (42% sequence identity), with the
three major functional domains (Src homology do-
mains 1-3, SH1-SH3) oriented in an identical fashion
(Nagar et al. 2003). The two proteins are different in
their C-termini however. The large C-terminus of Abl
is unique, containing proline rich sequences, DNA bind-
ing motifs, nuclear localization and export signals, and
an actin-binding motif at the very C-terminal end (Dei-
ninger et al. 2000). Importantly, Abl lacks tyrosine 527,
the residue crucial to autoinhibition of Src. Surprisingly,
crystal structure analysis has revealed that the inactive
(autoinhibited) conformations of the two kinases are
similar, although entirely different mechanisms are used
for their stabilization (Hantschel et al. 2003; Nagar et al.
2003). In Src, phosphorylated tyrosine 527 binds intra-
molecularly to the SH2 domain, forming a “clamp” that
stabilizes the kinase in an inactive conformation. In Abl,
the same is achieved by interaction of the myristoylated
N-terminal cap with a hydrophobic pocket in the C-lobe
of the KD. It must be stressed that the latter mechanism
applies only to the isoform of Abl that contains exon Ib,
as only this form contains the N-terminal myristoyla-
tion site. Despite these similarities, there are significant
differences between the activation loop conformations
of inactive Abl and Src that are the basis for imatinib’s
high level of specificity. Conversely, drugs that bind
the active conformation of Abl are expected to bind ac-
tive Src as well.
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5.2.4.2 Classes of Combined Abl/Src Inhibitors

Pyrido[2,3-d]pyrimidine derivatives had been devel-
oped as Src kinase inhibitors (Kraker et al. 2000) but
were subsequently found to inhibit Abl at nanomolar
concentrations and induce apoptosis in Bcr-Abl-ex-
pressing leukemia cell lines (Dorsey et al. 2000). The
crystal structure of the Abl KD in complex with one de-
rivative, PD173955 was solved and revealed marked dif-
ferences compared to the AbIK:imatinib complex (Na-
gar et al. 2002). PD173955 was found to engage only 11
amino acids compared to 21 residues contacted by ima-
tinib. As a result, the binding interface is significantly
smaller (913 A% for PD173955 compared to 1251 A? for
imatinib). Nonetheless, PD173955 is a more potent in-
hibitor of Abl, with an IC,, in the low nanomolar range.
How can this be explained? In contrast to the AblK:ima-
tinib complex, the activation loop in the AblK:PD173955
was found in a conformation similar to that of an active
kinase, and modeling of PD173955 into inactive Abl re-
vealed no significant steric clash, suggesting that
PD173955 is capable of binding to both active and inac-
tive conformations of the kinase (Fig. 5.3). In contrast,
imatinib depends on capturing the kinase in a unique
but probably rare inactive conformation. Furthermore,
only minor adjustments were required for binding of
PD173955 to the p-loop compared to the extensive down-
ward displacement seen in the AblK:imatinib complex.
Since the activity of Abl is regulated by phosphorylation
of tyrosine 393 within the activation loop, it was pre-
dicted that binding of imatinib, but not of PD173955,
would be influenced by the phosphorylation state of
Abl. Exactly this was seen in kinase assays (Nagar et
al. 2002). The Druker lab was the first to show that be-
sides their increased potency, pyrido[2,3-d]pyrimidine
derivatives have activity against most Abl KD mutants,
except T315I (La Rosee et al. 2002). Unfortunately,
although highly active in vitro, the pyrido[2,3-d]pyrimi-
dine derivatives exhibit unfavorable pharmacokinetics,
in particular poor oral bioavailability and they were
thus not developed clinically. Several other combined
Abl/Src inhibitors with diverse chemical backbones
have been described (Golas et al. 2003; Huron et al.
2003; O’Hare et al. 2004b; Warmuth et al. 2003; Wis-
niewski et al. 2002) (Fig. 5.6). These compounds differ
mainly in terms of pharmacokinetics. Although for
some compounds crystallographic data are not avail-
able, it is likely that all these inhibitors bind both the ac-
tive and inactive conformations of Abl. Compared to
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Fig. 5.6. Alternative Abl kinase inhibitors. All compounds shown,
except nilotinib, are combined Abl/Src inhibitors, of which only
dasatinib is currently in clinical trials. Nilotinib was developed from
an imatinib backbone

imatinib, their key features are increased potency and
activity against most Abl KD mutants, with the notable
exception of T315I (Table 5.3).

5.2.4.3 Dasatinib (BMS-354825)

The most promising of the combined Abl/Src inhibitors
is dasatinib (BMS-354825), a 2-amino-thiazole-5-carbox-
amide, has excellent oral bioavailability. The IC,, for in-
hibition of substrate phosphorylation is <1 nM for Abl
and most KD mutants except T315I, which is completely
resistant (O’Hare et al. 2005). The IC,, for inhibition of
Src family kinases ranges between 1 and 3 nM. Cell pro-
liferation assays using BaF3 cells expressing the various
Bcr-Abl mutants revealed a somewhat more complicated
picture (Table 5.4). Most mutants are inhibited at IC,s
in the low nanomolar range but slightly higher values
were noted for the p-loop mutants Y253 and E255. As ex-
pected, BaF3 cells expressing Bcr-Abl T3151 were resis-
tant. In a murine model of BCR-ABL-positive leukemia,
dasatinib was effective against cells expressing unmu-
tated and M351T mutant Bcr-Abl but not against cells ex-
pressing T3151 (Shah et al. 2004). Dasatinib is currently
in phase I/II clinical trials, with encouraging prelimin-
ary results (Sawyers et al. 2005) (Table 5.5). As the plas-
ma levels achieved at the MTD (120 mg twice daily) are
in the range of 150 nM, all mutants except T315I should
be responsive (Sawyers et al. 2005). Based on the phase
I/II data dasatinib has been appeared by the FDA for the
treatment of imatinib failure.
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Table 5.5. Early clinical results from phase | studies of dasatinib and nilotinib. Due to slightly different inclusion criteria and
shorter follow-up in the nilotinib cohort, the data from the two studies are not directly comparable

Chronic phase CML

Complete hematologic response 93%
Complete cytogenetic response 35%
Accelerated phase CML

Hematologic response 81%
Complete hematologic response 45%
Complete cytogenetic response 18%
Myeloid blast phase CML

Hematologic response 61%
Complete hematologic response 28%
Major cytogenetic response 35%
Complete cytogenetic response 26%

5.2.5 Nilotinib (AMN107)

In contrast to the combined Abl/Src kinase inhibitors,
nilotinib was developed from an imatinib backbone.
Compared to imatinib, the N-methylpiperazinyl residue
was replaced with a trifluoromethyl/imidazole-substi-
tuted phenyl group. This is energetically more favorable,
since the need to deprotonate the highly basic N-
methylpiperazine “consumes” a significant amount of
free binding energy in the AbIK:imatinib complex.
Thus, although nilotinib still binds the inactive confor-
mation of Abl, this binding is much tighter compared to
imatinib, resulting in increased potency. This is re-
flected by IC;, values for inhibition of Abl substrate
and autophosphorylation that are at least one order of
magnitude lower than for imatinib. As a result of its in-
creased potency, nilotinib is active against many KD
mutants, although the differential in drug sensitivity be-
tween unmutated and mutated Abl is largely maintained
(Table 5.4). Thus, the various mutants can be catego-
rized according to their sensitivity to nilotinib, which
implies that plasma levels achieved in patients will de-
termine the breadth of coverage. Emerging data from
phase I studies indicate trough levels in the range of
2 uM in patients treated with 400 mg nilotinib twice
daily, which is probably the MTD (Kantarjian et al.
2005). Thus, all mutants except for T315I should be in-
hibited at this dose. Phase I/II clinical trials are under-
way, with encouraging early results (Kantarjian et al.
2005) (Table 5.5). Another remarkable feature of niloti-

Dasatinib (Talpaz et al. 2006)

Nilotinib (Kantarjian et al. 2005)
92%

35%

76%
50%
14%

42%
29%
17%

4%

nib compared to imatinib is that the sensitivity of the
three main target kinases Abl, Kit, and PDGEFR is re-
versed. While imatinib is most potent against PDGFR
(a fact that explains the response of patients with
FIP1L1-PDGEFR rearrangements to low doses of imatinib
(Gleich et al. 2002)) and least potent against Abl, this is
reversed in nilotinib. If some imatinib side effects are
indeed mediated by PDGFR inhibition (Deininger et
al. 2003), this would be clinically advantageous.

An important question is whether mutations other
than those detected in patients with resistance to imati-
nib may confer resistance to nilotinib or dasatinib. The
approach of “saturation mutagenesis” has been taken to
predict Ber-Abl mutations conferring drug resistance to
imatinib (Azam et al. 2003). This assay is based on ex-
pression of a BCR-ABL plasmid in a DNA repair defi-
cient strain of E. coli. The mutagenized plasmid is then
used to transform BaF3 cells to growth factor indepen-
dence, followed by selection of cell clones expressing
dug resistant mutants in the presence of imatinib. Using
this system, a broad range of Bcr-Abl mutants was re-
covered, including all clinical isolates known at the
time. The identical experiment performed with dasati-
nib in comparison with imatinib revealed that the range
of mutants conferring resistance to dasatinib was rather
narrow, consistent with less stringent requirements for
drug binding and thus fewer “vulnerable” sites. Interest-
ingly however, several mutants were identified that were
relatively (i.e., compared to wild type) more resistant to
dasatinib compared to imatinib, including F317L/V and
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T315A (Burgess et al. 2005). Very few resistant clones
were recovered when both agents were combined. These
data indicate that combinations of dasatinib with a con-
formation-sensitive inhibitor such as imatinib may de-
lay the outgrowth of drug resistant clones in patients.
It will be interesting to compare and combine dasatinib
and nilotinib using this or a recently published cell-line
based assay (von Bubnoff et al. 2005). Clearly, any such
combination will eventually have to be complemented
by an inhibitor with activity against T315I. As a result
of threonine 315’s function as a gatekeeper of the kinase,
the development of such compounds requires entirely
different scaffolds, but is not impossible. For example,
a novel, crystallography-based approach led to the dis-
covery of a series of molecules with activity against
T3151 in the nanomolar dose range (Burley 2005).

5.2.6 Non-ATP-Competitive Abl Kinase Inhibitors

Imatinib, nilotinib, and the combined Abl/Src kinase in-
hibitors described above are all competitive towards
ATP. The fact that the T315] mutant is resistant to all
these agents has stimulated interest in the development
of inhibitors that bind Abl outside the ATP binding
pocket. One such compound, termed ONo12380 has re-
cently been profiled (Gumireddy et al. 2005). In in vitro
kinase assays, ONo12380 was found to be competitive
vs. recombinant Crk as a substrate of Abl but not vs.
ATP (Fig. 5.7). Consistent with binding to different sites

+(>)
()

in Abl, ONo12380 and imatinib appear to be synergistic.
The IC,, for induction of cell death in 32D cells express-
ing wild-type Bcr-Abl and a range of KD mutants was
between 5.9 nM and 10 nM. Importantly, this included
T3151. The compound was also tested in mice injected
with 32D cells expressing T315 mutant Bcr-Abl. A re-
duction of peripheral blood leukemia cells was demon-
strated in animals treated with intraperitoneal injec-
tions of ONo12380, but not imatinib. Unfortunately,
no survival data were provided, thus the significance
of this murine model remains somewhat elusive. None-
theless, this study demonstrates the feasibility of gener-
ating effective substrate-competitive Abl kinase inhibi-
tors. An intriguing question is whether point mutations
may be capable of blocking ONo12380 binding, in ana-
logy to ATP-competitive inhibitors. Although the crystal
structure of ONo12380 in complex with the Abl KD has
not been resolved, the prediction is that mutation of re-
sidues that make direct contact with this compound will
interfere with binding. If kinase activity were preserved
in such mutants, this would lead to drug resistance. An-
other example of a substrate-competitive inhibitor is
adaphostin (Kaur et al. 2005). This agent is active
against imatinib-resistant cell lines (including lines ex-
pressing T315] mutant Bcr-Abl) and primary cells. How-
ever, adaphostin effects may be mediated by degrada-
tion of Bcr-Abl protein and an increase in intracellular
reactive oxygen species rather than by “simple” inhibi-
tion of Bcr-Abl kinase activity (Chandra et al. 2005).
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3 75 S 1.0aM Z “1.0 ug (11.4n8)
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@ Fig. 5.7. Inhibition of Abl by ON012380 com-
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m £ 100 0.5 ug (104 nM) competes with ON012380for inhibition of Abl
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- - ; &8 t10s st inhibition. (C, D) ATP but not substrate com-
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0 250 500 750 1000 1250 ° 5 8 7 6 5 4 (see also Fig. 5.2). (Adapted from Gumireddy
ATP Conc. (uMI imatinib Conc. (M) et al. 2005, with permission)
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5.2.7 Allosteric Inhibitors

Kinase activity can also be influenced through binding
of small molecules to allosteric regulatory sites outside
the catalytic site, for example the Akt inhibitor Akt-I-1
(Barnett et al. 2005). GNF-2, a recently described com-
pound, probably functions as an allosteric inhibitor of
Bcr-Abl by binding to the myristoyl binding pocket in
the KD (Adrian et al. 2006). Interestingly, the kinase in-
hibitory effect was seen only in Bcr-Abl-positive cells
(as opposed to cells transformed with Tel-Abl) and only
in cells but not in cell-free kinase assays. This, together
with the observation that several KD mutants, including
T3151 and G250E, are resistant to GNF-2, suggests that
this compound binds a specific conformation of Ber-
Abl present only in cells. Alternatively, an additional
adaptor molecule could be required to allow for bind-
ing. It is not yet clear if this class of compounds will
have a place in the clinic. One obvious advantage is their
high level of selectivity, which would be predicted to
minimize side effects.

5.2.8 Selectivity vs. Potency

Preliminary data from phase I/II clinical trials are very
encouraging both for nilotinib and dasatinib (Table 5.4).
From the standpoint of relative potency, dasatinib is
clearly superior, although the clinical relevance of this
difference will eventually depend on pharmacokinetics,
including achievable plasma levels and plasma protein
binding. However, one clear-cut difference is that dasa-
tinib inhibits a broader spectrum of kinases that in-
cludes Src in addition to Abl, PDGFR, and Kit. Given
the involvement of Src family kinases in multiple cellu-
lar signaling processes, one obvious concern is that
inhibition of these kinases may lead to significant side
effects, especially in view of dasatinib’s potency. For
example, inhibition of Lck, a Src family kinase required
for signal transduction from the T cell receptor, may
lead to immunosuppression. Whether this prediction
is true remains to be seen in clinical studies. From the
efficacy standpoint, it is possible that inhibition of Src
may indeed be advantageous. This is based on the no-
tion that activation of Src kinases has been observed
in some cases of imatinib resistance (Donato et al.
2003), and that Src kinases may have a role in myeloid
blast crisis of CML (Ptasznik et al. 2004) and in Ph-pos-
itive acute lymphoblastic leukemia (Hu et al. 2004).
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5.2.9 Targeting Bcr-Abl Protein Rather Than
Bcr-Abl Kinase Activity

An alternative approach to inhibiting Bcr-Abl function
is to target the protein itself rather than its enzymatic
activity. In fact, herbimycin A, one of the first Abl kin-
ase inhibitors described, later turned out to induce pro-
tein degradation rather than inhibit the kinase (Okabe
et al. 1992). Bcr-Abl’s stability is dependent on cellular
chaperones such as heat shock protein 9o (Hsp9o).
Consequently, inhibitors of Hspgo, including geldana-
mycin and its less toxic derivative 17-allylaminogeldana-
mycin (17-AAG) induce degradation of wild-type and
KD mutant Bcr-Abl (Gorre et al. 2002). A phase-I study
of 17-AAG in combination with imatinib in patients with
resistance to single agent imatinib is currently under-
way. LAQ824, a histone deacetylase inhibitor, has also
been shown to inhibit Hspgo function by promoting
its acetylation. As with 17-AAG, the result is proteaso-
mal degradation of Bcr-Abl. Lastly, arsenic trioxide re-
duces Bcr-Abl levels by inhibiting its translation (Nim-
manapalli et al. 2003a). Synergism between arsenic tri-
oxide and imatinib has been demonstrated in vitro (La
Rosee et al. 2004). Moderate activity was seen in a phase
I/IT study of patients with imatinib-resistant CML
(Mauro et al. 2003). Overall, although conceptually ap-
pealing, the approach of inducing Bcr-Abl protein de-
gradation has not yet delivered a major clinical break-
through.

5.3 Inhibitors of Signaling Pathways
Downstream of Bcr-Abl

A host of signaling pathways are activated in Bcr-Abl-
transformed cells, including MAP kinases, PI3-K, and
others (Fig.5.8). Much effort has been invested into
the identification of pathways that are essential for
Ber-Abl’s ability to transform cells to malignancy. The
emerging picture is that although many pathways con-
tribute to a fully malignant phenotype, few are truly es-
sential, due to the extensive redundancy of the system
(Deininger et al. 2000). This may explain why Bcr-Abl
is fully leukemogenic in mice with targeted disruption
of the STAT5 (Sexl et al. 2000), CBL (Dinulescu et al.
2003), IL-3, or GM-CSF genes (Li et al. 2001), amongst
others. The exception to this rule is Gab2, an adaptor
molecule that binds to tyrosine 177 of Bcr-Abl via
Grb2 (Sattler et al. 2002). Extensive in vitro studies have
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Fig. 5.8. Signal transduction pathways in cells transformed by Bcr-
Abl. Potential drug targets other than Abl kinase include (A) Farnesyl
transferases that prenylate Ras, mediating its binding to the cell
membrane; (B) Raf, a serine kinase that activates mitogen activated
protein (MAP) kinase signaling; (C) Mitogen activated protein (MAP)
kinases; (D) Phosphatidyl inositol 3’ kinase (PI3K) that produces 3,4,5
phosphatidyl inositol (PiPs), which is required for localization of
PDK1 and Akt to the inner leaflet of the cell mebrane; (E) PDK1 which
activates Akt; (F) Akt which activates mammalian target of rapa-
mycin (MTOR); (G) mTOR, which phosphorylates and activates p7056
kinase and 4E-BP1, two major global regulators of gene transcrip-
tion in response to growth stimuli; (H) chaperones like heat shock
protein 90 (Hsp90) that stabilize Bcr-Abl protein. (Modified from
Deininger and Melo 2004)

tested specific inhibitors of signal transduction path-
ways downstream of Bcr-Abl alone and in combination
with imatinib. In most cases, synergistic or additive ef-
fects were demonstrable, in some instances also in im-
atinib-resistant cell lines. Several of these inhibitors
are in clinical testing, alone or in combination with im-
atinib.

5.3.1 Farnesyl Transferase Inhibitors (FTI)

Bcer-Abl activates Ras, which in turn leads to activation
of the MAP kinase-signaling cascade (Cortez et al. 1995;
Pendergast et al. 1993; Puil et al. 1994). Since localization
of Ras to the cell membrane is required for activation
(Marais et al. 1995), and binding of Ras to the mem-
brane is dependent on farnesylation, there is a rationale
for FTI inhibitors to suppress Ras signaling. Consistent
with predictions, the FTT SCH66336 (Lonafarnib, Sara-
sar) was shown to inhibit the proliferation of BCR-
ABL-positive cell lines, although it did not induce apop-

tosis (Peters et al. 2001). Activity was also seen in ima-
tinib resistant cell lines, but synergism was limited to
cell lines with residual sensitivity to imatinib (Hoover
et al. 2002). Unexpectedly, the effects of Lonafarnib were
more pronounced than those of dominant-negative Ras,
suggesting that the drug may modulate additional tar-
gets. Candidates include the small GTPases Rhebs,
Rheb2 (Basso et al. 2005), and RhoB (Ashar et al.
2001), and the centromere-associated proteins CENP-E
and CENP-F (Ashar et al. 2000). Given that the activity
of FTIs in BCR-ABL-positive cells appears to be pre-
dominantly cytostatic, the full potential of these com-
pounds may be realized only in combination with apop-
tosis-inducing agents. Potentially significant is the fact
that FTIs reduced the survival of imatinib-resistant
quiescent BCR-ABL-positive progenitor cells from
CML patients (Jorgensen et al. 2005), a cell population
that may be responsible for disease persistence.

5.3.2 Inhibitors of MAP Kinase Signaling

All three groups of MAP kinases have been implicated
in Ber-Abl-induced leukemogenesis. However, the role
of the Ras— Raf — Meki/2 — Erki/2 axis as a major
growth stimulating and antiapoptotic pathway has been
established most convincingly (Cortez et al. 1997), while
the role of Jnk and p38, the other two pillars of the MAP
kinase system, is less well characterized (Parmar et al.
2004; Raitano et al. 1995). In fact, p38 activation may
mediate the cytotoxic effects of imatinib rather than
promote survival (Parmar et al. 2004). Mek1/2 inhibitors
such as PD98059 and Uo126 were shown to act synergis-
tically with imatinib (Yu et al. 2002b). Bay 43-9006, a
Raf inhibitor (Wilhelm et al. 2004) has in vitro activity
against imatinib-resistant cell lines (Choi et al. 2002).
This compound was tested in a phase I trial of patients
with imatinib-resistant CML. Results have not yet been
published. One potentially important application for
inhibitors of MAP kinases could arise if MAP kinase ac-
tivation by Bcr-Abl-independent signals was indeed im-
portant for disease persistence, as was suggested by a
recent study that showed upregulation of MAP kinase
activity in CD34+ progenitor cells from CML patients
treated ex vivo with imatinib (Chu et al. 2004). However,
the relevance of this finding for persistence in vivo re-
mains to be established. The fact that MAP kinase inhi-
bitors failed to enhance the effects of imatinib on
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“quiescent” CML progenitor cells does not support this
notion (Jorgensen et al. 2005).

5.3.3 Inhibitors of Phosphatidyl-Inositol 3 Kinase
(PI3 Kinase) Signaling

PI3K is responsible for the conversion of phosphatidyl
inositol-4,5 bisphosphate to phosphatidyl inositol-3,4,5
trisphosphate (PIP,), a central second messenger in
proliferation and survival pathways (Kharas and Fru-
man 2005). PIP; binds to the inner leaflet of the cell
membrane, where it facilitates the binding of proteins
with pleckstrin homology (PH) domains. PI3K is com-
posed of a catalytic and a regulatory subunit, for both
of which there are several isoforms. At least 3 different
mechanisms are involved in PI3K activation by Bcr-
Abl. The first involves binding of the Grb2 SH2 domain
to phosphorylated tyrosinei77 of Ber (Pendergast et al.
1993). Grb2 interacts with Gab2, another adaptor pro-
tein that in turn binds one of the SH2 domains of the
P85 subunit of PI3K (Sattler et al. 2002). A second mech-
anism relies on a complex that consists of CrkL bound
to the Abl SH3 domain, with tyrosine phosphorylated
Cbl mediating between the CrkL and p85 SH2 domains
(Gaston et al. 2004). A third option is a Shc-mediated
interaction between the SH2 domains of Abl and Grb2
(Tauchi et al. 1994). Current thinking holds that Ber-
Abl and the various adaptor proteins form a multimeric
complex that includes and activates PI3K. Various PH
domain-containing proteins, including the serine/threo-
nine kinases, PDK-1 and Akt, bind to the cell membrane
in a PIP,-dependent manner (Fig. 5.8). Binding to the
cell membrane induces a conformational change in
Akt that renders it a substrate for PDK-1, which results
in activation (reviewed in Kharas and Fruman 2005).
Akt functions as a master switch in PI3K signaling, tar-
geting several major downstream pathways. Probably
most important is mammalian target of rapamycin
(mTOR), an evolutionary conserved serine threonine
kinase. Akt activates mTOR mainly indirectly, via phos-
phorylation of tuberous sclerosis 2 (TSC2). Unpho-
sphorylated TSC2, in complex with TSC1, inactivates
the small GTPase Rheb. This inhibition is released by
Akt phosphorylation of TSC2, which leads to mTOR ac-
tivation by Rheb. mTOR is a master regulator of trans-
lation that drives global responses to growth stimuli. Its
major downstream mediators are p70S6 kinase and 4E-
BP1 (Ly et al. 2003). In addition to mTOR, substrates of
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Akt include forkhead transcription factors like FOXO3
and glycogen synthetase kinase f (GSKf). In Bcr-Abl
expressing cells, FOXO3 is targeted for degradation by
Akt mediated phosphorylation, resulting in downregu-
lation of FOXO3 target genes (Komatsu et al. 2003).
GSK, which negatively regulates cyclin D1 and f-catenin
by phosphorylation, is kept in an inactive state when
phosphorylated by Akt (Kharas and Fruman 2005).
Lastly, Akt has also been shown to phosphorylate the
proapoptotic protein Bad, resulting in its sequestration
and inactivation by 14-3-3 proteins (Zha et al. 1996) as
well as Mdma2, which results in enhanced degradation
of the ps53 tumor suppresser protein (Goetz et al.
2001). Thus, the PI3K network offers multiple targets,
including PI3K itself, Akt, and mTOR.

5.3.4 PI3 Kinase Inhibitors

In vitro and in vivo data have implicated PI3K as an im-
portant mediator of BCR-ABL-induced leukemogenesis
(Skorski et al. 1995). Currently available PI3K inhibitors
such as wortmannin and LY 294002 do not discriminate
between isoforms of PI3K. Although useful in the labo-
ratory, they are too toxic to be used as drugs. The fact
that the expression of PI3K isoforms is to some extent
tissue specific may offer the opportunity to selectively
target malignant cells (Kang et al. 2005). The expecta-
tion is that such isoform-specific inhibitors would be
less toxic than pan-PI3K inhibitors.

5.3.5 PDK1 Inhibitors

The role of PDK-1 in Bcr-Abl-mediated leukemogenesis
has not been studied. However, based on known bio-
chemical pathways, the PDK-1 inhibitor OSU-03012
was recently tested in cell lines expressing the E255K
and T315I mutants of Bcr-Abl. The investigators showed
this agent to be growth inhibitory with IC, concentra-
tions of 14 and 30 UM, respectively (Tseng et al. 2005).
Activity was correlated with inhibition of Akt. Although
these concentrations are not achievable in the plasma,
synergism was observed at lower doses, and could pos-
sibly be exploited in combination therapy regimens.
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5.3.6 mTOR Inhibitors

Rapamycin, an antibiotic isolated from a strain of Strep-
tococcus hygroscopicus collected on Easter Island (Rapa
Nui), is a powerful immunosuppressant. The cellular
target of rapamycin is FKBP-12, a 12-kD protein that is
also the target for FK506, another immunosuppressive
agent. Rapamycin (Sirolimus) is approved for preven-
tion of renal transplant rejection but has also strong
antiproliferative properties in many tumors. Rapamycin
and its derivative RADoo1 inhibit Bcr-Abl-dependent
cell growth in vitro and in vivo (Ly et al. 2003; Mohi
et al. 2004). Synergism depends on residual sensitivity
of the leukemia cells to imatinib (Dengler et al. 2005),
a common theme with imatinib combinations (La Rosee
et al. 2004). RADoo1 is currently in phase I testing in
patients with imatinib-resistant leukemia. Results are
not yet available.

5.4 Nonkinase Targets Related to Bcr-Abl
and Semispecific Agents

5.4.1 Inhibitors of Protein Interaction

Bcr-Abl contains several structural motifs that allow for
binding of other proteins involved in signal transduc-
tion. In some instances small molecules or peptides that
specifically block important interactions have been de-
veloped.

5.4.1.1 Dimerization Domain of Bcr

The N-terminus of Bcr contains a coiled-coil motif,
which is required for dimerization. Dimerization in
turn is critical for transformation (He et al. 2002;
McWhirter et al. 1993; Smith et al. 2003). Crystallogra-
phy revealed a rather specific structure of the dimeriza-
tion domain (Zhao et al. 2002) that may allow develop-
ing specific inhibitors.

5.4.1.2 Tyrosine 177 and Grb2

Phosphorylated tyrosine 177 binds Grb2, an interaction
that is crucial for activation of MAP kinase signaling via
binding of the SH3 domain of Grb2 to Sos, which stabi-
lizes Ras in its active GTP-bound form (Pendergast et al.
1993). Peptides that disrupt this interaction inhibit the
growth of Bcr-Abl-positive cells (Kardinal et al. 2001).

A small molecule inhibitor could conceivably be devel-
oped to the same effect. More recently it was shown that
Grbz is also required for binding of the Gab2 adaptor
protein, which links Bcr-Abl to the PI3 kinase pathway
(Sattler et al. 2002). It has not been reported whether
the aforementioned peptides disrupt this interaction.

5.4.1.3 Additional Targets in Bcr-Abl

There are additional targets in Bcr-Abl that could poten-
tially be exploited, including the Abl SH3 domain. The
SH3 domain appears to have an inhibitory role, as dele-
tion of SH3 activates the kinase. Several proteins are
known to bind SH3, and at least one of them, Pag
(MSP23) inhibits Abl kinase (Wen and van Etten 1997).
This has not been formally exploited for drug develop-
ment. Lastly, it may be possible to disrupt the multi-
meric Ber-Abl signaling complex by interfering with
binding of other proteins in the complex, including
CrkL and Cbl. As this complex is held together by mul-
tiple interactions (Gaston et al. 2004), this task could
hardly be accomplished with a single compound.

5.4.2 Intracellular Redistribution

In contrast to Abl, Bcr-Abl is localized almost exclu-
sively in the cytoplasm in association with F-actin. Dis-
ruption of the F-actin binding site in the C-terminus of
Abl impairs cellular transformation (McWhirter and
Wang 1993). Interestingly, keeping kinase active Bcr-
Abl in the cytoplasm and out of the nucleus appears
to be important. Thus, inhibition of Bcr-Abl kinase with
imatinib leads to nuclear accumulation. If such cells are
then released from kinase inhibition in the presence of
leptomycin B, a drug that inhibits Bcr-Abl’s export from
the nucleus into the cytoplasm, trapping active kinase
in the nucleus, apoptosis is induced (Vigneri and Wang
2001). With nuclear export inhibitors that are less toxic
than leptomycin, this could potentially be exploited
therapeutically. Obviously, this strategy is dependent
on achieving inhibition of Bcr-Abl kinase in the first
place and would not be effective in the case of the
T315] mutant.



5.4.3 Semispecific Agents

It is obvious that inhibition of targets “farther away”
from Bcr-Abl as the disease-initiating protein will be
less specific, as they will be downstream of an increas-
ing number of physiological signaling networks. Inhibi-
tors of canonical physiologic processes such as histone
deacetylation or cell cycle progression should not be re-
ferred to as “targeted” therapeutics as their specificity is
strictly biochemical but not biological. One could easily
argue that these agents are in principle not different
from some conventional anticancer drugs like topoi-
somerase II inhibitors that target a specific enzyme
but not specific cancer cells.

Flavopiridol is a broad spectrum inhibitor of cyclin-
dependent kinases (Sausville et al. 1999), a class of ser-
ine/threonine kinases that are essential for cell cycle
progression. Synergism with imatinib has been demon-
strated in BCR-ABL-positive cell lines (Yu et al. 2002a)
and synergism with the proteasome inhibitor bortezo-
mib in imatinib-resistant lines (Dai et al. 2004). Flavo-
piridol is currently being tested with imatinib in a phase
I study in patients with imatinib-resistant CML. Results
are not yet available, but given the overall rather
sobering results with this agent in clinical trials of other
malignancies, optimism is guarded (Blagosklonny
2004).

Bortezomib (Velcade), a drug with excellent activity
in multiple myeloma, has been tested as a single agent
in a phase II study. Moderate responses were seen in
some patients, such as return from accelerated phase
to chronic phase but not cytogenetic responses or last-
ing remissions (Cortes et al. 2003a). The final results of
this trial have not yet been published.

Histone deacetylase inhibitors are another novel
class of antileukemic agents. Synergy with imatinib
has been shown in vitro, although at least some effects
may be mediated via inhibition of Hspgo (Nimmanapal-
li et al. 2003b).

Demethylating agents such as decitabine have rather
impressive single agent activity in CML (Kantarjian et
al. 1997) and are synergistic with imatinib in vitro (La
Rosee et al. 2004). A clinical trial in patients with ima-
tinib refractory CML is ongoing but results have not yet
been reported.

Oblimersen, a Bclz antisense molecule, has shown
activity in a nude mouse model of imatinib-resistant
Ph-positive leukemia (Tauchi et al. 2003). A clinical trial
in combination with imatinib in CML patients with re-
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sistance to imatinib is ongoing but results have not yet
been published.

5.5 Summary and Perspective

Given its central role in the pathogenesis of CML, Bcr-
Abl is undoubtedly the optimal drug target in this dis-
ease. The strongest confirmation for this is the clinical
success of imatinib. Can we do still better? Alternative
Abl inhibitors such as dasatinib and nilotinib show pro-
mise in relapsed or refractory disease, raising the ques-
tion whether they will eventually replace imatinib as the
first line therapy in patients with newly diagnosed
chronic phase CML. This will depend on efficacy as
much as on tolerability. Both agents are not only active
against KD mutants but they are also much more potent
against unmutated Bcr-Abl. One would suspect that this
will translate into better outcomes. However, in view of
the high rates of complete cytogenetic response and the
excellent progression-free and overall survival with im-
atinib, long observation times and large cohorts of pa-
tients will be required to demonstrate superiority of a
novel Abl kinase inhibitor using these endpoints.
Molecular endpoints, such as a major (Hughes et al.
2003) or complete molecular response (sustained nega-
tivity by RT-PCR) are more likely to show differences
within a reasonable period of follow-up that may later
translate into improved progression-free and overall
survival. A word of caution is warranted. Although very
likely, it remains to be formally proven that responses
are equally durable regardless of whether they were at-
tained with standard dose imatinib or with a highly po-
tent Abl inhibitor (or high doses of imatinib). A related
question is whether more potent Abl inhibitors will be
capable of eradicating the leukemic cell clone. Clinical
observations and mathematical modeling suggest that
imatinib, unlike allografting, is not capable of eliminat-
ing residual disease (Cortes et al. 2004; Kim et al. 2004;
Lange et al. 2003, 2005; Mauro et al. 2004), as it does not
deplete the leukemic stem cell pool (Michor et al. 2005),
and lifelong therapy is required. It is not known
whether more potent Abl inhibitors will be different.
If not, then the side effects of treating a disease that is
increasingly perceived as a chronic ailment rather than
as a life threatening condition may become the central
issue.

One of the most fascinating observations with Bcr-
Abl-kinase-targeted therapy of CML is that acquired re-
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sistance is, at least in the majority of cases, associated
with reactivation of Bcr-Abl. This implies that Bcr-Abl
(and perhaps other activating tyrosine kinase muta-
tions) have a high degree of target cell specificity and
consequently cannot easily be replaced by other muta-
tions. From the therapeutic standpoint this is good news
as there continues to be one uniform drug target at the
time of relapse, rather than a diversity of genetic le-
sions. It also implies that targets other than Bcr-Abl re-
main second choice, even at the time of disease recur-
rence. A different scenario would arise if leukemic stem
cells were found to shift to physiological signaling path-
ways to maintain survival in the face of Bcr-Abl inhibi-
tion. If such pathways were essential under these condi-
tions, they would be excellent targets for drug combina-
tions.
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Abstract. Leukemias have traditionally served as model
systems for research on neoplasia because of the easy
availability of cell material from blood and marrow
for diagnosis, monitoring, and studies on pathophysio-
logy. Beyond these more technical aspects, chronic mye-
loid leukemia (CML) became the first neoplasia in
which the elucidation of the genotype led to a rationally
designed therapy of the phenotype. Targeting of the
pathogenetically relevant Bcr-Abl tyrosine kinase with
the inhibitor imatinib has induced remissions with al-
most complete disappearance of any signs and sym-
ptoms of CML. This therapeutic success has triggered
an intensive search for suitable targets in other cancers
and has led to the development of numerous inhibitors
of potential targets now being studied in preclinical and
clinical trials worldwide. Imatinib mesylate has been the

first selective inhibitor of Bcr-Abl employed in patients.
Its routine use has been considered a revolution in the
treatment of CML.

6.1 Medical Treatment of CML

The first drug reported to be active in CML was arsenic
in 1865. Currently, arsenic has been reintroduced into
CML management as second-line treatment in combi-
nation with imatinib. Therapy remained palliative dur-
ing most of the last century and included splenic irra-
diation, various cytostatic agents, of which busulfan
was standard for almost three decades, and intensive
combination therapy. The intention of the treatment be-
came curative with the introduction of stem cell trans-
plantation in the 1970s (Goldman and Melo 2003). At
the same time, interferon a (IFN) in combination with
hydroxyurea or low-dose cytarabine (ara-C) offered
the prospect of prolonging survival, particularly in
low-risk patients and in patients who achieve a cytoge-
netic remission (Bonifazi et al. 2001; Hehlmann et al.
1994, 2003).

6.2 Imatinib Mesylate

6.2.1 Clinical Efficacy

In an effort to identify compounds which could selec-
tively inhibit the aberrantly enhanced tyrosine kinase
Bcr-Abl, imatinib mesylate, a 2-phenylaminopyrimidine
derivative, was identified (see Chap. 1, entitled Chronic
Myeloid Leukemia — A Brief History). Imatinib compet-
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itively inhibits the ATP binding site of Bcr-Abl tyrosine
kinase and, by inhibiting tyrosine phosphorylation
blocks the Bcr-Abl signal transduction cascade. It is
highly selective for inhibiting Bcr-Abl, ABL, PDGF-R al-
pha and beta, ARG, and c-kit (Buchdunger et al. 2000)
without inhibiting the proliferation of BCR-ABL-nega-
tive cells (Druker et al. 1996).

Imatinib is well absorbed from the gut. Peak plasma
levels are reached after 2-4 h and bioavailability is 98%.
A single oral dose of 400 mg/day produces a steady state
plasma concentration which exceeds the minimal re-
quired concentration for inhibiting cellular phosphory-
lation and causes lysis of BCR-ABL-positive cell lines in
vitro. The mean elimination half-time of imatinib is 13-
16 h. Excretion is primarily via the feces (Druker et al.
2001b). Imatinib is 95% protein bound, predominantly
to albumin and a, glycoprotein. Metabolism is mainly
through the action of the cytochrome P450 (CYP) iso-
form CYP3A4. The main metabolite (N-demethylated
piperazine derivative) has similar in vitro potency to
the parent compound.

In a phase I study 83 IFN refractory patients in
chronic phase (CP) were treated with imatinib (Druker
et al. 2001b). The median duration of IFN pretreatment
was 8.5 months (1 week to 8.5 years) and the median
duration of imatinib therapy was 310 days (17-607 days).
Complete hematologic response (CHR) was noted in 53
of 54 patients treated with more than 300 mg of imatinib
(criteria: leukocytes <10x10°/1 and platelets < 450x10°/1
for at least 4 weeks). Hematologic responses were at-
tained generally within the first 4 weeks of imatinib ther-
apy and were durable in 51 of 53 patients with a median
follow-up of 265 days (17-468 days). A major cytogenetic
remission (MCR, Ph+ metaphases <35%) was noted in
17 (31%), being complete in 7 patients (13%). The median
time to best cytogenetic response was 148 days (48-331
days). The side effects (i.e., nausea, diarrhea, myalgias,
and periorbital edema) were relatively frequent (25-
43%) but mostly mild (WHO grades I and II). In some
patients abnormal liver function tests were noted. An
initial drop of hemoglobin of 1-2 g/dl, which was dose
related, occurred frequently. Leukopenia and thrombo-
cytopenia (WHO grade III) occurred in 14% and 16%,
respectively, and was not dose limiting. The highest dose
of imatinib administered was 1000 mg daily and the
maximum tolerable dose was not defined.

In a second phase I study 58 patients with myeloid
(n=38) or lymphoid blast crisis (BC) or Ph-positive
acute lymphoblastic leukemia (ALL, n=20) were treated

with 300-1000 mg of imatinib daily (Druker et al.
2001a). The median age was 48 years (range, 24 to
76). Additional chromosomal abnormalities were noted
in 58% and 65%, respectively. Twenty-one patients with
myeloid BC (55%) achieved a hematologic response,
which was complete in four patients (11%). In 12 patients
(32%) less than 5% blasts were noted in the bone marrow.

In patients with lymphoid BC, hematologic response
rate was 70%, which was complete in 20%. In 11 patients
(55%) less than 5% blasts were noted in the bone mar-
row. Seven of 58 patients (12%) attained MCR, which
was complete in five patients (3 and 2 patients, respec-
tively from each group). Response rates were not closely
related to the administered doses. Of the 21 patients
with myeloid BC who had attained a hematologic re-
sponse, nine patients relapsed after a median of 84 days
(42-194 days). All but one of the patients with lymphoid
BC relapsed after a median of 58 days. The side-effect
profiles were comparable to the aforementioned study
in CP CML. Overall, 16 patients died due to disease pro-
gression. Phosphorylation of CRK-oncogene-like pro-
tein (CRKL), a major substrate of Bcr-Abl kinase, was
markedly reduced in leukemic cells, demonstrating
the effect of imatinib on its target.

Phase II trials were conducted in BC (n=260), accel-
erated phase (AP) (n=235), and CP after IFN resistance
or intolerance (n=532). According to the original pub-
lications, in patients with BC hematologic response rate
was 52% (complete in 8%), MCR occurred in 16%, with
7% of the responses being complete (Sawyers et al.
2002). Time to progression and median survival were
significantly shorter in pretreated patients. In patients
with AP imatinib induced sustained hematologic re-
sponses lasting at least 4 weeks in 69% (complete in
34%) (Talpaz et al. 2002). MCR rate was 24%. Estimated
12-month overall survival was 74%. In IFN refractory or
intolerant patients in CP CML imatinib induced CHR in
95%, MCR in 60%, with 41% of the responses being
complete (Kantarjian et al. 2002). The median time to
onset of CHR was 0.7 months, of MCR 2.9 months.
Updated results are provided in Table 6.1 (Silver et al.
2004). Phase-II data were confirmed by a large ex-
panded access program with more than 7000 patients
(Hensley et al. 2003).

A subsequent phase III randomized controlled trial
(IRIS - International Randomized Study of Interferon
and STIs71) in 1,106 patients with newly diagnosed
CML in CP recruited between June 2000 and January
2001, has shown the superiority of imatinib, 400 mg/
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Table 6.1. Rates of hematologic and cytogenetic responses with imatinib (Phase ll-studies, update 2004, Kantarjian et al.

2002; Sawyers et al. 2002; Silver et al. 2004; Talpaz et al. 2002)

Recruited Complete Major cytogenetic response Complete
hematologic (£35% Ph-positive cytogenetic
response (%) metaphases) (%) response (%)

Chronic phase 532 96 66 55

Accelerated phase 235 40 28 20

Myeloid blast crisis 260 8.7 16 7.4
day, over the combination of IFN and cytarabine in all 100 _96% 98%
relevant endpoints. At 18 months the hematologic and 901 ﬂ;\a s TN R0 - gﬁ;‘:
cytogenetic response rates in the imatinib arm were 801 ,_f;;;f__:—;
97% and 87%, respectively, which is much higher than o 70 f Jr"_’r
comparable figures for the IFN/cytarabine arm (69% £ 50'{ F
and 22%, respectively); the toxicity with imatinib was & °°] r
lower. Time to progression to blast phase, duration of 40" l
progression-free survival irrespective of the prognos- il J —— ChR
tic-factor score at the time of study entry, and the per- ig: — MCyR
ceived occurrence of adverse events were advantageous 4 4 .. C(I:YRI
for primary imatinib therapy (O’Brien et al. 2003). Due 0 6 12 18 24 30 36 42 48 54 60 66

to the large numbers of crossovers from IFN to imatinib,
a long-term comparison of both therapies is impossible.

A 60-month update of the imatinib group showed
complete hematologic remissions in 98%, partial cyto-
genetic remissions in 92%, and complete cytogenetic re-
missions in 87% of cases (Druker et al. 2006) (Figs. 6.1,
6.2). Annual rate of relapse was 3.3, 7.5 and 4.8% in the
first three years and decreased to 1.5 and 0.9% in the
fourth and fifth year after start of treatment. The time
to complete hematologic remission was much shorter
with imatinib (about 90% after 3 months) than with
IFN. Similar to the effects observed with IFN, the
achievement of complete cytogenetic remissions was fol-
lowed in most patients by a continuous decline of BCR-
ABL transcript levels which continues up to 42 months.
Major parameters with favorable prognostic impact were
any cytogenetic response after 6 months (Fig. 6.3) and
major cytogenetic response (Fig. 6.4) after 12 months
of therapy (Druker et al. 2003; Hughes et al. 2003).

Quality-of-life analysis has demonstrated advantages
of imatinib compared with IFN + cytoarabine as first-
line treatment of CP CML. In addition, patients who
cross over to imatinib from IFN-based therapies experi-
ence a significant improvement in quality of life (Hahn et
al. 2003).

There are a number of questions that have been
answered definitively by the IRIS study. The study has

Months since randomization to Imatinib

Fig. 6.1. Estimated response to first-line imatinib. CHR, complete
hematologic response; MCR, major cytogenetic response
(Ph+<35%); CCR, complete hematologic response (Druker et al.
2006; O’Brien et al. 2003)
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Fig. 6.2. Estimated CCR to first-line Imatinib by Sokal Group (Guilhot
2004; O'Brien et al. 2003)

shown that in terms of hematologic and cytogenetic re-
sponses, progression-free survival, and side effects, tol-
erability, and quality of life, imatinib is superior to IFN
plus low-dose cytarabine. However, two important re-
lated questions have not definitely been answered by this
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Fig. 6.3. Prognostic value of any cytogenetic response (CyR) at 6
months (Guilhot 2004; O'Brien et al. 2003)
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Fig. 6.4. Progression-free survival on first-line imatinib by molecular
response (MR) at 12 months (Guilhot 2004; O’Brien et al. 2003)

study, namely (1) is imatinib superior to IFN plus cyta-
rabine in terms of long-term survival? and (2) what will
be the outcome of imatinib-treated patients in the longer
term? By extrapolation from survival data of [FN-treated
CML patients who achieved complete cytogenetic remis-
sions, a 10-year survival rate of at least 51% was estimated
for imatinib-treated patients (Hasford et al. 2005). As-
suming the relationship between CCR and survival with
IFN holds good for imatinib, the much higher CCR rates
with imatinib therapy will result in an estimated 6.23 life-
years gained compared with treatment with IFN plus
low-dose cytarabine (Anstrom et al. 2004).

It can be concluded that imatinib is superior to IFN
with regard to response rate, progression-free survival
and adverse effects. Comparison with historic data indi-
cates a clear survival advantage of imatinib compared to
IFN in patients with early CP CML (Kantarjian et al.
2003).

Another critical issue of course is whether imatinib
can cure CML. Current in vitro and in vivo data suggest
that dormant or “quiescent” nondividing BCR-ABL-
positive stem cells are not responsive to imatinib and
may produce relapse after withdrawal of imatinib (Dru-
ker et al. 2006; Graham et al. 2002).

6.2.2 Side Effects of Imatinib

The majority of imatinib-treated patients experience ad-
verse events at some time. Most events are of mild to
moderate grade. The most frequently reported drug-re-
lated adverse events are nausea, vomiting, edema, and
muscle cramps. Edema is most frequently periorbital
or in lower limbs and is manageable with diuretics.
The frequency of severe edema in phase I-III trials
was 2-5%. Some of the adverse events observed are at-
tributable to local or general fluid retention including
pleural effusion, ascites, pulmonary edema, and rapid
weight gain with or without superficial edema. The in-
cidence of edema was dose and age related; it was about
20% higher for patients who received imatinib 600 mg/
day vs. 400 mg/day and for patients > 65 years of age
(Table 6.2).

Myelosuppression is common in CML patients
treated with imatinib (more common in patients with
advanced disease and in the initial phase of therapy).
In the phase III randomized trial of newly diagnosed pa-
tients in the CP treated with imatinib at 400 mg/day,
grade 3 neutropenia (ANC <1x10°/l) was experienced
by 11% of patients, grade 4 neutropenia (ANC
<0.5%10°/1) occurred in 2% of patients, grade 3 throm-
bocytopenia (platelets <50x10°/1) occurred in 6.9% of
patients, and grade 4 thrombocytopenia (platelets
<10x10°/1) occurred in less than 1% of patients
(O’Brien et al. 2003).

Both in vitro and in vivo data indicate that inhibition
of normal hematopoiesis during imatinib treatment is
minimal; it is seen primarily as neutropenia and is large-
ly restricted to high doses (Deininger et al. 2003). The
much lower rate of infectious complications observed
as compared to that expected in patients with a similar
level of myelosuppression induced by conventional che-
motherapy may be related to the lack of mucous mem-
brane damage in patients on imatinib. Most patients,
even patients with advanced phase CML, experience
recovery of normal blood counts during continuous
therapy with imatinib. Interventions with hematopoietic
growth factors are under investigation.
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Table 6.2. Management of side effects from imatinib (Garcia-Manero et al. 2003)

Side effect
Nausea and/or emesis

Management

Avoid taking imatinib on an empty stomach

Antiemetics (e.g., ondansetron at a dose of 8 mg orally or prochlorperazine at a dose
of 10 mg orally 30 min prior to intake of imatinib)

Adequate fluid intake

Diarrhea

Loperamide at a dose of 2 mg orally after each loose bowel movement (up to 16 mg

daily) or diphenoxylate atropine at a dose of 20 mg orally daily in 3-4 divided doses

Skin rashes

Avoid sun exposure

Topical steroids (e.g., 0.1% triamcinolone cream topically as needed)

Systemic steroids (e.g., prednisone at a dose of 20 mg orally daily for 3-5 days)

Muscle cramps

Electrolyte substitution

Tonic water (quinine)

Mg?* replacements

Bone aches

Cox-2 inhibitors (e.g., celecoxib at a dose of 200 mg orally daily or rofecoxib at a dose

of 25 mg orally daily)

Liver function abnormalities Hold imatinib

Resume within 1-2 weeks

Consider decreasing the dose (no less than 300 mg orally daily)

Myelosuppression
Anemia
Neutropenia G-CSF as needed

Thrombocytopenia

Erythropoietin as needed

Hold if platelets <40x10°/L

High-dose folic acid

Interleukin-11 as needed

Resume at lower dose level (no less than 300 mg orally daily)

6.2.3 Dosage of Imatinib

The recommended dosage of imatinib is 400 mg/day for
patients in CP CML and 600 mg/day for patients with
AP or BC CML. Consecutive cohorts of patients treated
with 400 mg and 600 mg imatinib demonstrated the ad-
vantage of 600 mg/day in advanced disease. Retrospec-
tive analysis of prognostic factors showed that the 400
mg and 600 mg cohorts were well matched.

Dose increases from 400 mg to 600 mg/day in pa-
tients with CP CML or from 600 mg to 8oo mg/day in
patients with advanced disease may be considered for
patients with progressive disease, if a satisfactory he-
matologic response is not achieved after >3 months of
treatment, if cytogenetic remission is not achieved after

6-12 months of treatment or if a previously achieved
hematologic or cytogenetic remission is lost (in the ab-
sence of severe nonleukemia-related neutropenia or
thrombocytopenia).

The increase of imatinib dosage has been previously
shown to improve response in patients with accelerated
disease. Accelerated disease was found to have higher re-
sponse rates with 600 mg imatinib than with 400 mg.
Kantarjian et al. (2004) have reported in a historical
comparison that higher cytogenetic and molecular re-
mission rates can be achieved in shorter time intervals
with an imatinib dosage of 800 mg daily as compared to
400 mg in CP CML. The disadvantage of the higher ima-
tinib dose is a higher rate of adverse effects, in particular
myelosuppression and fluid retention. It is unknown
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whether the effect of high-dose imatinib is sustained and
provides a survival benefit. The dosage of imatinib
should be adjusted or treatment interrupted if severe
neutropenia or thrombocytopenia occurs.
Dose increase is suggested in case of suboptimal re-
sponse, which is defined as:
1. Failure to achieve a complete hematologic response
after 3 months,
2. fajlure to achieve any cytogenetic response after 6
months, or
3. failure to achieve a major cytogenetic response after
12 months of imatinib therapy (Druker et al. 2003;
Hughes et al. 2003).

High-dose imatinib therapy was tested in CML patients
after IFN failure and in newly diagnosed patients. Cyto-
genetic and molecular responses were achieved faster
with 800 mg imatinib/day (Cortes et al. 2003; Kantarjian
et al. 2004). The TIDEL multicenter study in Australia
examined the effect of 600 mg/day among newly diag-
nosed patients with CP CML. Dose escalation to 800
mg/day was allowed if patients did not achieve a CHR
at 3 months, an MCR at 6 months, a CCR at 9 months,
or became PCR negative at 12 months. Additionally, pa-
tients who did not achieve hematologic or cytogenetic
responses following dose escalation to imatinib 8oo
mg/day were allowed to add intermittent ara-C to their
regimen. When compared with historical data from the
IRIS study, a significantly higher proportion of patients
in the TIDEL study achieved an MCR and CCR (Hughes
et al. 2004).

6.2.4 Imatinib in Combination

Combinations of imatinib with other drugs have been
extensively analyzed in vitro and have shown that a num-
ber of drugs are synergistic with imatinib in vitro. Of
particular interest were the combinations of imatinib
with IFN or low-dose ara-C. The feasibility of the com-
binations of imatinib with IFN (Pegasys, Peg-Intron) and
low-dose cytarabine has been shown in phase I and II
studies (Baccarani et al. 2004; Hochhaus et al. 2002).
On the basis of these studies, randomized trials were
designed by national study groups in Germany, France,
UK, and USA to compare imatinib monotherapy at 400
mg with imatinib in various combinations (IFN, cyt-
arabine) and dosages (600 mg, 800 mg). The first of
these studies, the German CML Study IV, started re-

cruitment in July 2002 and compared imatinib
400 mg/d with imatinib+IFN, imatinib+cytarabine
and imatinib after IFN failure in newly diagnosed pa-
tients with CP CML. By June 2006, 810 patients were
randomized. According to the Hasford score, 35% of pa-
tients were low risk, 54% intermediate risk, and 11%
high risk. Rate of progression was rare, within the first
year 13/335 patients (6 low, 3 intermediate, 4 high risk;
4%) progressed to BC, 4 of them revealed clonal evolu-
tion (complex aberrant karyotype, n=3; +8, n=1), two
other BCR-ABL mutations. Within the second year 3/232
patients progressed to BC. During the first year of treat-
ment imatinib therapy was stopped due to side effects
or resistance in 6% of patients in the imatinib 400 mg
arm, in 2% of patients in the imatinib+IFN arm, and
in 2% of patients in the imatinib+cytarabine arm. IFN
was stopped in 21% and cytarabine in 18% of patients.
The interim analysis of a prospective randomized trial
with imatinib and imatinib in combination for newly di-
agnosed patients with CML has proven the feasibility of
imatinib combinations in addition to high response and
low progression rates (Berger et al. 2004).

In September 2003, the French study was started
which compares imatinib monotherapy at 400 mg vs.
imatinib at 600 mg vs. imatinib plus IFN (Pegasys) vs.
imatinib plus low-dose cytarabine. After an observation
period, it is planned to reduce the study to two arms.
The UK study compares imatinib monotherapy at 400
mg vs. imatinib at 800 mg vs. imatinib plus IFN (Pe-
gasys). The USA study is focusing on the comparison
of 400 mg and 800 mg imatinib therapy only.

The emergence of resistance to imatinib mono-
therapy has led to a search for downstream targets of
the Bcr-Abl kinase that may mediate the altered growth
properties of BCR-ABL-transformed cells. Identification
of signaling pathways downstream of ABL tyrosine ki-
nase may increase our understanding of the pathogen-
esis of CML and suggest strategies to improve clinical
treatment of the disease.

Farnesyl transferase inhibitors enhance the antipro-
liferative effects of imatinib against BCR-ABL-express-
ing cells, including imatinib-resistant cells. Cells resis-
tant to imatinib because of amplification of BCR-ABL
remain sensitive to tipifarnib and lonafarnib and co-
treatment of these cells with imatinib plus farnesyl
transferase inhibitors leads to enhanced antiprolifera-
tive or proapoptotic effects even in cells that are resis-
tant to imatinib based on the expression of a Bcr-Abl
kinase domain mutation (T315I) that is completely in-



sensitive to imatinib. Although this mutant is sensitive
to lonafarnib, the addition of lonafarnib to imatinib
yielded no increase in antiproliferative effects. These re-
sults raise critically important issues of how and when
to molecularly targeted agents should be combined for
optimal results. Although the discussion that follows
will focus on CML and Bcr-Abl signal transduction, this
paradigm could be applied to any agent that targets sig-
naling pathways (Peters et al. 2001).

Early clinical studies using a combination of imati-
nib and farnesyl transferase inhibitors in advanced
phase CML patients demonstrated feasibility but
showed only moderate activity, probably due to clonal
evolution with novel molecular or cytogenetic aberra-
tions in addition to BCR-ABL not responding to farnesyl
transferase inhibitors (Cortes et al. 2003).

It is shown that the PI3-kinase/Akt pathway is a cri-
tical contributor to survival/proliferation of BCR-ABL-
transformed cells. The serine/threonine protein kinase
mTOR (mammalian target of rapamycin) is a down-
stream component of the PI3-Kinase/Akt pathway, and
plays an important role in controlling cell growth and
proliferation. The mTOR pathway is constitutively acti-
vated by Bcr-Abl in CML cells. Two of its known sub-
strates, ribosomal protein S6 and 4E-BP1, are constitu-
tively phosphorylated in a Bcr-Abl-dependent manner
in BCR-ABL-expressing cell lines and CML cell lines.
These data suggest that Bcr-Abl may regulate transla-
tion of critical targets in CML cells via mTOR.

The effect of rapamycin in three different imatinib-
resistant Bcr-Abl mutant cell lines (Ba/F-BCR-ABL T3151,
G250E, M351T) has been described. Rapamycin alone in-
hibited proliferation to a degree that would be predicted
if mTOR was a critical downstream effector of Bcr-Abl,
while the combination of low-dose rapamycin with im-
atinib markedly enhanced this growth inhibitory effect.
The synergy between rapamycin and imatinib, occur-
ring at doses well below typical serum levels obtained
during monotherapy with each of these agents repre-
sents a strong argument in favor of investigating the
clinical activity of the combination (Ly Chi et al. 2003).

6.2.5 Imatinib Resistance

Several questions remain open, notably those concern-
ing the development of imatinib resistance, which is
rare in early CP, but increases in frequency along the
course of the disease (Hochhaus and La Rosée 2004).
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Essentially two mechanisms underlie the development

of imatinib resistance:

1. Mutations of the ATP-binding site of the Bcr-Abl
tyrosine kinase, and

2. clonal evolution with aberrant karyotypes ultimately
leading to BC.

Pharmacological mechanisms including activation of
multidrug resistance proteins may cause variations in
the individual intracellular imatinib concentrations,
which may contribute to the development of resistance.

etailed sequence analysis of the Bcr-Abl kinase do-
main has been performed to elucidate which mutations
are responsible for the development of imatinib resis-
tance. More than 30 different mutations have been rec-
ognized which are detailed elsewhere (Hochhaus and La
Rosée 2004; Shah et al. 2004). The prognostically most-
serious mutations concern the so-called P-loop domain
of the tyrosine kinase. P-loop mutations have been asso-
ciated with an especially poor prognosis (Branford et al.
2003), but cessation of imatinib therapy and alternative
therapy with other drugs seem to be able to improve
prognosis. Novel methods are available to screen for
small clones of mutated leukemic cells, e.g., denaturing
high-performance liquid chromatography (D-HPLC).
The impact of the results of such assays needs to be
explored in prospective clinical trials (Soverini et al.
2005).

6.2.6 Prediction of Response

Attempts have been made to develop prognostic models
to predict the outcome of CML patients on imatinib
therapy. In CP patients after IFN failure, a low neutro-
phil count and poor cytogenetic response at 3 months
were identified as independent factors by investigators
of the Hammersmith Hospital in London (Marin et al.
2003), but data are conflicting and were not confirmed
by others (Lahaye et al. 2005).

6.3 Novel Bcr-Abl Inhibitors in Clinical Trials

6.3.1 Nilotinib (AMN107)

Nilotinib (AMN107) is a novel aminopyrimidine, avail-
able as an oral formulation. It is a competitive inhibitor
of the protein tyrosine kinase activity of Bcr-Abl and
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Fig. 6.5. Chemical structure of imatinib, nilotinib, and dasatinib
(Shah et al. 2004; Weisberg et al. 2005)

prevents the activation of Bcr-Abl-dependent mitogenic
and antiapoptotic pathways (e.g., PI-3 kinase and
STATS5), resulting in death of the Bcr-Abl-induced phe-
notype. In cellular autophosphorylation assays and
mediated cell proliferation, nilotinib is a highly potent
inhibitor of the Bcr-Abl tyrosine kinase. An important
feature of nilotinib is its ability to inhibit most imati-
nib-resistant mutant forms of BCR-ABL. Based on this
activity, nilotinib may provide therapeutic benefit in
patients with CML who have developed resistance to
imatinib therapy due to mutations within the Bcr-Abl
kinase.

The effects of nilotinib on Bcr-Abl autophosphoryla-
tion have been evaluated in K562 and KU-812F human
leukemia cell lines, which naturally express Bcr-Abl,
as well as with p19o or p210-BCR-ABL transfected mu-
rine hematopoietic 32D and p210-BCR-ABL transfected
Ba/F3 cells. In addition, the compound has been evalu-
ated for effects on autophosphorylation in a panel of Ba/
F3 cells, expressing different mutant forms of the Ber-
Abl kinase.

Nilotinib potently inhibits the Bcr-Abl kinase in cell
lines derived from human leukemic CML cells and from
transfected murine hematopoietic cells, with IC,, values
in the range of 20 nM to 60 nM. Nilotinib also potently
inhibited most of the imatinib-resistant mutant forms of
BCR-ABL. Thus, M237I, M244V, L248V, G250A (E, V),
Q252H, E255D (K), E275K, E276G, E281K, K285N,
E292K, F311V, F317L (C, V), D325N, S348L, M351T, E355
(G), A380S, L387F, M388L, F486S are inhibited with
IC,, values in the 1-200 nM range, Y253H, E255R (V),
and F359C (V), are inhibited with IC,, values between

200 nM and 800 nM, leaving only the T315I mutant un-
affected by nilotinib at concentrations <8000 nM.

The selectivity of nilotinib as a protein kinase inhi-
bitor has been demonstrated by its lack of appreciable
activity (IC,, value for inhibition of cell proliferation
>3000 nM) against a panel of Ba/F3 cells transfected
to express a variety of different kinases (Weisberg et
al. 2005). Excellent efficacy in models of myeloprolifer-
ative disease was observed. In an acute model in which
NOD-SCID mice were injected with murine 32D cells
harboring the firefly luciferase gene and transfected to
be dependent upon p210 Ber-Abl, nilotinib (100 mg/kg
QD) markedly reduced tumor burden, as assessed by
noninvasive imaging. Furthermore, nilotinib (75 mg/
kg p.o., QD) prolonged the survival and reduced tumor
burden, as assessed by spleen weights, of mice having
either p210 or mutant (E255V, M351T) Bcr-Abl myelo-
proliferative disease. Nilotinib was also evaluated in a
disease model using primary hematopoietic cells, in
which mice were transplanted with bone-marrow cells
transfected to express Bcr-Abl. Treated animals showed
reduced morbidity and had spleen weights within the
normal range. Similar, although slightly reduced effi-
cacy was observed in mice receiving bone-marrow
transplants after infection with either E255V or M351T
Bcr-Abl (Weisberg et al. 2005).

A Phase I/II study of nilotinib is currently ongoing
in adult patients with imatinib-resistant CML in CP,
AP, or BC relapsed/refractory Ph+ acute lymphoblastic
leukemia, and other hematological malignancies. The
phase I portion of this study has completed its enroll-
ment and the phase-II portion is currently ongoing.
During the phase I part of this study, 119 patients were
initially treated in dose cohorts from 50 mg to 1200 mg
on a once daily schedule with intrapatient dose escala-
tion, and subsequently a twice daily dosing schedule
with 400 mg and 600 mg cohorts. For the phase II part
of the study, the 400 mg BID dose was selected on the
basis of safety and acceptability; this improved serum
exposure over once daily dosing in the phase I patients.

In the Phase I study nilotinib was orally adminis-
tered after a light breakfast and a 2-h fast in sequential
cohorts of patients at escalating once daily doses of 50,
100, 200, 400, 600, 800, and 1200 mg. Since a limited
increase in serum exposure to nilotinib occurred at
higher dose levels, the protocol was amended to add a
twice daily dosing schedule of 400 mg (800 mg/day)
and 600 mg (1200 mg/day). Nilotinib doses, up to
1200 mg orally once per day or 400 mg orally twice



per day, were well tolerated with the majority of adverse
events reflecting those commonly seen in patients with
advanced leukemia. Overall, 20% of patients experi-
enced thrombocytopenia, 13% experienced neutropenia,
4% developed anemia, and bone marrow aplasia oc-
curred in 2%. There was a higher incidence of neutro-
penia (22% vs. 9%) in the 600 mg BID cohort compared
with the 400-mg BID cohort.

Additional adverse events that were suspected to be
study-drug-related included rash and pruritus. Various
descriptive terms of rash, including erythema and ex-
anthema, were described in 33% of patients, the major-
ity of which were mild (grades 1 and 2), and 11% at
grade 3. Pruritus was reported separately in 15% of pa-
tients, 2 (1.6%) of which were grade 3. These cutaneous
changes responded to topical corticosteroids in most
cases. Nausea (grade 1 or 2) was reported in 7% of pa-
tients and emesis in 3%. Fatigue (grades 1-3) has been
reported in 5% of patients. Lipase elevations, the ma-
jority of which were asymptomatic, have been reported
usually during the first cycle of nilotinib therapy. The
incidence of clinically recognized pancreatitis was ap-
proximately 3%. Transient hyperbilirubinemia occurred
early during nilotinib therapy and affected approxi-
mately 20% of patients. Most instances of hyperbilirubi-
nemia were due to the unconjugated fraction. These ab-
normalities generally resolved without further interven-
tion and most patients continued therapy without
further recurrence (Kantarjian et al. 2006).

The interim efficacy analysis of the phase-I/II study
revealed complete hematologic response in 92% of CP,
51% of AP, and 6% of BC patients. Complete cytogenetic
response was achieved in 35%, 14%, and 6% of patients,
respectively (Kantarjian et al. 2006).

6.3.2 Dasatinib (BMS 354825)

Dasatinib (BMS-354825) is a potent, orally active inhi-
bitor of the Bcr-Abl, ¢-KIT, and SRC family kinases. It
belongs to the thiazolecarboxamides and is structurally
different from imatinib and nilotinib. In preclinical
studies, dasatinib has been shown to be a more potent
inhibitor of Bcr-Abl (260-fold), c-kit (eightfold),
PDGFRJ (60-fold), and SRC (>1000-fold) than imatinib.

Dasatinib inhibits the Bcr-Abl kinase with an in vi-
tro IC;, of 3 nM. In cellular assays, dasatinib killed or
inhibited the proliferation of all Bcr-Abl-dependent leu-
kemic cell lines tested. In vitro results suggest that dasa-
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tinib is effective in reducing the proliferation or survival
of both imatinib sensitive and resistant cells, and its in-
hibitory activity is not solely dependent on Bcr-Abl. The
only imatinib-associated Bcr-Abl mutation resistant to
dasatinib is T315I (Shah et al. 2004). Dasatinib is a
strong inhibitor of the human CYP3A4 enzyme, so it
may reduce clearance of drugs that are significantly me-
tabolized by that enzyme.

A phase-I study with dasatinib in CML patients was
initiated in November 2003. Complete hematologic re-
mission was achieved in 92% of CP, 45% of AP, 35% of
myeloid BC and 70% of lymphoid BC or Ph+ ALL pa-
tients. Complete cytogenetic response was seen in
35%, 18%, 26% and 30% of patients, respectively (Talpaz
et al. 2006). Overall hematologic and nonhematologic
toxicities have been manageable in the context of the
phase-I population. In CP patients, hematologic toxicity
consisting mostly of thrombocytopenia was seen at all
dose levels. Nonhematologic adverse events usually con-
sisted of grade 1 or 2 events such as pleural effusions,
rash, nausea, or fever. They occurred at any dose level
without evidence of dose effect.

Pharmacodynamic data (CRKL-phosphorylation as-
say) suggested a twice-daily schedule. However, the best
in vivo schedule is being tested in two randomized
phase II studies with once-daily and twice-daily sched-
ules at different dose levels (Sawyers et al. 2005).

The advent of selective tyrosine kinase inhibitors
has significantly changed CML therapy. However, de-
spite promising results patients should be identified in
whom treatment requires optimization, either by dose
escalation of imatinib or combination with other drugs.
In case of resistance, novel tyrosine kinase inhibitors
are available within clinical trials. In addition to hema-
tologic and cytogenetic monitoring, molecular surveil-
lance of response and resistance is essential for thera-
peutic decisions.
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Abstract. The management of CML has changed drama-
tically over the past 5-7 years. The development of the
specific tyrosine kinase inhibitor, imatinib, has resulted
in incidences of cytogenetic and molecular response
that far exceed those achieved with interferon. The med-
ian duration of survival is predicted to increase and the
role of allogeneic transplantation has correspondingly
decreased. However, the technology of allografting has
also progressed in that developments in molecular typ-
ing methodology and in the management of infection
have resulted in an improvement in the outcome of un-
related transplants. The imatinib era has coincided with
the development of reduced intensity conditioning reg-
imens and early results suggest that this is an effective
strategy in CML associated with low transplant-related
mortality. This chapter summarizes the data on the
prognostic factors for both disease- and transplant-re-
lated outcomes and outlines the current indications
for allogeneic transplant in CML. These indications
for allografting will continue to evolve. Although allo-
geneic transplant is no longer the initial therapy in
the majority of patients, it remains the strategy with
the highest probability of achieving a molecular remis-
sion and curing the disease. As such it will continue to
play a role in the management of CML.
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7.1 Introduction

The decision to offer allogeneic hematopoietic stem cell
transplantation to a patient with CML in chronic phase
(CP) has always been difficult, with a balance to be
drawn between the short-term risks of transplantation
with the longer-term disease risks of medical therapy.
The introduction of the selective tyrosine kinase inhib-
itor, imatinib (Glivec, Gleevec, STI571) has replaced in-
terferon and cytarabine as primary medical therapy
and while survival data remain immature, the data on
surrogate markers of cytogenetic and molecular re-
sponse are impressive. The evidence to date suggests
that these responses will be followed by improvements
in survival (Hughes et al. 2003). These data have led
to a major re-evaluation of the role of allogeneic trans-
plantation for this disease. The algorithms devised in
the 1990s are no longer applicable and opinions remain
divided as to the role of allogeneic hematopoietic stem
cell transplantation in the management of CP disease
in particular.

7.2 Changes in Allogeneic Transplant Practice

During the 1990s there was a steady rise in the use of
allogeneic transplant for CML, particularly in CP dis-
ease. That trend dramatically reversed after 1999 with
a reduction in transplant activity reported to the EBMT
(European Group for Blood and Marrow Transplanta-
tion) of almost 40%. This fall has been restricted to pa-
tients transplanted in first CP and has not been matched
by a change in the numbers of transplants performed
for more advanced disease (Gratwohl et al. 2001b,
2004) (Fig. 7.1). The change in activity reflects the in-
creased use of imatinib and was in anticipation of any
demonstrable survival benefit. It has prompted sugges-
tions that there may be little role for allogeneic trans-
plants in the management of CP disease.

Concurrent with the introduction of imatinib, the
past 7 years have also witnessed significant changes in
allogeneic transplant practice. These include the intro-
duction of reduced intensity conditioning (RIC) regi-
mens or nonmyeloablative transplants with the asso-
ciated reduction in procedural-related mortality. RIC
accounted for less than 1% of transplants performed
in Europe in 1998 but had increased to 27% in 2002-
2003 (Gratwohl et al. 2004). Other improvements in-
clude better supportive care, which is reflected in the
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Fig. 7.1. Changes in transplant activity in CML between 1990 and
2003 as reported to EBMT

progressive reduction of infection-related deaths (Grat-
wohl et al. 2005). Finally, advances in molecular HLA
typing methodologies have led to the outcome of unre-
lated donor transplantation approaching that achieved
in HLA matched sibling transplantation (Davies et al.
2001; Hansen et al. 1998; Weisdorf et al. 2002).

The decision to recommend early transplant for pa-
tients with CML can only be made after careful consid-
eration of prognostic factors at diagnosis, including
those predicting both response to medical therapy and
transplantation outcomes. This assessment should be
conducted based on current outcome data as outcomes
reported in the 1980s and early 1990s do not reflect the
result of medical therapy or transplantation in the 21st
century. Alternatively, if imatinib is to be offered, there
must an attempt to develop criteria for molecular re-
sponse and imatinib failure that would warrant a recon-
sideration of treatment strategy.

7.3 Prognostic Features at Diagnosis

There are a number of well-established prognostic mod-
els of survival for patients with CML that have been de-
veloped based on cohorts of similarly treated patients.
These models identify patients who present in CP with
high- or lower-risk disease based on the clinical features
present at the time of diagnosis. It is important to ap-
preciate that the value of these models varies with dif-
ferent treatments. The best-known score (Sokal et al.
1984) is a model that was based on patients treated pre-
dominantly with busulfan and hydroxycarbamide (hy-
droxyurea) and but is a less useful guide for patients
treated with interferon. The Hasford score was devel-



oped for patients treated with interferon and confirmed
the value of interferon in lower-risk patients (Hasford et
al. 1998). Treatment has now changed again and the val-
ue of the Hasford score in patients treated with imatinib
is uncertain. However, the Sokal score may be of prog-
nostic value in this setting. For patients enrolled in the
IRIS study and randomized to imatinib, the probability
of achieving cytogenetic remissions were 76% and 49%
for Sokal low-risk and high-risk disease, respectively.
The Sokal score was also predictive for molecular re-
sponses with 66% of the low-risk patients and 45% of
high-risk patients achieving a 3 log reduction in BCR-
ABL transcript numbers (Hughes et al. 2003).

The applicability of the Sokal and Hasford scores to
the outcome of transplantation has been less clear. Re-
cently the International Blood and Marrow Transplant
Registry (IBMTR) has analyzed the impact of the two
scores on transplant outcome and found that they were
entirely nonpredictive for survival (Passweg et al. 2004).

It is likely that prognostic scores based on clinical
variables will be surpassed by biological markers as pre-
dictors of disease course and response to therapy. Ex-
amples include deletions of 9q, which occur in 15-
20% of patients and are associated with an inferior out-
come (Huntly et al. 2001), although there is some con-
troversy as to whether the prognostic significance of
9q deletions is overcome with imatinib therapy (Huntly
et al. 2003; Quintas-Cardama et al. 2005). Recently, gene
expression profiling has identified candidate genes such
as CD7 and proteinase-3 which may be of greater predic-
tive value (Yong et al. 2006). The next few years may see
the incorporation of these or other markers into the
treatment algorithms.

7.3.1 Response to First Treatment
as an Indicator of Prognosis

Interferon represented a significant advance over hy-
droxycarbamide and busulfan in that a significant min-
ority (10-15%) of patients with CML achieved a com-
plete cytogenetic remission, albeit after 1-2 years. This
group of patients showed the greatest survival advan-
tage. Data from the phase 2 studies suggested and the
IRIS study confirmed that the complete cytogenetic re-
mission (CCyR) rate after imatinib is substantially high-
er (74%) than that achieved with interferon. However,
there has been concern over a number of case reports
of rapid progression of disease to blast crises despite
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the achievement of CCyR (Avery et al. 2004; Jabbour
et al. 2006; Morimoto et al. 2004). This has led to the
question as to whether a CCyR achieved on imatinib
carries the same prognostic weight as a remission
achieved with interferon. These case reports, however,
appear to be the exception and in patients who have
achieved a CCyR, the depth of remission as measured
by molecular response appears better with imatinib
than with interferon. Interferon (or hydroxycarbamide)
is now rarely considered as first-line therapy for CML
and it is therefore the response to imatinib that is being
used to predict outcome in general and progression-free
survival in particular. In those patients with a CCyR and
a 3 log reduction in BCR-ABL transcript levels as mea-
sured by quantitative RT-PCR, the progression-free sur-
vival (PES) at 2 years is 100%. For patients who achieve
CCyR but in whom the fall in the BCR-ABL/ABL ratio
was less than 3 logs, the PFS is 95% and in those without
CCyR the PFS was only 85% (Hughes et al. 2003). At
present, the follow-up is too short to demonstrate an
overall survival advantage, but given the very low rates
of progression, the clear expectation is that this will be
seen with time.

7.4 Prognostic Indicators
for Transplant Outcome

The most widely used risk assessment score to predict
transplant outcome was developed by Gratwohl et al.
and is based on five prognostic features (age at trans-
plant, disease stage at transplant, donor type, donor-re-
cipient gender combination, and the interval from diag-
nosis to transplant) (Table 71). Using 3142 patients
transplanted for CML from 1984-1994, the score was
validated for transplant-related mortality, survival, and
disease-free survival (Gratwohl et al. 1998). More re-
cently the IBMTR has confirmed the value of the Grat-
wohl score using an independent data set comprising
3211 patients (Passweg et al. 2004). The prognostic value
of additional factors such as CMV antibody status of pa-
tient and donor, donor age, donor/recipient ABO blood
group compatibility, and Karnofsky performance score
was examined. An initial impression that the Karnofsky
score gave useful additional discriminatory power was
not confirmed in a validation set of patients and has
not been included in subsequent analyses.
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Table 7.1a. BMT transplant risk score

Original EBMT risk score

Criteria Score
Age <20 yr 0
20-40 yr 1
>40 yr 2
Donor Type Sibling 0
Unrelated 1
Disease Phase Chronic 0
Accelerated 1
Blastic 2
Interval Dx-SCT <1 year 0
>1 year 1
Sex Match Female donor - 0
male recipient
All other 1

7.4.1 Disease Phase

The disease phase at the time of transplant remains the
most important determinant of survival (Fig. 7.2) (Clift
and Storb 1996; Horowitz et al. 1996). Survival after
transplant in CP ranges from 60% to 90% at 5 years
(Clift et al. 1999; Gratwohl et al. 1998; Horowitz et al.
1996). The use of chemotherapy preparative regimens,
as opposed to total body irradiation (TBI)-based regi-

Table 7.1b. Survival probabilities according to EBMT score

Risk Score Number of % of patients
patients with with Score LFS
Score
0 65 2 60
1 569 18 60
2 881 28 47
3 867 28 37
4 485 15 35
5 214 7 19
6 57 2 16
7 4 = =
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Fig. 7.2. Survival probability of 260 patients transplanted since 1992
according to disease stage at time of transplant (courtesy of Ted
Goodey, Fred Hutchinson Cancer Research Center)

mens, and improved supportive therapy (including
CMV and fungal prophylaxis) may improve survival
further. For example, both an initial and a follow-up re-
port of CP CML patients randomized to a preparative
regimen of TBI and cyclophosphamide or busulfan
and cyclophosphamide (BU/CY) demonstrated similar
efficacy of both regimens (Clift and Storb 1996; Clift
et al. 1999). Subsequently, a pharmacological assay for
blood busulfan levels revealed that patients with levels
above 9oo ng/ml had better survival and fewer relapses,
compared to patients with a level <g9oo ng/ml (Slattery
et al. 1997). This has led to subsequent targeting of bu-
sulfan in all patients to a level >900 ng/ml (which also

Probability of outcome at 5 years (%)

Survival TRM RI
72 20 26
70 23 23
62 31 32
48 46 31
40 51 28
18 71 41
22 73 32

5-year probability of leukemia-free survival (LFS), survival, transplant-related mortality (TRM), and relapse incidence (RI).



permits correction for patients with a high busulfan lev-
el to prevent potential toxicity). This strategy may have
contributed to the apparent improvement of survival in
CML CP patients transplanted using targeted BU/CY. In-
deed, in 131 consecutive CP CML patients treated in
Seattle using a preparative regimen of pharmacologi-
cally targeted busulfan and cyclophosphamide, the 3-
year survival was 85%, with a relapse rate of 8% (Radich
et al. 2003). The wide interpatient variation in busulfan
pharmacokinetics can also be overcome with the use of
intravenous rather than oral busulfan (Kim et al. 2003) .
Whether this will allow the Seattle data to be repro-
duced without the need for pharmacokinetic monitor-
ing is an open question. Unfortunately, advances that
may have improved outcomes in CP patients have not
been easily translated to accelerated phase (AP) and
blast crisis (BC) transplants. Survival rates in these
phases have remained relatively static over the last de-
cade, so that survival in AP remains approximately
25-40%, and BC, approximately 10%.

7.4.2 Age at Transplant

Regimen-related toxicity tends to climb with increasing
patient age (Gratwohl et al. 1998). However, age limits
have gradually increased as the introduction of new
preparative regimens and supportive therapies have im-
proved outcomes. For example, CP patients transplanted
with matched related donors after TBI-based regimens
experience a clear age effect, with superior outcomes
in younger patients (<21 years of age), and a steady
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Fig. 7.3. Overall survival of 178 sibling allografts compared to 48
unrelated transplants for CML in first CP (data from Hammersmith
Hospital London)
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drop off in survival by increasing decade of age (Clift
and Storb 1996). This age effect may be mitigated by
the use of non-TBI regimens (e.g., targeted BU/CY),
as recent data from the Fred Hutchinson Cancer Re-
search Center in Seattle no longer show an age effect
in patients in CP up to 65 years of age (Clift and Storb
1996). Likewise, age does not appear to be an important
factor with RIC transplants (Crawley et al. 2005).

7.4.3 Source of Allograft Donor

For those who lack an HLA-identical sibling donor, the
use of unrelated donor transplants is limited by donor
availability, and the increased toxicity due to the effects
of GVHD its associated infectious complications. Fully
matched unrelated donors are now available for over
50% of Caucasian patients, but unfortunately, donors
for patients from other ethnic groups are limited.

For “younger” patients (age <40 years), the results
in CP CML are similar for fully matched unrelated
and related transplants, especially for patients in “good
risk” groups. In a series of 226 patients transplanted in
first CP at the Hammersmith Hospital in London there
were no differences in the transplant outcomes between
those patients with unrelated and those with HLA iden-
tical sibling donors (Fig. 7.3). In a multicenter analysis
of National Marrow Donor Program (NMDP) data, dis-
ease-free survival of unrelated and related transplants
for CML CP patients aged 30-40 years, transplanted
within 1 year of diagnosis, was 67% vs. 57%, respectively
(Weisdorf et al. 2002). Two other studies have observed
a near-equivalence of disease-free survival for CP CML
using either a fully matched unrelated or related donor
(Davies et al. 2001; Hansen et al. 1998). Estimates of dis-
ease-free survival of more than 70% were found for pa-
tients less than 50 years of age transplanted within a
year of diagnosis (Hansen et al. 1998). Recent data from
the EBMT support this with evidence that the survival
after unrelated transplant has more than doubled be-
tween 1980-1990 and 2000-2003 from 29% to 63% at
2 years (Gratwohl et al. 2006).

The improved outcomes with unrelated donors are
in a large part due to the use of sequence-based typing
methodologies for HLA A, B, C, DR, and DQ. Transplant
outcomes in CP CML are particularly affected by even a
single antigen or allele mismatch (Petersdorf et al. 2004)

(Fig. 7.4).
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Fig. 7.4. Survival probability after unrelated transplant in CP CML
transplanted within 2 years of diagnosis with respect the use a 10
antigen matched donor versus a mismatched donor (courtesy of
Effie Petersdorf, Fred Hutchinson Cancer Research Center)

7.4.4 Source of Hematopoietic Stem Cells

Although autologous transplantation now uses almost
exclusively peripheral blood-derived stem cells (PBSC)
their use in the allogeneic transplant setting has been
more controversial. A recent study reported the out-
comes of highly purified CD34+PBSC for CP CML
(n=49) compared to those of unmanipulated PBSC
(n=21) and of BMSC (n=23) in the HLA-compatible
sibling donor setting. The estimated probability of
grade II -IV acute GVHD was 53% for the PBSC group,
37% for the BMT group, and 20% for the CD34+PBSC
group. However, the probabilities for molecular and cy-
togenetic relapse were 92% and 58% for CD34+ PBSCT,
and a total of 38 of 49 patients after CD34+ PBSCT re-
quired additional T cells on a median of 2 occasions
(range 1 to 7). The estimated probability of 3-year sur-
vival after transplant was 93% in the CD34+PBSCT
compared with 71% in the PBSCT group, and 64% in
the BMT group, respectively (Elmaagacli, 2003).

A recent individual patient data meta-analysis com-
bined the data from nine randomized studies of sibling
PBSC vs. BMT in a variety of hematological diseases.
PBSC were associated as expected with faster engraft-
ment. PBSC did not result in an increase in grades 2-
4 acute GVHD but was associated with more grades 3-
4 acute GvHD. Chronic GvHD was also more frequent
including an increase in extensive chronic GvHD. De-
spite this, the use of PBSC corresponded to improve-
ments in overall, progression-free survival and a reduc-
tion in relapse risk in patients with high-risk disease.

An a priori subgroup analysis confirmed that this was
true for CML specifically with an advantage for PBSC
being seen for patients beyond first CP (Stem Cell Tri-
alists’ Collaborative Group 2005).

It is possible that the increased risks of GvHD in the
unrelated donor setting may negate any benefit of PBSC.
However, two studies from the Essen group evaluating
the role of PBSC in the unrelated transplant setting have
demonstrated the superiority of PBSC over bone mar-
row stem cells. The first showed that patients receiving
PBSC had the BCR-ABL fusion transcripts detected less
often compared to BM patients, suggesting a stronger
graft vs. leukemia effect in the PBSC patients (Elmaaga-
cli et al. 1999). The second study compared PBSC with
bone marrow in CP CML, and found that the use of
PBSC was associated with improved survival (94% vs.
66%), owing largely to a decrease in acute transplant-
related mortality (5% vs. 30%). The overall prevalence
of acute and chronic GVHD was similar between the
two groups (Elmaagacli et al. 2002). Finally, a retrospec-
tive study of PBSC transplants compared to a matched
set of BM unrelated donor transplants suggested that
PBSC and BM transplants had similar rates of GVHD,
relapse, and survival (Remberger et al. 2001). The ef-
fects appeared similar in all phases of CML.

7.4.5 Therapy Pretransplantation

The time from diagnosis to transplantation is a risk fac-
tor for poor outcome, with longer time intervals being
associated with decreased survival (Clift and Storb
1996; Goldman 2001; Gratwohl et al. 1998; Sokal et al.
1984). The critical cut-off time is unclear. Data from
both the EBMT and IBMTR suggest an outcome advan-
tage for patients transplanted within 1 year from diag-
nosis in both the related and unrelated setting (Table
7.1); more recent data from Seattle suggests that for
matched related donor transplant the cut-off may be
at 2 years postdiagnosis (Clift and Storb 1996). The
cause of this effect is not clear, but it may be due to both
cumulative toxicity of the conventional therapy, leading
to an increase in nonleukemic mortality, and from the
underlying progression of disease that certainly occurs
even during therapy. This is of increasing relevance,
as the extensive use of imatinib will result in patients
coming to transplant later in the course of their disease.

Prior therapy with busulfan adversely affects trans-
plant outcome, compared with hydroxycarbamide



(Goldman et al. 1993). The effect of prior interferon
therapy is controversial. Two studies have shown that
prolonged interferon therapy (> 6-12 months) was asso-
ciated with increased nonleukemic mortality and de-
creased survival (Beelen et al. 1995; Morton et al.
1998). In contrast, no adverse effects of interferon ther-
apy were found on the outcome of allogeneic HLA-iden-
tical sibling transplants, provided it was discontinued
90 days before allogeneic bone marrow transplantation
(Hehlmann et al. 1999) or only given for a short period
of time (median, 2 months) (Giralt et al. 2000).

The effect of pretransplantation therapy with imati-
nib on transplant morbidity, mortality, and relapse risk
is unknown. However, since the introduction of imati-
nib there have been reports of clonal cytogenetic abnor-
malities occurring in Ph-chromosome negative cells, a
phenomenon previously observed only rarely in pa-
tients rendered Ph negative in interferon (Bumm et al.
2003; Medina et al. 2003; O’Dwyer et al. 2003; Terre et
al. 2004). These Ph-negative clonal rearrangements
may occur in ~5% of patients who obtain a CCyR,
and a small subset appears to have MDS/AML. The sig-
nificance of the majority of these clonal changes in Ph-
negative cells is, as yet, unclear. However, these molec-
ular abnormalities may yield important information
concerning the stability of the disease and its underly-
ing propensity for transformation.

Relatively few patients have received transplant after
prior imatinib therapy and most have been treated by
both strategies for advanced phase disease. A recent re-
port from the EBMT looking retrospectively at results of
transplant for 7o patients with CML, of whom 44% were
in advanced phase, described an estimated transplant-
related mortality of 44% and an estimated relapse mor-
tality of 24%. In a multivariate analysis comparing pa-
tient outcome with that of historical controls, prior im-
atinib treatment did not influence overall survival, pro-
gression free survival or non-relapse mortality (Deinin-
ger et al. 2006). Despite this report, the data are still in-
sufficient to make any categorical statement about the
risk and/or benefit of imatinib treatment before any
planned transplant procedure.

7.4.6 Patient and Donor Gender

Male patients who receive stem cell products from fe-
male donors are known to have poorer survival in the
short term largely attributable to an increase in treat-
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ment related mortality. This may be entirely due to
the allo-recognition of peptides derived from Y chro-
mosome encoded proteins. Although the short-term
outcome is inferior in the longer-term, patients who
survive such gender mismatch transplants have a corre-
sponding decrease in relapse risk (Gratwohl et al. 2001 a;
Randolph et al. 2004). Some suggest that male patients
at high risk of relapse should be preferentially trans-
planted from female donors.

7.5 Reduced Intensity Conditioning
Transplantation

At the same time as the rapid developments in the tyr-
osine kinase inhibitors there has been a fundamental re-
think of the principles of allogeneic transplantation.
Until recently it was assumed that in order to ensure
durable engraftment and long-term, disease-free surviv-
al, it was necessary to deliver myeloablative doses of
chemotherapy and/or radiotherapy. There are a number
of studies that suggest that conditioning dose intensity
is important in the control of disease (Slattery et al.
1997), however the minimum dose of TBI required to
ensure durable engraftment has been defined in the
dog studies as 200 cGy, a dose well below that required
for myeloablation (Storb et al. 1997). Several groups
have taken this approach of immunosuppression rather
than myeloablation through into human studies (Giralt
et al. 1997; Sandmaier et al. 2000; Slavin et al. 1998). RIC
has resulted in a reduction in TRM in most studies and
this had enabled the age of patients in whom transplan-
tation can be undertaken at an acceptable risk to be ex-
tended by 10-15 years. Over the last 5-7 years there has
been a substantial increase in the numbers of RIC trans-
plants and numbers of RIC regimens. Correspondingly,
there has been an increase in the terminology, which re-
mains confusing and includes terms such as nonmye-
loablative transplants, mini-allografts, and micro-trans-
plants. At present there are no agreed definitions of re-
duced intensity conditioning.

In comparison to conventional allogeneic hemato-
poietic stem cell transplantation, the RIC approach re-
lies more on the graft vs. leukemia (GvL) effect than
on the antitumor effects of chemotherapy to control dis-
ease. CML is a disease where the clinical importance of
GvL has been most clearly demonstrated, donor lym-
phocyte infusions (DLI) being the most tangible exam-
ple. Response rates to DLI in CML approach 60-70%
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and even in relapse into AP 30% of patients can be sal-
vaged with DLI alone (Dazzi et al. 2000). As such, CML
should be the disease in which RIC allogeneic trans-
plantation is most effective.

Studies of RIC allografts in CML have been limited
and the single center experience is summarized in Table
7.2. Data comparing outcomes with conventional condi-
tioning are even more limited and are confounded by
differences in patient characteristics and the biases of
historical controls. The largest series published to date
from the EBMT reported the outcomes on 186 patients.
One hundred eighteen were transplanted in first CP, 26
in second CP, and 42 in the accelerated or blastic phases.
A variety of different conditioning regimens were em-
ployed and the majority (72%) received peripheral
blood transplants. Disease phase was the most impor-
tant factor predicting outcome (RR 3.4) although pa-
tients in second CP had a survival only marginally
worse than first CP patients (Crawley et al. 2005).

Analysis of outcomes stratified according to the
EBMT transplant risk score suggested that disease-free
and overall survival were similar if not better than that
achieved with conventional conditioning. These conclu-
sions need to be interpreted with caution as the influ-
ence of the individual prognostic factors, namely age, fe-
male-to-male donors, donor type, and time to transplant
have not been established for RIC transplants. Further-
more, the published outcomes based on EBMT risk score
are based on data collected between 1989 and 1994. In
many diseases, transplant outcomes have improved over
the last decade due to improvements in supportive care
and better donor identification. There is a real need for
comparative studies to determine any potential benefits
of RIC compared to conventional transplant.

RIC approaches to allogeneic transplantation are
clearly feasible in CML and appear to be associated with
a lower nonrelapse mortality than has been seen pre-
viously with conventional conditioning (Fig. 7.5). There
remain a number of unanswered questions. There are a
wide range of different RIC regimens with very variable
degrees of myelosuppression and immunosuppression,
including some regimens that would previously have
been considered to be myeloablative. It is unclear
whether the results with different RIC regimens will
be equivalent and the relative importance of cytotoxic
chemotherapy and immune-mediated GvL in eradicating
disease is uncertain. In the EBMT study, the use of flu-
darabine, busulfan, and antithymocyte globulin (Fd/Bu/
ATG) appeared to be associated with improvements in
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Fig. 7.5. Survival after RIC in 186 patients with CML stratified by
EBMT score

disease-free survival (RR 0.7, p=0.06) and a reduction
in treatment-related mortality (RR 0.4, p=o0.02) but
did not impact on overall survival. Fd/Bu/ATG is signif-
icantly more myelosuppressive with more nonhema-
tological toxicity than the fludarabine and 2 Gy TBI
approach pioneered by the Seattle group. Linked to this
is the question whether prior cytoreduction with che-
motherapy (including imatinib) influences the outcome
of RIC transplants by optimizing the GvL effect. It is pos-
sible that some of the more myelosuppressive regimens
such as Fd/Bu/ATG may be sufficient in their own right,
whereas some of the least intensive regimens may benefit
from the addition of pretransplant therapy.

A second area of controversy is the use of T cell de-
pletion, most frequently achieved with lymphocyte de-
pleting antibodies such as alemtuzumab and ATG. Their
inclusion in the conditioning regimens facilitates engraft-
ment and reduces graft vs. host disease. However, this is
at the potential risk of leukemia relapse and delayed im-
mune reconstitution. One strategy adopted to overcome
this problem is the pre-emptive use of donor lymphocyte
infusions post transplant. The risk of DLI is related to the
time post transplant and the T-cell dose (Gilleece and
Dazzi 2003). Imatinib is also an option and can be given
safely post transplant. In a pilot study of 24 patients re-
ceiving RIC transplants at the Hammersmith Hospital,
imatinib was given post transplant for 12 months. The im-
atinib was effective in maintaining molecular remission
during administration and allowed the DLI to be delayed
to a time where it might be used with a lower risk. Several
other groups are exploring related protocols.



7.6 Detection and Management
of Residual Disease

The definition of remission of CML has evolved over the
last 15 years. It has been recognized for some time that
morphological remission of CML is an inadequate end-
point in the control of the disease. In the interferon era
cytogenetic remissions were the therapeutic goal and
were associated with prolongation in survival. After al-
logeneic transplant it is now well established that the
detection of the chimeric BCR-ABL mRNA transcript
by RT-PCR is a powerful predictor of subsequent cyto-
genetic and hematological relapse. Increasingly molecu-
lar responses are being used as a surrogate for remis-
sion duration with imatinib therapy (Hughes et al.
2003).

7.6.1 Role of Qualitative RT-PCR for BCR-ABL

Early data relating to the incidence and risk of relapse
after allografting were derived from qualitative RT-
PCR assays for BCR-ABL transcripts. The highest risk
of relapse occurs in patients who were BCR-ABL posi-
tive “early” (<12 months) after transplant (Hughes et
al. 1991; Roth et al. 1992; Sawyers et al. 1990). Approxi-
mately 25% of patients who appear to be in hematologi-
cal remission during this time will be qualitatively pos-
itive for BCR-ABL (Radich et al. 2001). Minimal residual
disease (MRD) can be detected by RT-PCR for years
post transplant. BCR-ABL has been detected in 25-
50% of patients more than 3 years post transplant, with
subsequent relapse rates of approximately 10-20%
(Costello et al. 1996; Pichert et al. 1995; Radich et al.
1995, 2001). These data suggest that low levels of BCR-
ABL transcripts identified some years after transplant
for CML may not be an absolute harbinger of relapse.
How patients co-exist with MRD for years while their
CML lays “dormant” remains a topic of speculation
and research.

7.6.2 Quantitative Studies for BCR-ABL in CML

The predictive value of MRD detection is strengthened
by BCR-ABL quantification (“Q-PCR”) (Lin et al. 1996;
Mensink et al. 1998; Mughal et al. 2001; Olavarria et
al. 2001; Preudhomme et al. 1995). Several studies have
demonstrated that the molecular burden of BCR-ABL
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mRNA, and the kinetics of increasing BCR-ABL, predict
relapse (Lin et al. 1996). Low (or no) residual BCR-ABL
was associated with a very low risk of relapse (1%),
compared to a 75% relapse rate in patients with increas-
ing or persistently high BCR-ABL levels. Olavarria et al.
studied 138 CML patients “early” (3-5 months) post
transplant and showed that the BCR-ABL level was
highly correlated with relapse (Olavarria et al. 2001). Pa-
tients with no evidence of BCR-ABL had a 9% risk of
subsequent relapse, whereas patients defined as having
a “low” burden of disease (<100 BCR-ABL transcripts/
pg RNA) or “high” level of transcripts (>100 copies/pHg)
had cumulative relapse rates of 30% and 74%, respec-
tively. These results are consistent with a study of 379
CML patients “late” (>18 months) after transplant (Ra-
dich et al. 2001). Ninety patients (24%) had at least one
assay positive for BCR-ABL, and 13/90 (14%) relapsed
whereas 3/289 patients who were persistently BCR-
ABL negative relapsed (hazard ratio of relapse=19).
Q-PCR for BCR-ABL levels was performed on 344 sam-
ples from 85 patients, and a rising BCR-ABL transcript
level heralded eventual relapse.

A recent study from the Hammersmith has further
attempted to quantify the risk of relapse. This group
has previously developed a definition of relapse based
on the absolute value of the BCR-ABL/ABL ratio from
their laboratory. Patients were considered to have defi-
nite evidence of disease recurrence requiring interven-
tion if the BCR-ABL/ABL ratio exceeded 0.02% on three
occasions or reached 0.05% on two occasions. They
studied 243 patients who had received allogeneic trans-
plants at their institute and had been monitored by
quantitative RT-PCR. Four groups of patients could be
identified: (1) 36 patients were “durably negative” or
had a single low level positive result; (2) 51 patients,
“fluctuating positive, low level”, had more than one pos-
itive result but never more than two consecutive posi-
tive results; (3) 27 patients, “persistently positive, low
level”, had persisting low levels of BCR-ABL transcripts
but never more than three consecutive positive results;
and (4) 129 patients relapsed. In 107 of these, relapse
was based initially only on molecular criteria; in 72
(67.3%) patients the leukemia progressed to cytogenetic
or hematologic relapse either prior to or during treat-
ment with donor lymphocyte infusions. The study not
only confirmed the value of their definition of relapse,
but indicated that the probability of disease recurrence
was 20% and 30% in groups 2 and 3, respectively (Kaeda
et al. 2006).
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7.7 Indications for Allogeneic Transplantation

7.7.1 Primary Therapy

The decision to recommend allogeneic transplantation
at presentation is a difficult one. Faced with the relative-
ly low toxicity of imatinib, the risk of allogeneic trans-
plantation is unacceptably high in the majority of pa-
tients including those with sibling donors. It should
not be forgotten that patients with a low EBMT trans-
plant score have a 5-year survival of 85% after stem cell
transplant and with a relapse risk of only 15% they are
potentially cured of their leukemia. Despite the impres-
sive imatinib data, durable BCR-ABL molecular negativ-
ity rather than molecular response remains an infre-
quent occurrence. Failure to achieve BCR-ABL negativ-
ity is perhaps unsurprising given the data suggesting
that there may be inherent resistance to imatinib in leu-
kemic stem cells (Graham et al. 2002). Up-front trans-
plantation remains a treatment option requiring consid-
eration in a minority of patients with low EBMT trans-
plant risk scores, adverse disease characteristics such as
a high Sokal score, or adverse biological markers of

Table 7.3. Criteria for imatinib failure (Baccarani et al. 2006)

high-risk disease. Finally, patient preference will remain
a fundamental factor in the decision making process.

7.7.2 Allogeneic Transplantation
After Imatinib Failure

Allogeneic transplantation should be considered in
many patients in the event of failure of imatinib therapy.
What is less clear is what constitutes imatinib failure. A
working definition is show in Table 7.3. While the
thresholds and time cut-offs may be open to debate,
the principle of accepting loss of cytogenetic control
or the loss of a molecular response is likely to remain.
If transplant is to be utilized effectively it is important
that it is considered before disease acceleration or blast
crises prompts a review of therapeutic strategy.

7.7.3 Management of Persistent or Relapsed
Disease Post Transplant

Donor lymphocyte infusions (DLI) have become the
treatment of choice for patients who relapse after allo-

Time Failure Suboptimal response Warnings
At diagnosis NA NA High risk
Del 9q
Other chromosome abnormalities in Ph+ cells
3 months No HR Less than complete HR
6 months Less than complete HR Less than partial CyR
No CyR
12 months Less than partial CyR Less than complete CyR Less than major molecular response
18 months Less than complete CyR Less than major molecular
response
Any time Loss of complete HR Other chromosomal abnor- Any rise in transcript level

malities in Ph+ cells

Loss of complete CyR
response
Mutation (high imatinib

insensitivity) insensitivity)

Haematological response (HR)

Loss of major molecular

Other chromosome abnormalities in Ph- cells

Mutation (low imatinib

Cytogenetic response (CyR) complete Ph+ 0, partial Ph+ 1-35%, minor Ph+ 36-65%, minimal Ph+ 66-95%, non Ph+ >95%

Major molecular response as defined by Hughes et al. 2006



geneic SCT and durable molecular remissions are
achieved in the majority of patients relapsing into CP
(Guglielmi et al. 2002; Kolb et al. 1990, 1995). GVHD
and marrow aplasia remain the two most important
complications of DLI, but when an escalating dose
schedule is used these problems are greatly reduced
(Dazzi et al. 2000). In a recent EBMT study, survival
after relapse was related to 5 factors: time from diagno-
sis to transplant, disease phase at transplant and at re-
lapse, time from transplant to relapse, and donor type
(Guglielmi et al. 2000). The effects of individual adverse
risk factors were cumulative so that patients with two or
more adverse features had a significantly reduced sur-
vival (35% vs. 65% at 5 years). Furthermore, DLI was less
effective in patients who developed GVHD after trans-
plant.

Imatinib is now an alternative to donor lymphocyte
infusions with some data to suggest that it is well toler-
ated after both autologous and allogeneic transplant
(Fischer et al. 2002; Kantarjian et al. 2002; Marin et al.
2002; Olavarria et al. 2002). The use of imatinib after al-
logeneic transplant could potentially be used to achieve
remission without GVHD, and could be effective when
DLI has failed. It could also be used in combination with
lower doses of DLI to maximize responses while mini-
mizing the risk of GVHD.

A number of groups have now used imatinib in the
management of patients relapsing after allogeneic trans-
plantation (Olavarria et al. 2003; Wassmann et al. 2001).
Most of these patients were treated for relapse into ad-
vanced phase disease, as DLI are of limited value in this
situation. Other patients were treated for cytogenetic re-
lapse or hematological relapse into CP, often in the pres-
ence of on-going immunosuppression for GVHD and/or
after failure of DLI. Recently, the Chronic Leukemia
Working Party of the EBMT has reported a retrospective
analysis of 128 patients treated with imatinib for relapse
after allogeneic transplant (Olavarria et al. 2003). At the
time of treatment with imatinib, 51 patients were in CP,
31in AP, and 46 in BC. The median interval between re-
lapse and start of imatinib was 5 months (range, o to 65
months). Fifty patients had failed treatment with DLI
prior to imatinib. The overall hematological response
rate was 84% (98% for patients in CP). The complete cy-
togenetic response was 58% for patients in CP, 48% for
AP and 22% for patients in BC. Complete molecular re-
sponses were obtained in 25 patients (26%) of whom 21
were in CP or AP. With a median follow up of 9 months
the estimated 2-year survivals for CP, AP, and BC pa-
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tients were 100%, 86%, and 12% respectively. Of 79 eval-
uable patients, 45 (57%) achieved full donor and 11
(14%) mixed chimerism after imatinib therapy. Thus,
imatinib appeared to have significant activity against
relapsed CML after allogeneic transplant. Durable cyto-
genetic and molecular remissions were obtained in pa-
tients in CP, suggesting a certain degree of synergism
between imatinib and the graft versus leukemia effect
(Savani et al. 2005).

7.8 Summary

The treatment options for the newly diagnosed patient
with CML have never been better although the treat-
ment decisions remain difficult and the therapeutic al-
gorithms are complex (Maziarz and Mauro 2003). In
the majority of patients, initial therapy will be with im-
atinib. However, in the absence of long-term outcome
data for imatinib, the relative merits of transplantation
(with conventional or reduced intensity conditioning)
or a tyrosine kinase inhibitor for younger patients will
require more detailed consideration. Failure to achieve a
CCyR should prompt a re-evaluation of treatment op-
tions. As the data mature, molecular responses are likely
to become the endpoint of medical as well as transplan-
tation therapies. At present allogeneic transplantation
remains the primary alternative therapy although in
the future alternative BCR-ABL or downstream signal
transduction inhibitors may provide a rescue strategy
for those patients in whom the response to imatinib is
inadequate.
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Abstract. Autografting was first attempted for patients
with chronic myeloid leukemia (CML) in transforma-
tion in order to restore a second chronic phase (CP).
The principal rationale for autografting in CP resides
on the reduction of the tumor burden and the number
of leukemic cells at risk of developing blastic transfor-
mation, and the possibility of eradicating already mu-
tated cells. In a European Group for Blood and Marrow
Transplantation (EBMT) survey, patients with CML in
CP, undergoing autologous stem cell transplantation
(SCT) for the first time, had an overall survival of
65% at 5 years from transplant with more than 50% of

all patients remaining in CP. The main point made by
this retrospective study was that in patients refractory
to interferon alpha (IFN), 70% achieved a cytogenetic
response post autografting, which was complete or ma-
jor in 31%. Since the advent of imatinib, autografting in
CML has experienced a substantial decline. Theoreti-
cally, there are several possible ways of using autologous
SCT in combination with imatinib: (1) to reverse resis-
tance to imatinib; (2) to eliminate a Ph-positive clone
bearing a BCR-ABL kinase domain mutation; and (3)
to reduce the level of residual disease after a cytogenetic
response to imatinib in patients in whom Ph-negative
cells had been harvested.

8.1 Introduction

Autologous stem cell transplantation (auto-SCT) was
first attempted for patients with CML in transformation
in order to restore a second CP. In 1978, Buckner, et al.
used bone marrow harvested during the CP to rescue
hematopoiesis after a supralethal myeloablative condi-
tioning regimen including total body irradiation (TBI)
(Buckner et al. 1978). Subsequently, Goldman et al. re-
ported that peripheral blood progenitor cells collected
at diagnosis could efficiently be used to reconstitute he-
matopoiesis after similar conditioning (Goldman et al.
1978, 1979). The results of auto-SCT for CML in transfor-
mation have been extensively reviewed (Butturini et al.
1990; Haines et al. 1984; Pigneux et al. 1999; Reiffers et
al. 1991, 1996 a) and can be summarized as follows. First,
hematopoietic recovery is faster after peripheral blood
than bone marrow SCT. Second, following auto-SCT,
some patients exhibit a “cytogenetic conversion”, due
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to the re-emergence of Ph-negative cells and they seem
to have prolonged survival. Third, unsurprisingly, the
survival of patients transplanted in accelerated phase
is longer than that of those transplanted in blast crisis.
Fourth, patients who have received a “double” trans-
plant seem to have a longer survival than those under-
going a single transplant do. Fifth, patients treated with
IFN after transplant survive longer than others. Finally,
a second CP is obtained in most cases but its duration is
usually short, as most patients develop a recurrent blast
crisis within 6-9 months, which reflects recrudescence
of the clone involved in the first transformation.

Thus, in most patients with advanced disease restor-
ing a prolonged second CP has not proved possible, and
so auto-SCT has progressively been abandoned for pa-
tients with CML in transformation. However, a double
auto-SCT followed by IFN may be beneficial for patients
in accelerated phase without a suitable donor. It has
been shown by the group in Bordeaux that patients
who received a double autograft had a 3-year survival
of 47+22% (Pigneux et al. 1999).

8.2 Autografting in Chronic Phase: Rationale

Autografting in CP was increasingly used in Europe in
the 1990s as some preliminary results suggested that
auto-SCT could increase the proportion of patients with
a cytogenetic response, and thus prolong survival
(Hehlmann et al. 2000). Although it is well known that
the reinfused material contributes to the reappearance
of the disease (Deisseroth et al. 1994), the principal ra-
tionale for autografting in CP resides on the reduction
of the tumor burden and the number of leukemic cells
at risk of developing a second genetic event responsible
for the blastic transformation (Bhatia et al. 1998; Daley
1996). This, in turn, would delay the emergence of a
blastic phase and prolong survival. A second possibility
is the “setting back the clock” effect by which the cells
that have already mutated will be eradicated and new,
fresh, nontransformed cells will replace them after the
transplant (Miller 1998). Thirdly, there is the possibility
of reversing IFN resistance so that IFN can induce a cy-
togenetic response when used after autografting in pa-
tients previously resistant to IFN. More recently, the
group in Genoa has shown the feasibility of collecting
Ph negative “stem” cells after in vivo purging with che-
motherapy [“mini-ICE” comprising idarubicin, cytara-
bine and etoposide followed by granulocyte colony-

stimulating factor (G-CSF)]. These “normal” Ph-nega-
tive cells can be used in an autografting procedure
and most patients recover with Ph-negative hemopoi-
esis (Carella et al. 1996, 1999). This strategy has intro-
duced a new goal in autografting in CML: the possibility
of long-term Ph-negative remissions.

8.3 Choice of Progenitor Cells

For many years, auto-SCT was performed using either
unmodified bone marrow harvested during CP or pe-
ripheral blood cells collected at diagnosis before treat-
ment. In 1978, the group at the Hammersmith Hospital
in London (Goldman et al. 1978) first reported that very
high numbers of CFU-GM were present in the blood of
CML patients at diagnosis and could easily be collected
by leukapheresis. Other investigators subsequently con-
firmed this. For example, in Bordeaux, they performed
1,103 leukapheresis procedures in 212 CML patients, at
diagnosis and before any treatment. The median
number of nucleated cells and CFU-GM collected per
leukapheresis were 2.7 (0.9-12.8)x10%kg and 31.2
(0-1255.2) x10%/kg, respectively. The median number
of CFU-GM collected in one single leukapheresis was
17.5 (x10%/kg) and this was higher than that usually ob-
tained from marrow harvest. Not surprisingly, the cell
yield (CFU-GM) was correlated not only with the initial
white blood cell count (r<o.24; p<0.001) but also with
the platelet count (r=0.12; p=0.0001) and the Sokal risk
index (r=o0.2; p=0.005) (Bouzgarrou et al. 1991). When
transplanted, these cells engrafted very quickly in about
15 days, which is more rapidly than observed after auto-
logous bone marrow transplantation for patients with
CML (Reiffers 1985). Since peripheral blood and bone
marrow in early CP contain Ph-negative progenitors
(Coulombel et al. 1983; Jazwieck et al. 1995; Kirk et al.
1995; Petzer et al. 1996), these cells are able to engraft
and are probably responsible for the cytogenetic con-
versions which are regularly seen after auto-SCT, as they
have a proliferative advantage (when transplanted), at
least in the short term, over Ph-positive progenitor cells
(Brito-Babapulle et al. 1989; Haines et al. 1984; Reiffers
et al. 1996). Thus, as peripheral blood seems to be at
least as effective as bone marrow cells for inducing cy-
togenetic conversion and to contain more progenitors
(leading to quicker engraftment) than bone marrow,
most autologous transplants are now performed with
Ph-negative peripheral blood stem cells (PBSC).



The advantages of PBSC include more feasibility and
easier collection, increased numbers of stem cells col-
lected, the possibility of multiple collections and the op-
tion of collecting stem cells after different therapies. The
possibility of manipulation of PBSC (either in vitro or
in vivo) is discussed in a different chapter. Several at-
tempts have been made to collect stem cells following
treatment with IFN in patients with some degree of cy-
togenetic response (Archimbaud et al. 1997; Olavarria et
al. 2000Db; Reiffers et al. 1998; Russo et al. 1999). It is
now accepted that totally or partially Ph-negative pe-
ripheral blood stem cells can be collected after interfer-
on and used for autografting without further manipula-
tion. The use of bone marrow cells has proved techni-
cally more difficult (Meloni et al. 1999; The Italian Co-
operative Group 1993). Although no survival advantage
was seen in early studies (Goldman 1997; Reiffers et al.
1994), it subsequently appeared that bone marrow cells
may carry a higher mortality risk and therefore a worse
survival after auto-SCT (Olavarria et al. 2002). PBSC
have also been collected after auto-SCT, thus allowing
for sequential transplants (Spencer et al. 1998).

8.4 Autografting in Chronic Phase:
Single Center Results

No prospective study has compared auto-SCT with IFN
or other treatment modalities, so it remains unknown
whether auto-SCT can prolong survival in CML, and if
so which category of patients benefit most. The results

8.4 - Autografting in Chronic Phase: Single Center Results 135

of auto-SCT are still very difficult to interpret as most
of the studies performed were pilot studies or phase II
trials, with only small numbers of patients included
and short follow-up (shorter in many cases than the
usual median survival of CML!). Moreover, in most se-
ries, the indications for auto-SCT were unclear, although
most patients seem to have been transplanted for poor
prognostic factors such as resistance to IFN treatment.
Many single center and multicentric studies have now
been published and their principal results are summa-
rized in Table 8.1. They are very difficult to compare giv-
en the wide heterogeneity in the characteristics of pa-
tients (inclusion criteria) and transplants (e.g., condi-
tioning regimens, source of stem cells, treatment admi-
nistered after auto-SCT). Despite this heterogeneity, the
overall results look similar.

Three main single-center studies have been reported
in Europe. First, Meloni, et al. (Meloni et al. 1990) re-
ported 34 patients who were transplanted in CP after
Melphalan (60 mg/m*) and busulfan (4 mg/kg/day, 4
days). Twenty-two treated in the early phase of the dis-
ease were transplanted with PBSC within 12 months of
diagnosis (group A). Twelve others patients pretreated
and responding to IFN had marrow (10 cases) or PBSC
collections (2 cases) after a median of 5 months from
IFN discontinuation (group B). All patients engrafted
and only one patient died early from interstitial pneu-
monitis. Thirty transplanted patients showing complete
hematological reconstitution received low-dose IFN
treatment (1x10° IU/m?) as maintenance therapy. At
the time of first analysis, 19 patients in group A and

Table 8.1. Summary of results of auto-SCT for CML in chronic phase in Europe using unmanipulated stem cells

Number Source of stem cells * Cytogenetic Outcome ** Reference
of patients conversion
34 Unmanipulated 18/32 patients 31/34 A/W Meloni et al. 1990
PBSC=24 unmanipu- (median follow-up (updated 2000)
lated MSC=10 of 100 months)
21 Unmanipulated PBSC 11/17 patients 5-year survival of 56% Hoyle et al. 1994
20 Unmanipulated PBSC 13/20 patients 5-year survival of Pigneux et al. 1999
75+42%
120 Unmanipulated PBSC/ Not available 5-year survival of McGlave et al. 1994
MSC 58+6%
316 Unmanipulated PBSC 70/207 patients 5-year survival of 71% Olavarria et al. 2002

PBSC, blood stem cells; MSC, marrow stem cells
A/W: Alive and Well (in chronic phase).

*%
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all in group B were in CP after a median time from
transplant of respectively 13 and 1.5 months. At 2 months
from transplant, 18 of the 32 patients evaluated had a re-
duction of Ph-positive metaphases greater than 50% (11
among the 22 group A patients and 7 among the 12
group B patients). A recent update of these patients,
using the database of the EBMT showed 15 patients still
alive after more than 8 years of (median) follow-up.
Three of them remain in complete cytogenetic remis-
sion. The 8-year probability of survival is just over
50% for the entire group. In London (Hammersmith
Hospital), 21 patients were treated with high-dose che-
motherapy [Busulfan, 4 mg/kg/dayx4 day combined
with Melphalan (n=13) or Cyclophosphamide (n=4)
or alone (n=1)] or Cyclophosphamide and total body ir-
radiation (TBI) (n=3) followed by the reinfusion of un-
manipulated PBSC. One patient failed to engraft and
died 4 months posttransplant. Eleven of the 17 patients
studied during the first year posttransplant had cytoge-
netic conversions and seemed to have prolonged surviv-
al (Hoyle et al. 1994). The 5-year survival after trans-
plantation was 56%. The survival of these 21 patients
was compared to that of 636 age-matched controls in
the Medical Research Council’s (MRC) database, which
had been treated with conventional chemotherapy
(without IFN) over the same period. Autografted pa-
tients had a significantly longer survival at 5 years than
chemotherapy patients (56% vs. 28%). In Bordeaux, 20
patients with poor prognosis CML [initial Sokal index
>1.2 (n=6) or no response to IFN (n=14)] were trans-
planted with PBSC collected at diagnosis before any
treatment and without any mobilization, after a condi-
tioning regimen consisting of Busulfan (4 mg/kg/
dayx4 days) and Melphalan (140 mg/m®) (Pigneux et
al. 1999). All these 20 patients received IFN post auto-
SCT. Thirteen patients achieved a cytogenetic response
of which five were major and eight minor remissions.
For the six patients transplanted with a Sokal index
>1.2, one partial and one minor cytogenetic response
were observed and for the 14 patients resistant to IFN,
four major cytogenetic responses (one complete) and
seven minor responses were obtained. No patient died
before hematopoietic reconstitution. The 5-year survival
was 75+ 42%, which is similar to those of the London
and Rome series. A trend for better survival was ob-
served in patients achieving a major cytogenetic re-
sponse.

These European results are similar to those reported
in USA by the Houston group (Khouri et al. 1996). They

transplanted 22 patients who were either resistant to or
intolerant of IFN. The preparative regimens used were
CBV (cyclophosphamide 1.5 g/m*/day x4 days, carmus-
tine 300 mg/m?, etoposide 125 mg/m* every 12 h daily x3
days) or Cy/VP16/TBI (cyclophosphamide 60 mg/kg/
dayx2 days, etoposide 125 mg/m* every 12 hx3 days,
fractionated TBI of 10.2 Gy). One patient died early
and two had graft failure. Eighteen patients achieved a
complete hematological response and five of these a
partial or complete cytogenetic response. Three of the
18 patients received IFN maintenance therapy after
auto-SCT. The median survival of these 22 patients
was 34 months (from transplantation).

8.5 Autografting in Chronic Phase:
Multicenter Studies

Not surprisingly, results of the retrospective analysis of
multicenter studies correspond to those of single center
studies. In a recent survey of the EBMT database, 581 pa-
tients with CML in CP have been reported to undergo an
autologous SCT for the first time (Olavarria et al. 2002).
The median follow-up at the time of analysis was 18
months. Median age at SCT was 44 years. The interval
between diagnosis and SCT was 20 months. Most pa-
tients were transplanted after more than 12 months in
CP and the majority had been treated with IFN before
SCT. Sixty-seven per cent of IFN-treated patients were
refractory at the cytogenetic level and one third were
classified as high-risk disease. The transplant procedure
was performed using peripheral blood cells alone in
more than 70% of cases. Most centers used busulfan
alone or in combination with cyclophosphamide or
melphalan in the preparative conditioning, although
60 patients received TBI. There was an increase in the
numbers of autografts performed with mobilized stem
cells in recent years, with nearly 100 cases reported
yearly in this survey between 1994 and 1998. The overall
transplant mortality was low (4.6%) and seemed to be
greater in transplants done with bone marrow stem cells
and/or TBL. It was less than 1% for patients transplanted
soon after diagnosis. The overall survival was 65% at 5
years from transplant with more than 50% of all patients
remaining in CP at 5 years. The use of IFN post auto-
graft was beneficial with more than 80% of patients
treated with IFN after SCT surviving at 3 years com-
pared with 55% if they were not given IFN post SCT. Pa-
tients transplanted within 6 months from diagnosis and



treated with IFN after hematological recovery had an
extremely good prognosis with more than 85% alive at
5 years from diagnosis.

Of 207 patients evaluable for cytogenetics within 6
months of auto-SCT, 36 patients (17%) were in complete
cytogenetic remission, 34 (16%) in major remission, 74
(36%) in minor remission, and 63 (31%) had no cytoge-
netic response. Interferon was given post auto-SCT to
267 patients. Results of the cytogenetic analysis within
1-2 years from auto-SCT were available for 117 patients,
the majority of whom (n=101) received IFN post SCT: 17
(15%) were in complete cytogenetic response (CCyR), 18
(15%) in major cytogenetic response (MCyR), 24 (20%)
in minor cytogenetic response (mCyR), and 58 (50%)
had no response (NR). The median survival in this se-
ries was 96 months (71-125) from auto-SCT. There was
no difference in survival according to cytogenetic status
pre- and immediately post auto-SCT. However, patients
in CCyR or MCyR at 1-2 years post auto-SCT had a 10-
year survival of 66% compared with 36% for patients in
mCR or NR (p=0.003). The 5-year survival for patients
receiving interferon post auto-SCT was 72% compared
with 61% for patients not treated with IFN (p=o.01).

The main point made by this retrospective study
was that of 155 patients refractory to IFN pre-auto-
SCT (after a median of 18 months of therapy), 70%
achieved a cytogenetic response post autograft, which
was complete or major in 31%. It is remarkable that only
30% remained 100% Ph positive, indicating that residu-
al Ph-negative (normal) hematopoiesis could be de-
tected in two-thirds of refractory patients after pro-
longed treatment with IFN. These responses were sus-
tained after 1 or 2 years treatment with IFN in the ma-
jority of patients. For the first time we were able to show
that autologous SCT can reverse the refractoriness to
IFN in a substantial proportion of patients.

McGlave, et al. (1994) reported the results of 200 pa-
tients transplanted in eight major transplant centers (4
from Europe). Forty-four of those 200 patients received
purged stem cells. One hundred and twenty patients re-
ceived unmanipulated peripheral blood or bone marrow
stem cells while in CP; their 5-year survival was 58%
with a median follow-up of 30 months. Transplant-re-
lated mortality was influenced by age at the time of
transplantation, so that 17% of patients > 40 years died
during the first year after SCT compared with 1 out of 63
patients <40 years of age. The source of stem cells
(blood versus marrow) and the use of ex vivo cell treat-
ment did not influence survival.
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In a study from the Scandinavian group (Simonsson
et al. 2005) a strategy based on intensive chemotherapy
and auto-SCT in newly diagnosed CML patients aged
below 56 years, not eligible for allogeneic SCT, resulted
in an overall survival of 60% at 10 years, comparable
with that of patients in the same study undergoing allo-
geneic SCT. In this study, after diagnosis, patients re-
ceived HU and IFN and after 6 months patients with
Ph-positive cells still present in the bone marrow re-
ceived 1-3 courses of intensive AML-like chemotherapy.
Those who became Ph-negative after IFN + HU or after
1-3 chemotherapy courses underwent autologous SCT.
IFN +HU reduced the percentage of Ph-positive meta-
phases in 56% of patients, and 1 patient became Ph-neg-
ative. After one or two intensive courses of chemother-
apy 86% and 88% had a Ph reduction, and 34% and
40% became Ph-negative, respectively. In patients re-
ceiving a third intensive chemotherapy course, 92%
achieved a Ph reduction and 8% became Ph-negative.
The median survival after auto-SCT (n=46) was 7.5
years and the chance of remaining Ph-negative for up
to 10 years after autologous SCT was around 20%.

8.6 Autografting in Chronic Phase:
Prospective Studies

Unfortunately, by the time that several national groups
(Société Francaise du Greffe de Moelle, SEGM; Grupo
Espaiiol de Transplante Hemopoyético, GETH; German
CML study group, Medical Research Council, MRC;
Eastern Cooperative Oncology Group, ECOG) had in-
itiated randomized trials comparing different forms of
autografting with IFN, the new tyrosine kinase inhibi-
tors (imatinib) became available in clinical trials. In
1999 the EBMT launched a multicenter, multinational
study comparing autografting with IFN in newly diag-
nosed patients. This trial together with the previous
ones, closed prematurely due to poor accrual as a result
of the advent of imatinib in clinical practice. A consor-
tium of representatives of all these trials (CML auto-
grafting trialists collaboration) is currently working
on a meta-analysis: it includes a total of 416 patients
randomized between auto-SCT and IFN from six differ-
ent trials. Notably, there was significant heterogeneity in
the design of the different trials and all patients were
censored at the time of starting imatinib. Preliminary
results suggest that overall survival was identical in both
arms but there was an increase in complete cytogenetic
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remission rates in patients who received an auto-SCT,
although this did not reach statistical significance (Ap-
perley et al. 2004).

8.7 Toxicity and Post-SCT Therapy

Auto-SCT performed during CP has a low toxicity (as
the transplant-related mortality does not exceed 5% in
most series). The mortality seems higher in patients
transplanted with bone marrow cells and receiving
TBI (Olavarria et al. 2002). Most centers now use che-
motherapy only (such as BuCy or BuMel) or even busul-
fan alone with similar results and a reduced toxicity
(Olavarria et al. 2000a). Hematopoietic reconstitution
using peripheral blood stem cells is usually rapid (less
than 15 days), and the 5-year survival from transplanta-
tion varies between 50% and 70%. These results com-
pare favorably with results after allogeneic SCT. How-
ever, unlike the latter, almost all patients have persistent
disease after auto-SCT.

Thus, auto-SCT is not a curative treatment for CML
but could restore IFN sensitivity and prolong survival.
In the EBMT survey, for the first time there is a sugges-
tion that patients previously resistant or refractory to
IFN could obtain a cytogenetic remission after autograft
and more importantly maintain the cytogenetic re-
sponse when IFN is used after SCT. Fifteen per cent of
IFN refractory patients could expect to achieve a CCyR
and 20% a MCyR (Olavarria et al. 2002). In Bordeaux,
one third of 41 IFN-resistant patients achieved CCR
after auto-SCT and IFN after a median of 2 years of
treatment of IFN (Boiron et al. 1999). In the report from
Bordeaux referred to above, the investigators showed
encouraging results for 14 IFN-resistant patients: they
observed no toxic deaths, the 5-year survival was
100%, and 11 patients obtained a cytogenetic response,
of whom four had a major cytogenetic response
(Pigneux et al. 1999).

While auto-SCT might be able to prolong survival, it
is important to know which category of patients with
CML in CP could benefit from auto-SCT. For patients
responding to IFN (Kantarjian et al. 1995; Mahon et
al. 1998; The Italian Study Group on Chronic Myeloid
Leukemia 1994) and especially for those who achieve
a major (=65% Ph-negative cells) or CCyR, the probabil-
ity of surviving at 10 years is 80%. For these patients, it
would be very difficult to demonstrate a survival advan-
tage for auto-SCT. As most of these IFN-responding pa-

tients do not have a high Sokal index, it could be that
auto-SCT is indicated only for patients with high-risk
CML. In France they have performed such auto-SCT
in 20 CML patients with a Sokal index >1.2 (Reiffers
et al. 1993). These patients were given busulfan and mel-
phalan, and then were reinfused with blood stem cells.
Fifteen of them received IFN after auto-SCT and three
achieved a MCyR. Fifteen of the 20 patients were still
alive 1-61 months after transplant. In the EBMT survey,
52 such patients (high-risk disease) were autografted
early after diagnosis (27 patients) or in late CP (25 pa-
tients) with a trend to a better survival for patients auto-
grafted early (72% vs. 39% survival at 5 years).

The use of immunomodulatory agents after auto-
SCT has been explored with limited success. Growth
factors such as GM-CSF may selectively favor the prolif-
eration of Ph-negative cells and this has been used in
combination with hydroxyurea after autografting with
unmanipulated PBSC (Carlo-Stella et al. 1997) or with
PBSC incubated in vitro with GM-CSF (Gladstone et
al. 1999). A small group of seventeen patients received
the immunomodulator Roquinimex (linomide) follow-
ing auto-SCT and cytogenetic responses were seen in
all patients, occasionally developing over time, suggest-
ing an immune-mediated and not a post-SCT transient
effect (Rowe et al. 1999). Most of the current evidence
suggests that IFN post SCT is beneficial. In one case re-
port, a case of post-autograft graft-versus-host disease
was described after retreatment with interferon (Rainey
et al. 1996).

8.8 Tyrosine Kinase Inhibitors

Since the advent of targeted therapy for BCR-ABL tyro-
sine kinase activity with imatinib, the use of any modal-
ity of SCT in patients with CML has experienced a sub-
stantial decline (Fig. 8.1). This is even more so in the
case of autologous SCT. In the EBMT database, the num-
ber of autologous SCT in the late 1990s was greater than
250 procedures per year. This number has now been re-
duced to less than 20 in the year 2004. It is evident that,
with the advent of imatinib and other tyrosine kinase
inhibitors, the role of autografting in the management
of CML will have to be redefined.

Theoretically, there are several possible ways of
using autologous SCT in combination with imatinib:
(1) to reverse primary resistance to imatinib; (2) to elim-
inate a Ph-positive clone bearing a BCR-ABL kinase do-
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Fig. 8.1. Autologous SCT in Europe since 1990. Data from the EBMT
Chronic Leukaemia Working Party registry. Color bars show patients
with chronic phase CML and grey bars show patients with advanced
phase CML

main mutation, which confers resistance to imatinib; (3)
to reduce the level of residual disease after a cytogenetic
response to imatinib in patients in whom Ph-negative
cells had been harvested; and (4) to tumor debulk be-
fore imatinib.

A number of patients achieving a CCyR to imatinib
have had attempts made at stem cell harvesting. Most
centers have used mobilization protocols based on G-
CSF only. The UK CML Working Party (Drummond et
al. 2003) reported on 58 patients in CCyR using recom-
binant human G-CSF (10 mg/kg/d subcutaneously for at
least 4 days), while continuing imatinib treatment. The
median number of apheresis procedures was 2 (range 1
to 3) and a median dose of 2.1><106/kg CD34+ cells
(range o.1 to 6.5x10(6)/kg) was collected. Some 84%
of the 31 collections analyzed were negative for the Ph
chromosome by cytogenetics or fluorescence in situ hy-
bridization (FISH), respectively. No toxicity was re-
ported with the regimen. Overall, the target CD34+ dose
was attained in 40% of the patients. The German group
(Kreuzer et al. 2004) confirmed these observations and
performed molecular analysis on the harvested material
using nested primer RT-PCR. They showed that 28% of
the collections were negative for the presence of BCR-
ABL transcripts. An Italian group in Monza (Perseghin
et al. 2005) has recently reported that a 64% success rate
with identical strategy (G-CSF mobilization while con-
tinuing on imatinib) could be improved to 80% if ima-
tinib were discontinued temporarily (for 2-4 weeks)
prior to the mobilization. Thus, the majority of imatinib
responders could have a Ph-negative stem cell collec-
tion, which could be reserved for the future. So far, only
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anecdotal reports exist of patients undergoing auto-SCT
with stem cells collected after imatinib therapy,
although one patient has been shown to regain CCyR
after a cytogenetic relapse on imatinib (Kreuzer et al.
2004).

8.9 Final Considerations

In summary, retrospective and single center trials have
shown that auto-SCT in CML could prolong survival if
performed in CP. Autografting has been performed in
Europe for more than 20 years and we still do not know
the exact role that it should play in the management of
CML. Many questions remain unanswered: What is the
best way of doing an autograft? Is mobilization neces-
sary? Does the use of mainly Ph-negative stem cells in-
fluence outcome? But at least we will be ready to ask
these and other relevant questions regarding the use
of autografting in combination with the newly devel-
oped tyrosine kinase inhibitors in the near future.
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Abstract. Most CML patients will receive imatinib as
first-line therapy. For these patients serial analysis of
BCR-ABL blood levels by real time quantitative PCR
(RQ-PCR) provides the most accurate and clinically re-
levant monitoring strategy. The major advantage of RQ-
PCR is the ability to accurately and frequently monitor
the decline in transcript level over a 4-5 log range using
peripheral blood. This provides an early indication in
most cases that response has been adequate to minimize
the risk of disease progression. In suboptimal respon-
ders, the RQ-PCR assay provides early warning of ima-
tinib resistance. Frequent RQ-PCR on blood should
form the basis of clinical monitoring. Marrow cytoge-
netics can provide additional information in some cases
but its value is quite limited in patients who achieve and
maintain a major molecular response. The clinical de-
velopment of second-generation kinase inhibitors has
increased the importance of identifying the cause of im-
atinib resistance. Many, but not all, of the BCR-ABL kin-
ase domain mutations are sensitive to the new inhibi-
tors. Precise molecular monitoring of BCR-ABL levels
can be used as a sensitive trigger to test for mutations.
High-quality molecular monitoring of imatinib-treated
CML patients is essential to maximize the clinical ben-
efits.

9.1 Introduction

There have been major changes in the management of
patients with chronic myeloid leukaemia (CML) over
the past 5-10 years. This includes the range of therapeu-
tic options available and the tests being used to monitor
response to therapy. Imatinib, the first Abl kinase inhib-
itor developed for clinical therapy, is now the most com-
mon first-line therapy in most developed countries,
(Druker et al. 2001; Kantarjian et al. 2002b; Sawyers et
al. 2002; Talpaz et al. 2002), with allogeneic transplant
usually being reserved for second-line therapy in se-
lected young patients who have resistance to imatinib.
The excellent response rates and good tolerability ob-
served in patients treated with imatinib in chronic
phase have driven the rapid change in medical practice.
However, the optimal management of CML relies on ac-
curate long-term monitoring of treatment response be-
cause not all patients are responsive to imatinib (pri-
mary resistance), and some patients lose response (sec-
ondary or acquired resistance). The cause of primary
resistance is unknown but secondary resistance is due

to mutations in the kinase domain of BCR-ABL in most
cases. Given the recent development of second-genera-
tion Abl kinase inhibitors, which may be active in ima-
tinib-resistant patients, and the potential value of allo-
geneic transplantation in this setting, early detection
of suboptimal response or relapse on imatinib therapy
assumes increasing importance.

9.2 Methods for Measuring Treatment Response

Monitoring response to therapy has until recently in-
volved following the blood count and aspirating the
marrow at regular intervals to determine the percentage
of Philadelphia chromosome-(Ph) positive metaphases.
The need for a bone marrow aspirate and the limited
sensitivity of conventional cytogenetics limits the clini-
cal value of marrow cytogenetics as a regular monitor-
ing test for minimal residual disease.

9.2.1 Cytogenetic Analysis

Cytogenetic analysis is the standard technique for the
diagnosis of CML and is particularly useful for the de-
monstration of karyotypic abnormalities that are addi-
tional to the Ph chromosome (clonal evolution). This
may be an indicator of advanced disease. The majority
of patients have a detectable Ph chromosome; however,
about half of the patients without a detectable Ph chro-
mosome have a demonstrable BCR-ABL gene. This indi-
cates a submicroscopic insertion of ABL into BCR on
chromosome 22, or BCR into ABL on chromosome 9
and these patients cannot be monitored by cytogenetic
analysis. Traditionally, treatment response has been as-
sessed using cytogenetic determination of the number
of cells containing the Ph chromosome. The presence
of the Ph chromosome in greater than 95% of cells in-
dicates a lack of cytogenetic response, between 35 and
95% indicates a minor cytogenetic response, 1 to 35% in-
dicates a partial cytogenetic response and 0% indicates
a complete cytogenetic response (CCR). A major cyto-
genetic response (MCR) includes complete and partial
responses.

The technique is insensitive as only 20-50 cells in
metaphase are usually examined per sample. Therefore,
a cytogenetic abnormality may not be detected unless it
is present in at least 2-5% of cells. Bone marrow aspi-
rates are required since the method relies on the analy-



sis of dividing cells and peripheral blood contains very
few cycling myeloid cells in patients in hematological
remission. Consequently, the sample collection is inva-
sive for the patient, which limits the frequency of mon-
itoring. Cells from patients treated with interferon-a or
collected early after transplantation often fail to grow
well in culture or the cell counts are low resulting in a
significant failure rate of cytogenetic analysis. The in-
sensitivity of the technique means that patients with a
CCR may still have a considerable leukemic load (Mor-
ley, 1998). By the time disease is detectable by cytoge-
netic analysis in these patients, clinical relapse may be
inevitable.

9.2.2 Fluorescent In Situ Hybridization

Fluorescent in situ hybridization (FISH) analysis for
BCR-ABL allows the examination of dividing cells in
metaphase and nondividing cells in interphase. The
technique utilizes differently labelled fluorescent DNA
probes to give different colored signals. Peripheral
blood can be examined by interphase FISH, which
averts the need for bone marrow aspirate. The technique
is rapid, allows the analysis of more cells than cytoge-
netic methods (200-500 cells compared to 20-50 cells),
and is reasonably reliable in assessing treatment re-
sponses (Muhlmann et al. 1998). The method allows
the detection of the BCR-ABL gene in approximately
half of the patients without a detectable Ph chromosome
at diagnosis. However, depending on the fluorescent
probes used for the detection of the BCR and ABL sig-
nals, the method may be limited by a high false-positive
rate of up to 10-15% as well as a high false-negative rate
(Chase et al. 1997). Newer probe systems have overcome
these problems and the false-positive rate is reduced to
approximately 0.2% (Dewald et al. 1998; Grand et al.
1998). Nevertheless, result interpretation is com-
pounded by a number of factors; peripheral blood
may have a higher proportion of Ph-negative myeloid
progenitors (Sick et al. 2001), which may produce lower
Ph-positive signals by FISH analysis as compared to
bone marrow in some patients (Seong et al. 1998; Sin-
clair et al. 1997). Furthermore, in a minority of patients
treated with interferon-a or imatinib, bone marrow
FISH analysis may give lower Ph-positive values than
cytogenetic analysis (Itoh et al. 1999; Kaeda et al.
2002). The false positive rate for the 10-15% of patients
with large deletions on the derivative chromosome 9 is
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significantly increased (Dewald et al. 1999), and the in-
terpretation of signal patterns requires expertise to
avoid false-positive results.

9.2.3 Qualitative PCR

The reverse transcription polymerase chain reaction
(RT-PCR) technique has significantly enhanced the sen-
sitivity of detection of minimal residual leukemic cells
in CML patients. The breakpoints within the DNA se-
quence of BCR-ABL occur over a range spanning many
kilobases of sequence and DNA is therefore impractical
to use for BCR-ABL detection by PCR. However, cDNA
is an ideal template following reverse transcription of
RNA since the breakpoints in the vast majority of pa-
tients result in only two major transcripts that differ
by the inclusion of the 75 base pair BCR exon 14 (b3).
The sensitivity of analysis is improved by performing
a nested PCR.

The original RT-PCR analyses of minimal residual
disease in CML involved qualitative analysis of BCR-
ABL in patients following allogeneic transplantation
(Cross et al. 1993b; Hughes et al. 1991; Morgan et al.
1989; Radich et al. 1995; Roth et al. 1992). A number
of important issues for the reliability of RT-PCR results
were recognized by these pioneer studies. Of utmost im-
portance was the stringent control of contamination
that will readily produce false positive results (Hughes
et al. 1990). Ideally, BCR-ABL negative cells should be
included in all RNA extraction procedures to assess
cross contamination between RNA samples. Addition-
ally, a no template reverse transcription control includ-
ing all reagents except for RNA will monitor for cross
contamination between tubes (Cross et al. 1993b;
Hughes et al. 1991). The adoption of other procedures
to minimize the risk of contamination were highly re-
commended (Kwok et al. 1989).

A second issue was the use of appropriate controls.
Ubiquitously expressed control genes are regularly in-
cluded in RT-PCR analysis to control for RNA degrada-
tion by providing evidence that the cDNA template is of
good quality. Their use is essential for the correct inter-
pretation of samples that are negative for BCR-ABL.
However, inappropriate control genes such as f-actin
were frequently used. This gene is highly expressed
and is inadequate to detect the minimal RNA degrada-
tion that may lead to a false-negative BCR-ABL. Addi-
tionally, the f-actin-amplified products may in fact be
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derived from contaminating genomic DNA due to the
presence of processed pseudogenes, which again can
lead to false-negative results (Cross et al. 1994). Further-
more, if PCR primers are used that hybridize within one
exon of a control gene rather than across an exon or
across exon junctions, then the possibility exists that
contaminating genomic DNA will be amplified in the
absence of intact RNA. This may lead to the false im-
pression that the reverse transcription of adequate qual-
ity RNA has been successful. In this situation the ab-
sence of BCR-ABL amplification may lead to a false neg-
ative interpretation (Melo et al. 1994). Ideally, an appro-
priate control should be expressed at a constant level at
all stages of development; it should not be affected by
treatment and should be expressed at a similar level
to the target (Bustin 2000). The recommendation for
an appropriate control for BCR-ABL was a sequence of
the normal ABL or BCR gene that is disrupted in the for-
mation of BCR-ABL and that is not amplified in the
presence of contaminating DNA. The recommendations
for contamination control and the question of the use of
appropriate control genes are highly relevant issues for
any application of the PCR technique and for the quality
and reliability of the results.

The interpretation of qualitative RT-PCR analysis in
CML patients post transplantation was not straightfor-
ward. Many patients in a CCR remained BCR-ABL pos-
itive for a number of months without relapsing (Costel-
lo et al. 1996; Cross et al. 1993b; Guerrasio et al. 1992;
Morgan et al. 1989; Roth et al. 1992). The detection of
a positive result in long-term patients did not necessar-
ily correlate with relapse (Miyamura et al. 1993). How-
ever, in a large cohort of patients, the detection of a pos-
itive result between 6 and 12 months after transplanta-
tion was an independent predictor of subsequent relapse
(Radich et al. 1995). Therefore, a positive PCR result
could be used to identify groups of individuals with
an increased risk of relapse but was not predictive for
a specific individual. Early PCR positivity by qualitative
analysis provided no information on whether the tran-
scripts were decreasing, which may indicate impending
molecular remission, or increasing, which may identify
early relapse. The realization that qualitative PCR was of
limited prognostic value in the monitoring of residual
leukemia in CML provided the impetus for the develop-
ment of quantitative PCR techniques for the assessment
of disease activity.

9.2.4 Quantitative PCR

Quantitative RT-PCR assays enable the dynamics of re-
sidual disease to be monitored over time. In the late
1990s, real-time quantitative PCR (RQ-PCR) was intro-
duced. The real-time technique is performed on an ana-
lyzer that incorporates a thermal cycler, fluorescence
detection, and result calculation, which greatly simpli-
fies quantitative PCR. RQ-PCR has largely replaced
the more complex competitive quantitative procedures.
Nevertheless, the successful application of real-time
technology for reliable quantitation requires careful as-
say design and validation of all aspects of the procedure.

The real-time technology involves two main chemis-
tries; one requires the use of a fluorescent hydrolysis
probe (TagMan probe), and the other uses two fluores-
cent hybridization probes. Both methods involve fluo-
rescence resonance energy transfer (FRET) to measure
accumulated fluorescence during the PCR amplification.

In the TagMan platform, (Applied Biosystems) the
probe has a fluorescent reporter dye on the 5" end, the
emission spectrum of which is quenched by a dye on
the 3" end. During the PCR the probe specifically hybri-
dizes between the forward and reverse primers. The as-
say utilizes the 5'-nuclease activity of Taqg DNA polymer-
ase to hydrolyze the probe. The Taq-mediated primer
extension results in the dissociation of the reporter
dye from the quencher with a consequent increase in
fluorescence that accumulates at every cycle. The inten-
sity of the fluorescence is proportional to the amount of
accumulated amplicons.

The hybridization probe system utilizes a probe with
a donor fluorescent dye at the 3’ end and a second probe
with an acceptor fluorescent dye at the 5' end. The
probes hybridize to the target sequence in very close
proximity during the PCR. Excitation of the donor
dye results in FRET to the acceptor dye and fluorescence
emission. The intensity of the light emitted by the ac-
ceptor dye is measured and increasing amounts are pro-
portional to the amount of synthesized DNA. The Light-
cycler (Roche Diagnostics) instrument uses this tech-
nology.

For both probe systems the point during cycling
when amplification of the PCR product is first detected
is related to the starting copy number. The higher the
starting copy number, the sooner the increase in fluo-
rescence occurs. Analysis is performed by one of two
procedures. Relative quantitation involves the compari-
son of threshold cycles, or C,, between a control gene



and the gene of interest. A requirement for reliable re-
sults is that the amplification efficiencies between the
control and target are similar. The standard curve meth-
od uses serial dilutions of a DNA plasmid or RNA of
known quantity.

9.3 Optimization Requirements for RQ-PCR
Measurement

Quantitative PCR remains a technically challenging pro-
cedure. In order to achieve a high level of reproducibil-
ity and the reporting of data in a biologically relevant
manner, every aspect of the RQ-PCR technique requires
thorough validation and optimization (Bustin 2002;
Bustin et al. 2004; Ginzinger 2002). The most important
factors for reliable data are: the use of good quality
RNA; careful assay design to exclude the amplification
of pseudogenes, contaminating DNA, and polymorph-
isms in primer or probe binding sites; equal amplifica-
tion efficiency of DNA plasmid standards and cDNA; se-
lection of an appropriate control gene to compensate for
variations in the RNA quality and the efficiency of re-
verse transcription; and the inclusion and appropriate
monitoring of quality control samples to detect unreli-
able results (Hughes et al. 2003; van der Velden et al.
2003).

9.3.1 PCR Amplification Efficiency

When using a DNA standard curve to quantitate cDNA
it is essential that the amplification efficiency of both
the plasmid and the cDNA is equivalent for accurate re-
sults over the whole dynamic range (Hughes et al. 2003).
Design factors can influence the amplification efficiency
of a PCR reaction such as the amplicon length, the G/C
content, and sequence secondary structure. Reaction
dynamics can also influence the efficiency such as the
enzyme, nonoptimal reagent concentrations, sample
impurities, and inhibitors. The advantage of using
DNA standards is the superior stability compared to
RNA standards. However, the plasmid standard may
have a different secondary structure to the patient
cDNA. The secondary structure can influence primer
hybridization and affect the amplification efficiency.
Therefore, it is possible that different templates may
have different efficiencies when using the same PCR re-
action conditions. These differences should be recog-
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nized and corrected by optimization of the reaction
conditions for accurate quantitative PCR analysis.

Equal amplification efficiency of the cDNA template
and the DNA plasmid standard can be confirmed by
demonstrating that when patient cDNA is diluted in a
tenfold series, the cDNA values are not significantly dif-
ferent from the expected 1-log reduction at each dilution
step. This is illustrated in Table 9.1 for BCR-ABL using a
RQ-PCR technique with TagMan probes (Branford et al.
1999). If the DNA standards amplified with a different
efficiency, the quantitative value of the diluted samples
would be significantly different from a 1-log reduction.
Table 9.2 illustrates a quantitative procedure where
there was indeed a difference in the amplification effi-
ciency between the DNA plasmid standards and the
cDNA target. In this case optimization of the method
was required to correct the difference in amplification
efficiency.

Table 9.1. Equal amplification efficiency of the DNA
plasmid standard and the cDNA target. Patient cDNA
was diluted in a tenfold series and the BCR-ABL tran-
script values were not significantly different from the
expected 1-log reduction at each dilution step,
P=0.78 (Mann-Whitney test)

Dilution BCR-ABL Log decrease
transcripts at each
dilution
Patient 1 0 1.03x10°
1in 10 1.08x10* 0.98
1in 100 1.10x 10 0.99
1in 1000 1.07x10% 1.01
Patient 2 0 1.14x10°
1in 10 1.00x10* 1.06
1in 100 0.90x10° 1.05
1in 1000 1.15% 102 0.90
Patient 3 0 4.52x10*
1in 10 493x10° 0.96
1in 100 4.24x10? 1.07
1in 1000 4.76x10 0.95
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Table 9.2. Unequal amplification efficiency of a DNA
plasmid standard and the cDNA target. Patient cDNA
was diluted in a tenfold series and Von Willebrand Fac-
tor transcript values were significantly different from
the expected 1-log reduction at each dilution step,
P=0.006 (Mann-Whitney test). Optimization of the reac-
tion conditions improved the results

Dilution Von Log decrease
Willebrands at each
Factor dilution
Patient 1 0 2.77x10"
1in 10 3.44x10° 0.91
1in 100 7.35x10? 0.67
1 in 1000 8.01x10' 0.90
Patient 2 0 2.17x10°
1in 10 2.72x10* 0.90
1in 100 3.38x10° 0.91
1in 1000 3.94x10? 0.93
Patient 3 0 0.96x10°
1in 10 1.23x10* 0.89
1 in 100 1.62x10% 0.88
1 in 1000 1.55% 102 1.01

9.3.2 Appropriate Control Gene

Choosing an appropriate control gene constitutes one of
the most important aspects for a reliable and reprodu-
cible quantitative assay. The control gene can be used
to identify RNA samples of unacceptable quality; in
samples deemed of acceptable RNA quality the control
gene compensates for variations due to the degree of de-
gradation. The control gene adjusts for differences in
the efficiency of the reverse transcription reaction,
and can determine the sensitivity of each sample mea-
surement (Beillard et al. 2003; Gabert et al. 2003; van
der Velden et al. 2003). The control and target should
have a similar expression level and stability. Similar
RNA stability is important since delays in sample pro-
cessing may occur.

The two control genes that have been widely as-
sessed for their suitability for BCR-ABL quantitation
are BCR and ABL. BCR was initially investigated for
use as a suitable control in our laboratory since it was
reported to have a similar expression level and stability
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Fig. 9.1. Demonstration that the BCR gene is a suitable control to
compensate for transcript degradation of the BCR-ABL gene. Blood
samples from 14 patients were stored at room temperature for 0, 24,
and 48 h. The BCR-ABL and BCR transcript values of each sample and
the BCR-ABL/BCR% values were compared to that of their corre-
sponding freshly processed sample (zero time-point). The percent
difference from the zero time-point (expressed as 100%) was cal-
culated for each sample. The graph plots the mean percentage
difference from the zero time-point for the 14 patients. The de-
gradation was significant for both transcripts over time; however,
the rate of degradation was not statistically different between BCR-
ABL and BCR at each time-point (P=0.68 and P=0.55 for 24 and 48 h
of room temperature storage respectively). Normalizing BCR-ABL to
BCR corrects for the degradation over time

to that of BCR-ABL (Collins et al. 1987). Figure 9.1 de-
monstrates that BCR does indeed degrade at the same
rate as BCR-ABL. To allow RNA degradation, blood
samples from 14 patients were stored at room tempera-
ture for 24 and 48 h before RNA processing. The quan-
titative PCR results were compared to the correspond-
ing blood sample that was processed without storage.
Significant degradation of both BCR-ABL and BCR tran-
scripts occurred after 24 and 48 h of room temperature
storage [P<0.0001 and P =0.0002, respectively (t-test)].
By normalizing the BCR-ABL value to BCR, the BCR-
ABL/BCR% values were not significantly different after
24 and 48 h of room temperature storage (P=0.68 and
P=0.39, respectively). The data indicate that the BCR
gene is a suitable control for the quantitation of BCR-



ABL as it compensates for the significant degradation of
transcripts over time. The EAC recommend ABL as the
control for RQ-PCR based diagnostics and MRD detec-
tion in leukemic patients (Beillard et al. 2003; Gabert
et al. 2003). The mean stability of ABL and BCR-ABL
seemed to be comparable, but substantial differences
between individual samples were observed upon stor-
age. Either ABL or BCR are suitable control genes for
BCR-ABL quantitation. Other genes may also be suitable
if the criteria for acceptability are achieved.

9.3.3 Measurement Reliability
of the RQ-PCR Assay

The estimation of measurement reliability (also known
as uncertainty of measurement) is an important aspect
of the development of any quantitative method that is
used to monitor treatment response. This is because
the ability of any assay to reliably detect a change in val-
ues depends on its reproducibility, i.e., the ability of the
assay to obtain the same answer for the same sample
each time. Reproducibility is normally expressed as
the coefficient of variation (CV) of an assay. An assay
with a high CV suffers from poor reproducibility. Max-
imization of the reproducibility of the assay reduces the
CV and improves the level of confidence of the results. A
number of measures can be implemented to optimize
the reproducibility of the quantitative PCR assay (Bran-
ford et al. 2004c¢).

To determine the reproducibility of the BCR-ABL
quantitative assay it is necessary to measure all aspects
of the procedure. The reverse transcription step is the
source of most of the variation in a quantitative PCR as-
say (Freeman et al. 1999), therefore it is particularly im-
portant to include this procedure when determining the
reproducibility. The interassay variability of the quanti-
tative assay should therefore be based on the BCR-ABL/
control gene ratio determined using repeated reverse
transcription and quantitative PCR analysis of an
RNA sample. This approach is an accurate reflection
of the variability of the patient results. Many reports
of the reproducibility of real-time quantitative PCR as-
says have been based on the intra- or interassay CV of
the threshold cycle (C,) values. The C; is defined as
the cycle when sample fluorescence exceeds a chosen
threshold above calculated background fluorescence.
However, it is inappropriate to use these values to deter-
mine the assay variability as C, values are logarithmic
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units and as such result in a misleading representation
of reproducibility (Gabert et al. 2003; Schmittgen et al.
2000).

We and others have found that one of the most sig-
nificant factors for maximizing the reproducibility is
performing the reverse transcription reaction in dupli-
cate with separate quantitative reactions for each cDNA
replicate (Branford et al. 1999, 2004c¢; Stahlberg et al.
2004). It is also essential to ensure that the performance
of the assay is consistent. This can be achieved by in-
cluding at least two quality control samples of different
quantitative levels with every reaction. In our laboratory
the quality control samples were prepared by mixing
BCR-ABL expressing cell lines in a negative cell line at
different dilution ratios to produce low and high levels
(Cross et al. 1993 a; Hughes et al. 2003). The diluted cells
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Fig. 9.2. Westgard quality control rules are applied to the quality
control results to determine the acceptability of the quantitative
PCR assay. (A) If the control value is outside the 2 standard deviation
range (SD), then the run is only acceptable if the value was within
the 3SD range and providing the previous result was within 2SD.
Statistically, 5% of results fall between the 2 and 3SD range and are
within acceptable limits. The run is rejected if the control value is
greater than 3SD. (B) Levey-Jennings plot of a series of quality
control results for the b3a2 BCR-ABL low and high control. The run
was rejected when the low control result was outside 3SD from the
mean
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in each quality control dilution mix were stored in fro-
zen aliquots in an RNA stabilization solution and in-
cluded in every assay. The mean and standard deviation
of the quality control BCR-ABL/BCR% results were de-
termined in separate reverse transcription and quantita-
tive assays measured in several assays. These values de-
termine the acceptability of each assay by applying
Westgard Quality Control rules (Westgard et al. 1981)
as illustrated in Fig. 9.2. Each result is plotted using a
QC Reporter software program (Chiron Healthcare),
with automatic acceptance or rejection of the assay
using predetermined limits and rules. The assay is re-
jected if the control value is outside of the acceptable
limits. The dilution ratio of each control produces
BCR-ABL/BCR% values that differ by approximately 3
logs. Therefore, acceptable quality control results also
ensure the maintenance of a linear reaction in every
RQ-PCR. In our assay these quality control samples
were used to calculate the reproducibility of the assay.
The coefficient of variation at high levels of BCR-ABL
is 13% and at low levels is 25% (Branford et al. 2004c).

In addition to the positive quality control samples a
BCR-ABL negative control, which is included in each
batch of RNA extractions, can monitor for contamina-
tion that may be introduced during the extraction pro-
cedure (Cross et al. 1993 b). Rigorous precautions should
be undertaken at every step of the RQ-PCR procedure to
prevent cross contamination of plasmid or patient sam-
ples as well as contamination with PCR product (Bran-
ford et al. 2005b).

9.3.4 Undetectable BCR-ABL Levels

One of the major reasons for performing RQ-PCR anal-
ysis of BCR-ABL is to determine the incidence and sig-
nificance of a complete molecular remission; i.e., an ab-
sence of measurable BCR-ABL. However, substantial
leukemia can still be present without being detectable
using current technology (Morley 1998). Furthermore,
the validity of a PCR-negative result is highly dependent
on a number of factors including the quality of the RNA,
the efficiency of the reverse transcription reaction and
the sensitivity of the quantitative assay. For this reason
we prefer to use the expression “undetectable BCR-ABL”
at a certain sensitivity level rather than the term “com-
plete molecular remission” since this can be misleading
(Hughes et al. 2003). In addition, with technological ad-
vances, there will be further improvements in our abil-
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Fig. 9.3. BCR-ABL sensitivity reflects the control gene transcript level
(in this case the BCR gene), which is an indication of the RNA quality
and the efficiency of the reverse transcription and quantitative PCR
assays. The higher the control gene level, the better the sensitivity of
the assay. (A) represents the BCR-ABL values of a patient plotted
against the months of imatinib therapy. The shaded region illus-
trates that the BCR-ABL value fluctuated between detectable and
undetectable. This region is expanded in (B) where the control gene
transcript raw data is plotted. The left axis represents the BCR value
whereas the right axis represents the corresponding log reduction
from the standardized baseline level (Hughes et al., 2003) At month
42 the BCR-ABL transcript was undetectable. However, at month 45
the BCR-ABL transcript was detectable and the BCR value was higher.
This indicates an improved assay sensitivity at this time-point
compared to month 42. The fact that BCR-ABL was detectable at 39
months with a high BCR value and undetectable at this level of
sensitivity at 54 months suggests that there had been a genuine
decrease in transcript level over that time

ity to detect low numbers of BCR-ABL transcripts so
that “PCR negative” will have different significance as
technology advances. Under ideal conditions, where
blood samples are processed without delay, a sensitivity
of > 4.5 logs below baseline is achievable.

The BCR-ABL levels for some patients who achieve
very low levels may fluctuate between detectable and
undetectable depending on the RNA quality and the re-
action efficiencies. Figure 9.3 is an example of one such
patient and illustrates the varying sensitivity between
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analyses and between samples, which can influence the
detection of BCR-ABL. To minimize the possibility of re-
porting a false-negative result, a control gene transcript
level can be determined below which samples are re-
jected as having inadequate quality RNA.

9.4 The Use of RQ-PCR
for Monitoring Treatment Response

At the end of the 1990s, following almost a decade of
qualitative and quantitative PCR assessment of BCR-
ABL, its usefulness in clinical decision making was
questioned (Faderl et al. 1999). The studies using these
procedures employed different techniques with varying
sensitivity. Some had used inappropriate controls,
which raised the possibility of both false-positive and
false-negative values. The patient numbers were small
in some studies and the follow-up was of short duration.
The discordance among the studies made interpretation
of the results difficult. It was not clear whether persis-
tence of BCR-ABL post allogeneic transplant was indeed
predictive of relapse. It was suggested that if quantita-
tive data was to be informative, a threshold of residual
disease above which a patient is likely to relapse should
be defined. This was particularly important in patients
in clinical and cytogenetic remission, since aggressive
therapeutic intervention using chemotherapy or trans-
plant needs sufficient justification to warrant the asso-
ciated morbidity and mortality.

It was suggested that guidelines for using PCR tech-
niques to direct treatment of CML were premature and
should be viewed critically (Faderl et al. 1999). A quan-
titative threshold that defined a positive prognosis dur-
ing drug therapy had also not been established. The
methods had not been standardized across laboratories
and the reproducibility, specificity and sensitivity had
not been acceptably proven.

In response to the question of the validity of quan-
titative PCR of BCR-ABL in decision making, a number
of researchers highlighted the relevance of serial quan-
titative analysis (Goldman et al. 1999; Lion 1999; Morav-
cova et al. 1999). These researchers considered that
quantitative PCR was a very important tool for monitor-
ing minimal residual disease. For some patients who re-
main PCR negative after transplant a bone marrow ex-
amination may never again be necessary. However, it
was conceded that variation in the sensitivity of each
specimen due to different degrees of RNA quality might
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account for some of the discrepant results of the PCR
studies.

It was clear that further studies were required to
clarify a number of questions concerning the use of
quantitative PCR of BCR-ABL levels in clinical decision
making. The introduction of real-time PCR techniques
has simplified the cumbersome competitive quantitative
procedures. However, the inherent technical complex-
ities of quantitative PCR should not be overlooked. Ad-
ditionally, certified international reference and control
materials are currently not available, although standar-
dization between methods and the development of
guidelines for data analysis and for the reporting of
minimal residual disease are in progress (Gabert et al.
2003; Hughes et al. 2003, 2006; van der Velden et al.
2003).

Despite the current lack of standardization of RQ-
PCR methods, a number of recent studies have demon-
strated that BCR-ABL mRNA levels accurately reflect the
level of leukemic suppression induced by therapy. With
the introduction of imatinib mesylate for the treatment
of CML, precise and accurate minimal residual disease
monitoring using RQ-PCR has become particularly re-
levant.

9.4.1 Correlation Between the BCR-ABL Level
and Cytogenetic Response

The BCR-ABL levels measured in peripheral blood have
been shown to be a reliable alternative to bone marrow
cytogenetic analysis (Branford et al. 1999; Hughes et al.
2003; Kantarjian et al. 2003 b; Lange et al. 2004; Merx et
al. 2002; Muller et al. 2003; Wang et al. 2002). When the
RQ-PCR values of imatinib-treated patients were
grouped according to the cytogenetic response catego-
ries, very little overlap was observed in the BCR-ABL
levels within the cytogenetic categories amongst 76 pa-
tients who had simultaneous blood RQ-PCR and mar-
row cytogenetics (Hughes et al. 2003). Two studies
(Kantarjian et al. 2003b; Merx et al. 2002) have con-
cluded that the BCR-ABL/ABL ratios of patients achiev-
ing complete, partial, and minor cytogenetic responses
differed significantly, but the range of BCR-ABL values
for patients in a CCR appeared to be less tightly clus-
tered.

The levels of BCR-ABL measured by RQ-PCR analy-
sis in corresponding blood and bone marrow samples
display a good correlation (Branford et al. 2003 a; Kan-
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tarjian et al. 2003b). This allows patients to have more
frequent monitoring by molecular analysis using the
less invasive procedure of peripheral blood collection.

9.4.2 RQ-PCR Analysis Post Allogeneic Transplant

The main strength of the RQ-PCR assay is in serial mea-
surements, rather than one-off analyses. In patients
monitored post allogeneic transplant the sensitivity of
the molecular method is considerably higher than that
of cytogenetic analysis and can distinguish between ris-
ing levels of BCR-ABL that may indicate pending relapse
and decreasing levels that indicate remission (Branford
et al. 1999; Elmaagacli et al. 2001). Persistently undetect-
able levels of BCR-ABL may indicate remission and de-
fines the risk of subsequent relapse (Mughal et al. 2001).
In these patients bone marrow analysis is rarely indi-
cated (Goldman et al. 1999; Kaeda et al. 2002).

9.4.3 Predictive Value of Early Molecular Analysis

The early reduction of BCR-ABL transcript levels is pre-
dictive of the subsequent cytogenetic or molecular re-
sponse in patients treated with imatinib (Hughes et al.
2003; Lange et al. 2004; Merx et al. 2002; Wang et al.
2002). Merx et al. analyzed 364 blood samples in 106 pa-
tients and found that the BCR-ABL level at 2 months was
predictive for a MCR at 6 months (P =0.006). This find-
ing was supported in a separate study where patients
who achieved a CCR had significant reductions in the
BCR-ABL level at 3 months of imatinib therapy (Hughes
et al. 2003). The early molecular analysis also indicated
the risk of subsequent disease progression where pa-
tients who failed to achieve at least a 1-log reduction
of BCR-ABL by 3 months of imatinib therapy had the
highest risk (Branford et al. 2003 a). In a study of 117 im-
atinib-treated patients, low quantitative BCR-ABL values
after 3 months of therapy were correlated with a MCR at
6 months and with progression-free survival (PFS) at 2
years (Lange et al. 2004). The data indicate that valuable
predictive information can be gained by molecular anal-
ysis very early in the course of therapy.

9.4.4 Relevance of Minimal Residual Disease
Monitoring in Imatinib-Treated Patients

In the era of imatinib therapy the residual levels of leu-
kemia fall below the level of detection by bone marrow
cytogenetic analysis in most chronic phase patients, i.e.,
most patients achieve a CCR. The definitive study of im-
atinib therapy was the Phase III IRIS (International
Randomized study of Interferon versus STI571) trial of
newly diagnosed patients with chronic phase CML
who were randomized to receive either interferon-a
(IEN) plus low-dose cytarabine (n=553) or imatinib at
400 mg/day (n=553) (O’Brien et al. 2003). By 18 months
of imatinib therapy 76% of patients had achieved a CCR
compared to 14.5% of patients treated with IFN-AraC.
By 42 months of imatinib therapy the percentage of pa-
tients achieving a CCR increased to 85% (Guilhot 2004).
To further analyze the level of leukemic reduction in pa-
tients who had achieved a CCR it was necessary to mea-
sure the BCR-ABL levels by RQ-PCR.

The IRIS trial molecular study established for the
first time a level of BCR-ABL that correlated with PFS
(Hughes et al. 2003). The definition of progression
included loss of a MCR, loss of a complete hematologic
response, progression to accelerated phase or blast
crisis, and death from other causes while on imatinib.
The term “major molecular response” was defined as
a 23-log reduction in the percentage of BCR-ABL/BCR
when compared to the median pretreatment level. For
patients in a CCR, 58% achieved a major molecular re-
sponse by 12 months of first-line imatinib, and these pa-
tients had a 100% PFS in the subsequent 12 months
(Hughes et al. 2003). This was significantly higher
(p<o.001) than the 95% figure for patients in a CCR
who did not achieve a major molecular response by 12
months. The early molecular response also predicted
the subsequent molecular response. In the IRIS study,
79 of 83 (95%) imatinib-treated patients who achieved
a major molecular response maintained or improved
the response on subsequent testing 3-12 months later
(Hughes et al. 2002). The PFS rate in patients achieving
a major molecular response has essentially been main-
tained at 98% after 42 months of imatinib therapy while
those with a CCR but without a major molecular re-
sponse had an estimated 90% PFS (Guilhot 2004).

In the IRIS trial the median pretreatment BCR-ABL
level (also called the standardized baseline) was calcu-
lated by measuring the level of BCR-ABL/BCR in 30 pa-
tients from blood collected just prior to commencement
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of the study drug (Hughes et al. 2003). A major molec-
ular response in each of the three participating labora-
tories was defined as a reduction of BCR-ABL of >3 logs
from this standardized baseline level. Each laboratory
had a different BCR-ABL/BCR% value for the standard-
ized baseline. This method of determining the molecu-
lar response was necessary since many patients did not
have samples collected at baseline and it also allowed a
comparison of results derived from different molecular
methods. Therefore the log reduction from the actual
baseline value was not used. The advantage of defining
the molecular response according to the reduction from
a median pretreatment level is that once a laboratory
has established the BCR-ABL level that is equivalent to
a major molecular response as determined in the IRIS
trial, results can be expressed on a common scale inter-
nationally. Paschka and colleagues have recently dem-
onstrated that a BCR-ABL/ABL% value of 0.12% in their
laboratory is equivalent to a major molecular response
as defined in the IRIS trial (Paschka et al. 2004).

In the IRIS study, a BCR-ABL level of 4.5 logs below
the standardized baseline was defined as the maximum
measurable response. We have called this a “4.5-log re-
sponse” so that it can be differentiated from much more
substantial molecular responses that may be verifiable
in future studies using improved technology. For the
IRIS study, a reduction in BCR-ABL level of >4.5 logs
was detected and verified on at least one occasion in
4% of patients who were in CCR (follow-up 18 months).
Similar percentages of patients who have undetectable
BCR-ABL have been reported in smaller studies (Lin
et al. 2003; Merx et al. 2002). At the MD Anderson Can-
cer Center, Houston, undetectable BCR-ABL was re-
ported in 28% of CML patients treated with imatinib
800 mg/day for 18 months compared to 7% in a similar
cohort who had received imatinib at a dose of 400 mg/
day (Kantarjian et al. 2004).

A subset of patients enrolled in the IRIS trial has
been followed in Australia every 3 months for 42 months
of first-line imatinib. The median levels of BCR-ABL
have continued to decline; however, the majority still re-
tained detectable levels of leukemia suggesting that im-
atinib monotherapy may rarely offer the possibility of a
cure (Branford et al. 2004b). Given the steady down-
ward trend in median BCR-ABL levels for patients in
CCR the number achieving a 4.5-log response will prob-
ably increase significantly with longer follow-up.
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9.4.5 The Value of Continued
and Frequent Molecular Analysis

The IRIS trial and other results showing generally excel-
lent and stable responses (Braziel et al. 2002; Goldman
et al. 2003; Kantarjian et al. 2003a, 2004) have led to
the widespread acceptance of imatinib as first-line ther-
apy in chronic phase CML. However, there remain con-
cerns regarding imatinib monotherapy in the manage-
ment of CML, namely suboptimal responders and sec-
ondary resistance. These concerns justify a policy of
frequent accurate molecular monitoring. Primary and
secondary resistance are each seen in 5 to 10% of newly
diagnosed CML patients on imatinib (O’Brien et al.
2003). These patients should be identified early in their
disease course when intervention may still be effective.

9.5 Are Regular Marrow Cytogenetic
Studies Still Needed?

Additional chromosomal abnormalities either in the
Ph-positive or (less often) in the Ph-negative cells (An-
dersen et al. 2002; Bumm et al. 2003; O’Dwyer et al.
2003) can sometimes be observed in patients on imati-
nib therapy. Whether these additional chromosomal ab-
normalities are always clinically significant remains un-
certain but in some cases they herald disease progres-
sion. They may not necessarily be accompanied by sig-
nificant simultaneous changes in the blood BCR-ABL
level. Thus there may still be a role for conventional cy-
togenetics in routine monitoring. In terms of long-term
follow-up, the probability of detecting a clinically signif-
icant cytogenetic abnormality in the presence of on-
going low BCR-ABL levels appears to be quite low Ross
et al. Leukemia, in press). Based on these observations,
it may be reasonable to reduce the frequency of cytoge-
netic assessments in patients with substantial molecular
responses, as long as BCR-ABL levels are falling or stable
on regular testing.

9.6 Resistance to Imatinib Due
to BCR-ABL Kinase Domain Mutations

Primary or acquired imatinib resistance occurs in all
phases of the disease. After an initial response to imati-
nib, relapse occurs in almost all patients treated in blast
crisis, in approximately 50% of accelerated phase, and in
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15 to 20% of chronic phase patients. Primary resistance
is a lack of a response within a defined time frame, and
the response criteria vary depending on the disease
phase at the start of imatinib. Primary hematologic re-
sistance can be defined as the lack of a complete hemat-
ologic response by 3 months in chronic phase patients,
and failure to return to chronic phase for at least 4
weeks for patients treated in the accelerated phase or
blast crisis. Primary cytogenetic resistance can be de-
fined as failure to achieve a MCR by 6-12 months of im-
atinib therapy. The definition of acquired resistance is
complex and not easily defined but can include loss of
a MCR, increase in the percentage of Ph-positive cells
by at least 30% at an interval of 3 months or longer, loss
of a complete hematologic response, and progression to
accelerated phase or blast crisis. Loss of a CCR and an
increase in the BCR-ABL level of 1 log or more has also
been included in the definition of acquired resistance
(Goldman 2004). It is important to define the mecha-
nism of resistance in imatinib-treated patients, as it
may provide insight into the appropriate therapeutic in-
tervention.

In 2001, Gorre et al (Gorre et al. 2001) published the
first study of imatinib resistance in CML patient cells at
the time of relapse and identified mutation within the
BCR-ABL kinase domain as the main mechanism.
Further reports confirmed the association of mutations
with resistance. These mutations are numerous, with
over 40 different amino-acid substitutions now de-
scribed that confer varying degrees of resistance (Al-
Ali et al. 2004; Branford et al. 20024, 2003b,¢c; Chu et
al. 2005; Corbin et al. 2002, 2003; Deininger et al.
2004; Hochhaus et al. 2002; Kreil et al. 2003; Roche-Les-
tienne et al. 2002; Shah et al. 2002; Sorel et al. 2004; So-
verini et al. 2005; von Bubnoff et al. 2002). The inci-
dence of mutations has been varied and range from 35
to 91% of resistant patients. Mutations have been de-
tected prior to relapse (Branford et al. 2002a, 2003¢;
Shah et al. 2002) and in some cases prior to commen-
cing imatinib (Kreuzer et al. 2003; Roche-Lestienne et
al. 2002, 2003; Shah et al. 2002).

9.7 Strategies for the Detection
of BCR-ABL Kinase Domain Mutations

Imatinib interacts with 21 amino acids within the kinase
domain through hydrogen bonds or van der Waals in-
teraction (Nagar et al. 2002; Schindler et al. 2000). Most

of the early studies of BCR-ABL mutations examined a
region of the kinase domain that included the ATP bind-
ing site and the activation loop. This was reasonable
considering that imatinib occupies part of the ATP
binding site and makes contact with three amino acids
in the activation loop. Imatinib does not make direct
contact with any residue in the region of the kinase do-
main carboxy lobe that lies beyond the activation loop
and this region was not examined in most studies. Ami-
no acids in this region form hydrophobic interactions
that stabilize the conformation of the Bcr-Abl protein.
However, an examination of this region in imatinib-re-
sistant patients did indeed reveal that mutations also
occurred within this region (Branford et al. 2003c¢).
These mutations were believed to alter the conformation
of the Bcr-Abl protein in favor of the active conforma-
tion to which imatinib does not bind (Gambacorti-Pas-
serini et al. 2003). This finding was suggested by the
crystal structure examination of the Abl kinase domain
in complex with an imatinib variant where the snug fit
of imatinib hardly allowed for any modification in the
kinase domain without compromising binding affinity
(Schindler et al. 2000). Of the patients with mutations,
approximately 16% have mutations in the region of the
kinase domain that is located beyond the activation
loop (unpublished observation of the authors).

The initial methods for detecting BCR-ABL muta-
tions included subcloning and sequencing ten indepen-
dent clones, and direct sequencing of the PCR product.
The direct sequencing technique was as sensitive as
subcloning, where the sensitivity was 20% (Branford
et al. 2003¢, 2005a; Shah et al. 2002). Furthermore,
polyclonal resistance, as indicated by multiple BCR-
ABL mutations in one patient, can be detected using
both methods (Branford et al. 2002a, 2003¢; Kreil et
al. 2003; Shah et al. 2002).

9.8 Requirements for Accurate Mutation Analysis

The direct sequencing technique is a less complex and
cumbersome procedure compared to subcloning multi-
ple independent clones. However, it should be appre-
ciated that the procedure may be prone to inaccuracies
and inconsistencies. Just as the RQ-PCR technique re-
quires attention to detail and optimization of all aspects
of the procedure to produce reliable and reproducible
data, so too does the mutation detection technique.
False-positive or negative results, caused by method-
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Fig. 9.4. PCR strategy to isolate the kinase domain of the BCR-ABL
allele for mutation detection by direct sequencing (Branford et al.
2002 a). The diagrams are linear representations of the ABL and BCR-
ABL genes. The forward primer specifically hybridized in BCR exon
13 (b2), which therefore excluded the amplification of the kinase
domain of the normal ABL allele. This strategy increased the sen-
sitivity of mutation detection. A seminested PCR was required for
samples with low levels of BCR-ABL. The nested forward primer and
the reverse primer were used to sequence an 863 base pair fragment
that included the BCR-ABL kinase domain (GenBank sequence
M14752)

ological errors, could lead to inappropriate clinical deci-
sions.

We have implemented a number of procedures to en-
sure accurate mutation analysis using the direct se-
quencing technique, particularly for patients with very
low levels of BCR-ABL. A seminested PCR is used for
these patients for sensitive PCR amplification. Amplifi-
cation products are column purified before the direct
sequencing PCR proceeds. This strategy allows the ex-
amination of patients with a good response to imatinib,
which is essential since it has been found that these pa-
tients can harbor BCR-ABL mutations that lead to resis-
tance (Branford et al. 2004a; Chu et al. 2005). Isolation
of the BCR-ABL allele by careful selection of the PCR
primers improves the sensitivity of detection by exclud-
ing the amplification of the normal ABL allele as illu-
strated in Fig. 9.4. The enzyme mix that we use for
the PCR incorporates two enzymes. One is a proofread-
ing enzyme to optimize the accuracy of sequencing data
and the other increases the yield of product (Branford et
al. 2002a, 2003 ¢). The use of Taq polymerase, which is a
standard enzyme for PCR amplification, is avoided
since it lacks proofreading capability and therefore
has a higher nucleotide misincorporation rate.
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9.8.1 The Use of Good Quality RNA

One of the most important aspects for accurate muta-
tion analysis is the use of good quality RNA. Inconsis-
tent and unreliable mutation results occurred when
poor quality samples were used (Branford et al. 2003¢;
Hughes et al. 2006). The quality of each RNA sample
was confirmed before mutation analysis by determining
adequate transcript levels of a control gene using quan-
titative PCR. The control gene was the normal BCR,
which was also used for the BCR-ABL quantitative
PCR technique. A BCR transcript cut-off value was as-
signed below which mutation analysis was not per-
formed. Different cut-off levels were used depending
on the BCR-ABL transcript level. For samples with low
levels of BCR-ABL, the RNA quality and the BCR tran-
script level had to be particularly high to ensure PCR
amplification. The amount of cDNA added to the PCR
was also increased for these samples. These measures
allowed high-fidelity amplification of the BCR-ABL al-
lele for almost all samples of adequate quality. The only
exceptions were those with very low BCR-ABL levels
that corresponded to a >3.5-log reduction from the
standardized baseline.

It is important to optimize the PCR template amount
for the amplification of samples with low BCR-ABL
transcript levels. Inadequate input of template amount
for low copy number samples has been demonstrated
to cause PCR-introduced sequence alterations, even
when a proofreading enzyme was used (Akbari et al.
2005; Jacobs et al. 1999; Odeberg et al. 1999). Inconsis-
tencies in mutation analysis have also been reported
when using poor quality or low copy number DNA de-
rived from formalin-fixed, paraffin-embedded tumor
tissues. In this situation real-time quantitative PCR
has also been used to identify samples that would fail
analysis and those that required optimization of tem-
plate input for accuracy of mutation analysis (Farrand
et al. 2002).

9.8.2 Adequate PCR Amplification Efficiency
for Accurate Mutation Analysis

The accuracy of mutation detection is also dependent
on the efficiency of the PCR reaction (Branford et al.
2005a). On several occasions we have observed that mu-
tations that were present in patients at previous analysis
time-points were not detectable. This occurred when the
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first-round PCR failed to produce an amplification
product in samples with BCR-ABL levels of sufficient
amount that usually produced a product after one round
of PCR. Failure of amplification indicated reduced PCR
efficiency. These samples required a repeat of the first-
round PCR to allow detection of the known mutations.

The results suggested that PCR efficiency impacted
on the fidelity of amplification. For this reason a quality
control sample that represents a low- to mid-range BCR-
ABL level is included to monitor for adequate PCR effi-
ciency (Branford et al. 2005a). If the analysis proceeded
despite failure of control amplification, then false-nega-
tive mutation results could occur for low abundance
mutations. This phenomenon has been reported in
other mutation detection systems (Jacobs et al. 1999).
To avoid inaccurate results, the PCR is repeated when
the positive control fails to amplify.

9.8.3 Confirmation of a Mutation by Repeat
of the Whole Procedure

Despite the procedures that we have introduced to opti-
mize the mutation detection system and to exclude in-
accurate results, artefact nucleotide substitutions are
still occasionally detected. This particularly occurs in
patients with low BCR-ABL transcript levels. Upon re-
peat of the samples the nucleotide substitutions may
no longer be present. For this reason, the complete mu-
tation analysis procedure is repeated when a mutation is
detected in a patient for the first time. The repeat anal-
ysis includes repeat of the reverse transcription PCR on
a second RNA that was collected at the same sampling
time-point or the same RNA if a second sample is un-
available. The second cDNA is used in the repeated mu-
tation detection PCR and sequencing reaction. This
procedure was implemented to confirm the mutation
or to exclude a PCR-introduced artefact. The mutation
is only considered confirmed if it is present upon repeat.

Our decision to repeat the sequencing analysis to
confirm mutations and to exclude artefacts has been
corroborated by other researchers studying mutations.
Mathematical modeling demonstrated that the overall
error rate of false-positive results of mutation detection
could be reduced if repeated amplifications of the same
DNA specimen show an identical result (Jacobs et al.

1999).

9.8.4 Possible Explanation for the Variation
in Reported Mutation Frequency

The reported frequency of mutations in patients with
imatinib resistance has been variable. The incidence
for some studies was less than 50% (Al-Ali et al. 2002;
Hochhaus et al. 2002). This is in contrast to the approxi-
mately 90% incidence reported in a number of studies
of patients with acquired imatinib resistance (Branford
et al. 2003 ¢; Shah et al. 2002; von Bubnoff et al. 2002).
Some studies used PCR primers that did not exclude
the amplification of the normal ABL sequence and
thereby reduced the sensitivity of mutation detection.
In this situation only about half of the sequences repre-
sented in a chromatogram would be derived from the
BCR-ABL allele. Early studies did not examine the com-
plete kinase domain but restricted the analysis to the
ATP binding site and the activation loop. The use of
good quality RNA is of paramount importance for accu-
rate mutation detection. Patients with primary imatinib
resistance have been reported to have a lower incidence
of mutations (Al-Ali et al. 2002; Branford et al. 2002a).
In a minority of cases we have also observed that the
mutant BCR-ABL clone becomes undetectable at the
time of progression to blast crisis (Branford et al.
2003¢). This occurred in three of 14 patients whom
we had monitored during imatinib therapy and at the
time of blast crisis. These three patients had BCR-ABL
amplification at the time of blast crisis. This finding
serves as a caution that an isolated analysis of a patient
at the time of blast crisis may not be reliable when as-
sessing for the presence of a mutation during the course
of imatinib therapy. Therefore, a number of factors
could account for the variable mutation frequencies, in-
cluding differences in the patient selection, the mutation
detection sensitivity, RNA quality, the timing of muta-
tion analysis, and failure to detect mutations that are lo-
cated in the kinase domain beyond the activation loop.

9.9 Factors Associated with the Detection
of Mutations

To identify the factors that are associated with the detec-
tion of mutations, a cohort of 144 patients in accelerated
or chronic phase was examined (Branford et al. 2002b,
2003 ¢). The analysis was not restricted to patients with
resistance but included all patients treated with imatinib
who had available RNA for analysis. In all cases muta-



tion screening using a direct sequencing strategy was
performed at least every 6 months or more often when
resistance was indicated. The aims of the study were to
determine if mutations were present in patients without
resistance, to determine the frequency of mutations in
the different disease phases, and to examine the factors
that were associated with the detection of mutations.
The phase of disease at the commencement of imatinib
therapy, the duration of CML prior to imatinib therapy,
and the initial response to imatinib provide the best in-
dication of the risk of mutation development.

Patients who commenced imatinib in accelerated
phase had the highest probability of having a detectable
mutation and those who commenced in early chronic
phase had the lowest (Branford et al. 2002b, 2003¢).
Those who commenced imatinib more than 4 years
since diagnosis had the highest incidence of mutations.
The data support the concept that the leukemic clone
accumulates sequence errors during DNA replication
over the course of the disease. Gradually, a pool of
BCR-ABL mutants would be generated which, if they
have a lower affinity for imatinib, would selectively ex-
pand in the presence of imatinib. The data provided the
first epidemiological support for a clonal expansion
model of imatinib resistance arising from mutant sub-
clones that were present prior to imatinib therapy (Saw-
yers 2003; Shah et al. 2002).

Studies have suggested a significant association of
failure to achieve a MCR with the detection of muta-
tions. In accelerated phase and late chronic phase pa-
tients, failure to achieve a MCR by 6 months of imatinib
therapy was associated with a higher incidence of muta-
tions (Branford et al. 2003 ¢). In a separate study, Sover-
eni and colleagues found mutations in 48% of late
chronic phase patients who failed to achieve a MCR
by 12 months of imatinib therapy (Soverini et al.
2005). Failure to achieve a MCR has consistently been
shown to predict for the poorest prognosis for imati-
nib-treated patients (Kantarjian et al. 2002a,b; O’Brien
et al. 2003; O’Dwyer et al. 2004; Talpaz et al. 2002). How-
ever, these studies did not assess patients for mutations.
The data suggest that commencing imatinib therapy
early in the disease course and targeting a MCR or bet-
ter may limit the probability of developing a detectable
mutation.
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9.10 Clinical Outcome for Patients
with Mutations

Several groups determined the in vitro sensitivity of
mutations to the antiproliferative and kinase inhibitory
effects of imatinib (Corbin et al. 2002, 2003; Gorre et al.
2001; Roumiantsev et al. 2002; Shah et al. 2002). Using
biochemical and cellular assays, varying degrees of im-
atinib resistance were conferred by distinct mutations.
Some mutations were highly resistant while others re-
mained inhibited by imatinib and therefore may re-
spond to increased dose. We examined the outcome of
the patients with mutations and found that resistance
developed rapidly in some patients, leading to a com-
plete loss of the effect of imatinib. In others the mutant
clone was still responsive to imatinib and the use of
higher doses re-established full or partial disease con-
trol (Branford et al. 2003¢).

The T315 mutation completely disrupts imatinib
binding and confers full resistance. The M351T mutation
confers moderate resistance and patients with this muta-
tion in our patient cohort generally responded to an in-
creased imatinib dose. In contrast, a number of chronic
phase and accelerated phase patients rapidly progressed
to blast crisis after a mutation was detected. An associa-
tion was found between the location of the mutation and
the pattern of loss of response (Branford et al. 2003b,¢).
Patients with mutations in the region of the kinase do-
main known as the Phosphate binding loop (P-loop) had
a high incidence of blast crisis and a low probability of
survival. The association of P-loop mutations with an ag-
gressive clinical course has been reported in a number of
other studies (Corm et al. 2004; Kreil et al. 2003; Soverini
et al. 2005), whereas one study did not find an associa-
tion (Jabbour et al. 2004). The T315] mutation has also
been associated with an aggressive clinical course (Corm
et al. 2004; Gorre et al. 2001).

9.10.1 P-Loop Mutations

Protein kinases share a highly conserved region in the
kinase domain known as the phosphate binding loop
(P-loop), which is the site of ATP binding. The consensus
amino acid sequence is Y-Gly-X-Gly-X-(Phe/Tyr)-Gly-
X-Val, where Y is hydrophobic and X is variable (Bosse-
meyer 1994). The sequence is a critical structure of pro-
tein kinases and participates in nucleotide binding, sub-
strate recognition, enzyme catalysis, and the regulation
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of activity (Bossemeyer 1994; Saraste et al. 1990). The
glycines bind the a, 5, and y phosphates of ATP. A cat-
alogue of peptide motifs and protein modules in cell sig-
naling lists the P-loop sequence of several protein ki-
nases including PKA, PKC, Src, and InR that all share
the conserved sequence Leu-Gly-X-Gly-X-Phe-Gly-X-
Val (http://www.qub.ac.uk/bb/jnpage/modules.html). A
characteristic motif of protein kinases is the Rossmann
motif consisting of the P-loop plus a lysine. Data by Fain-
stein et al. indicate that the tyrosine phosphorylating re-
gion of ABL and BCR-ABL includes the ATP binding site
composed of the conserved nine amino acid peptide and
lysine (Rossmann motif) at positions 248-256 and 271,
respectively (Fainstein et al. 1989). These data suggest
that the P-loop of BCR-ABL consists of the sequence
Leu-Gly-Gly-Gly-GlIn-Tyr-Gly-Glu-Val spanning amino
acid 248-256 (Genbank Mi4752).

In imatinib-treated patients, the P-loop is a frequent
site of mutations. In our study 38% of patients had mu-
tations located in this region. In chronic phase patients,
8 of 13 with P-loop mutations progressed to blast crisis,
which was a significantly higher frequency than in those
with mutations located outside of this region (4 of 23
patients), P=0.008 (Branford et al. 2003 b).

These observations raise the question of whether
some mutations actually confer an enhanced transform-
ing capacity and contribute to disease progression, in-
dependent of their resistance to imatinib. In support
of this theory, the Y253F P-loop mutation has been
shown to activate the leukemogenic potential of the
ABL proto-oncogene after site-directed mutagenesis
(Allen et al. 1996). However the mutation confers only
moderate imatinib resistance in vitro and in vivo (Rou-
miantsev et al. 2002). Furthermore, a recent study dem-
onstrated increased kinase activity in relation to wild-
type Bcr-Abl for the E255K P-loop mutation and the
T315] mutation (Yamamoto et al. 2004).

It is clear that additional evaluation of imatinib-
treated patients is required to confirm the association
of P-loop mutations and an aggressive clinical course
in CML. Biological studies may reveal that some amino
acid substitutions in this region confer a gain of func-
tion.

9.11 Screening for BCR-ABL Mutations

Monitoring for BCR-ABL mutations provides an essen-
tial guide for clinical management. Resistance can be

predicted early in some patients, which allows timely
therapeutic intervention. However, sequencing all pa-
tient samples at regular time-points is not feasible in
most centers. Undoubtedly, there is a need for a reliable
method for identifying the patients likely to harbor mu-
tations.

9.11.1 Denaturing High Performance Liquid
Chromatography

Denaturing high performance liquid chromatography
(D-HPLC) techniques have recently been developed to
identify BCR-ABL mutations (Deininger et al. 2004;
Irving et al. 2004; Soverini et al. 2004). The technique
is dependent on the formation of heteroduplexes be-
tween mutant and wild-type sequence strands. An ab-
normal elution profile suggests the presence of a nucleo-
tide change, which is confirmed by sequencing. Valida-
tion experiments using mixtures of wild-type and mu-
tant amplicons showed that the D-HPLC technique
was at least as sensitive as direct sequencing and pro-
vides a rapid semiautomated system for mutational
screening. A disadvantage is that all samples need to
be tested to determine when a mutation has developed.
Additionally, a mutation may not be apparent when the
mutant amplicon comprises >85% of the total ampli-
cons (Deininger et al. 2004). In this situation the D-
HPLC will display a homozygote profile, which is simi-
lar to the pattern seen when the amplicons are wild type.
Therefore all samples with a normal elution pattern re-
quire mixture with an equal amount of wild-type ampli-
con to distinguish an abnormality.

9.11.2 Mutations Are Associated with a Rise
in the BCR-ABL Level

Serial monitoring of BCR-ABL levels by RQ-PCR can
identify the patients who harbor mutations (Branford
et al. 2004¢). In a study of 214 patients, the emergence
of mutations was highly associated with a rise in the
BCR-ABL level. Small increases of BCR-ABL on consecu-
tive analysis of just over twofold had biological signifi-
cance in terms of indicating the patients with muta-
tions. The outcome of this research is that regular mu-
tation screening may not be necessary for patients with
stable or decreasing BCR-ABL levels.



The ability to reliably detect small increases in the
BCR-ABL level is highly dependent on the reproducibil-
ity of the RQ-PCR assay. Our assay was optimized to
limit the variability of results between assays. Quality
control samples were included in every run to monitor
the performance of the assay and tests were repeated if
indicated by control values that fell outside of the ac-
ceptable range. These measures resulted in a reproduc-
ibility such that a twofold change in consecutive sam-
ples could be reliably detected at the level of a 3-log re-
duction of BCR-ABL from a standardized baseline. It is
important that each laboratory establish the reproduc-
ibility of their quantitative assay. The detection of a two-
fold change may not be achievable with current practice
at each center for various reasons. However, we believe
that this level of reliability should be the goal of analy-
sis, since small changes in the BCR-ABL level may have
biological significance in terms of the detection of mu-
tations.

9.12 Conclusions

In most CML patients serial analysis by RQ-PCR pro-
vides the best monitoring strategy. The major clinical
advantage of RQ-PCR is the ability to accurately and
frequently monitor the decline in transcript level over
a 4- to 5-log range using peripheral blood. This pro-
vides an early indication in most cases that response
has been adequate to minimize the risk of disease pro-
gression. However, in suboptimal responders, the RQ-
PCR assay provides early warning of imatinib resis-
tance. Frequent RQ-PCR on blood should form the basis
of clinical monitoring. Marrow cytogenetics can provide
additional information in some cases but is of limited
value for patients who achieve and maintain major mo-
lecular response. The importance of identifying the un-
derlying mechanism of imatinib resistance has been
emphasized by the recent development of second-gen-
eration kinase inhibitors (Giles et al. 2004; Sawyers et
al. 2004; Shah et al. 2004) and by the evaluation of novel
antileukemic agents for their potential for overcoming
resistance (La Rosee et al. 2004). Many, but not all of
the BCR-ABL kinase domain mutations remain sensitive
to the new inhibitors. Testing patients for resistant mu-
tations in a timely and cost-effective manner is an es-
sential component of successful patient monitoring.
Precise molecular monitoring of BCR-ABL levels can
be used as a sensitive trigger to test for mutations. We
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can conclude that treating with imatinib early in the
disease course and targeting at least a MCR will mini-
mize the risk of mutation selection and the associated
imatinib resistance. However, mutations have also been
detected in patients with very low levels of BCR-ABL
and a good response to imatinib therapy, albeit at a low-
er frequency. Therefore, the potential exists for the out-
growth of mutations irrespective of the imatinib re-
sponse and diligent molecular monitoring may facilitate
the early detection of mutations in these patients.
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Abstract. Despite the excellent clinical results with ima-
tinib in chronic myeloid leukemia, most patients have
minimal residual disease and others will develop resis-
tance and may eventually progress. Thus there is a need
for developing approaches to overcome and prevent re-
sistance to imatinib. The “second generation” of more
potent tyrosine kinase inhibitors have shown significant
activity in the laboratory and in the clinic. However,
there is considerable interest in developing agents that
may act on different pathways that could either be com-
bined with these inhibitors to better overcome and even-
tually prevent the development of resistance, to deal
with mechanisms of resistance common to all inhibi-
tors, or to deal with the problem of residual disease, that
could be mediated by a stem cell insensitive to tyrosine
kinase inhibitors. To this effect, many agents have been
developed and have already entered the clinical arena,
such as hypomethylating agents, farnesyl transferase in-
hibitors, and homoharringtonine, with promising pre-
clinical and clinical results. Others may have been tested
only at a preclinical level but have shown important ac-
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tivity. In addition, the use of immune modulation, for
example, in the form of “vaccines,” is evolving as a ma-
jor strategy to achieve eradication of minimal residual
disease. This chapter will discuss some of the different
agents currently under development, with particular at-
tention to those already in clinical trials. The challenge
for the future is to incorporate them into effective strat-
egies that can eliminate the disease and cure all patients
with chronic myeloid leukemia.

10.1 Introduction

The hybrid gene BCR-ABL resulting from the t(9;22) is
crucial in the pathogenesis of CML (Daley et al. 1990;
Faderl et al. 1999; Sawyers 1999). BCR-ABL encodes an
8.5-kb chimeric mRNA that translates into a 210-kDa
protein with constitutively activated tyrosine kinase. Im-
portantly, the p210°“®* P protein is distinctly restricted
to CML cells, thus making it an optimal target for tar-
geted therapeutic approaches. Imatinib mesylate (Glee-
vec) has ushered in the era of molecular therapeutics in
CML and has become the standard in CML treatment
due to its potent and selective Bcr-Abl tyrosine kinase
inhibitory activity (Kantarjian et al. 2002; O’Brien et
al. 2003b; Sawyers et al. 2002; Talpaz et al. 2002). Eighty
to 90% of patients with CML in early chronic phase
achieve a complete cytogenetic response with imatinib
(Kantarjian et al. 2002; O’Brien et al. 2003b). These un-
precedented results notwithstanding, imatinib may not
eliminate all detectable BCR-ABL-positive cells in a sub-
stantial proportion of patients (Hughes et al. 2003); this
may eventually lead to the development of resistance to
imatinib and transformation to the advanced stages of
the disease (Cortes et al. 2005). Mutations in the BCR-
ABL tyrosine kinase domain, BCR-ABL overexpression
or amplification, and overexpression of Src-related ki-
nases are some of the mechanisms invoked in imatinib
resistance (Branford et al. 2004; Corbin et al. 2003;
Donato et al. 2004; Griswold et al. 2004). BCR-ABL kin-
ase domain mutations can be demonstrated in 30 to 90%
of patients who become resistant to imatinib. More than
30 different point mutations have been reported with dif-
ferent potential for preventing inhibition by imatinib
(Corbin et al. 2003). In addition, patients in major mo-
lecular responses in whom therapy with imatinib is in-
terrupted experience recurrence of their disease, provid-
ing further evidence that residual disease is still present.
This may be due to persistence of a subset of quiescent
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and primitive BCR-ABL-positive cells. The persistence of
this innate imatinib-insensitive cell population could
eventually lead to development of clinical relapse and re-
sistance to imatinib. Thus, current efforts in CML ther-
apy are directed towards development of new strategies
to overcome the mechanisms of imatinib failure, aiming
at complete elimination of leukemic progenitor cells.
Herein, we provide a review of the therapy for CML, with
emphasis on innovative strategies. A family of new, more
potent tyrosine kinase inhibitors, some of them with the
dual ability to inhibit Src, have shown significant activity
in preclinical and clinical studies. These agents are de-
scribed elsewhere in this book. Here we focus on agents
directed at other targets that have shown promise in pre-
clinical studies and some of them also in clinical trials.

10.2 Farnesyl Transferase Inhibitors

Ras gene mutations are commonly encountered in leu-
kemia. Once activated, Ras can stimulate signal path-
ways that ultimately promote cellular proliferation (Voj-
tek and Der 1998). In CML, downstream activation of
Ras is one of the main events resulting from the Bcr-
Abl tyrosine kinase activity. Ras is initially synthesized
in the cytoplasm as an inactive protein and later at-
taches to the membrane. This latter step is critical in
Ras function and is accomplished through a posttrans-
lational reaction termed prenylation. During prenyla-
tion a 15-carbon isoprenyl (farnesyl) group is attached
to the Ras C-terminal cysteine by an enzyme called far-
nesyltransferase (Ftase) and to a lesser extent by geranyl-
geranyl-protein transferases (GGPTases) (Beaupre and
Kurzrock 1999). Inhibition of the enzymes responsible
for prenylation has been sought as a means of inhibiting
Ras. In CML, inhibition of Ras may suppress cellular
growth in Bcr-Abl-positive hematopoietic ~ cells.
Although the development of Ftase inhibitors (FTIs)
was initially designed to block Ras signaling, it has be-
come evident that the biologic and clinical effects of
FTIs have little to do with inhibition of Ras. Instead,
other regulatory proteins equally dependent on prenyla-
tion may be more relevant for this effect. Examples of
the latter include RhoB, Rab, and the centromeric pro-
teins CENP-E and CENP-E

The potential for activity of FTIs in CML was first
demonstrated in Bcr-Abl-positive cell lines. Lonafarnib
(SCH66336), a nonpeptidomimetic FTI, abrogated in a
dose-dependent fashion colony formation and prolifera-



tion of Bcr-Abl-transformed BaF3 cells as well as cells
from patients with CML (Peters et al. 2001). In Becr-
Abl leukemic mouse models harboring either the
p190”RABL o p210BRABL products, treatment with lo-
nafarnib resulted in prolonged survival (Peters et al.
2001; Reichert et al. 2001). Importantly, lonafarnib also
inhibits proliferation of imatinib-resistant Bcr-Abl-pos-
itive cell lines and colony formation of imatinib-resis-
tant CML cells, and sensitizes imatinib-resistant cells
to apoptosis with imatinib, suggesting synergy of these
two agents (Hoover et al. 2002; Nakajima et al. 2003).
Drug combination studies of lonafarnib and imatinib
also produced a decrease in early quiescent CML pro-
genitors insensitive to imatinib (Jorgensen et al. 2005).

10.2.1 Single-Agent Studies

The studies of nonpeptidomimetic FTIs as single agents
in patients with CML are summarized in Table 10.1.
Cortes et al. reported on 22 patients with CML in all
phases treated with tipifarnib (R115777) at a dose of
600 mg orally twice daily for 4 weeks every 6 weeks
(Cortes et al. 2003a). All patients had disease progres-
sion after interferon (IFN)-a and 77% had disease pro-
gression on imatinib. Six patients in chronic phase and 1
in accelerated phase achieved a hematologic response,

10.2 - Farnesyl Transferase Inhibitors 167

being complete in 5 of them. Four patients had also mi-
nor albeit transient cytogenetic responses (Cortes et al.
2003a). In a phase I trial of oral tipifarnib (Ri15777) at
doses ranging from 100 mg to 1200 mg twice daily for
up to 21 days in adults with poor-risk acute leukemias,
the 2 patients with Philadelphia-chromosome (Ph)-pos-
itive blastic phase CML included achieved a partial he-
matologic response (Karp et al. 2001).

Lonafarnib has also been administered as a single
agent in a phase II study to patients with CML who
had failed prior therapy with imatinib (Borthakur et
al. 2005a). Eight patients were in chronic phase and 4
in accelerated phase. One patient in chronic phase
and 1 in accelerated phase had transient hematologic re-
sponses (Borthakur et al. 2006). No cytogenetic re-
sponses were achieved. These studies demonstrated that
FTIs have activity in CML. However, the responses are
modest at best and single-agent FT1 therapy is unlikely
to benefit a significant number of patients.

10.2.2 Combination Studies

Synergy between imatinib and FTIs has been demon-
strated both in imatinib-sensitive and imatinib-insensi-
tive cell lines in vitro (Nakajima et al. 2003). Three on-
going studies are investigating the efficacy of these

Table 10.1. Results with farnesyl transferase inhibitors on CML after failure to imatinib

Agent(s) CML stage No. No. response (%)
Hematologic* Cytogenetic
Tipifarnib (Cortes et al. 2003 a) ** CcP 10 6 (60) 3 (30)
AP 6 1(17) 1(17)
BP 6 0 0
Tipifarnib (Karp et al. 2001) BP 2 2 (100) NA
Lonafarnib (Borthakur et al. 2006) CcP 6 1(17) 0
AP 7 1(14) 0
Tipifarnib+Imatinib (Cortes et al. 2004 a) CcpP 23 7/11 (64) 6/17 (35)
Tipifarnib+Imatinib (Gotlib et al. 2003) AP, BP 13 3/9 (33) 1/11 (9)
Lonafarnib +Imatinib (Cortes et al. 2004 b) CcpP 9 2/6 (33) 1(11)
AP 10 3 (30) 1(10)
BP 3 1(33) 0

CP, chronic phase; AP, accelerated phase; BP, blast phase
* Evaluable patient only (not in CHR at start of therapy)
**  23% had not received prior imatinib
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combinations in vivo. In a phase I study, imatinib com-
bined with tipifarnib was administered to patients with
CML in chronic phase who had failed prior therapy with
single-agent imatinib. Eleven patients were evaluable for
hematologic response, and 7 (64%) had a complete or
partial hematologic response. In addition, 6 of 17
(35%) evaluable patients achieved a cytogenetic re-
sponse (one complete, one partial, and four minor).
Of note, one patient harboring the T315I BCR-ABL kin-
ase domain mutation, which is highly insensitive to im-
atinib, had a partial cytogenetic response (Cortes et al.
2004a). The same combination in accelerated or blastic
phases of CML after imatinib failure rendered hemato-
logic responses in 3 of 9 assessable patients; one patient
achieved a minor cytogenetic response (Gotlib et al.
2003 b). Lonafarnib has also been combined with imati-
nib in a phase I study in which CML patients in all
phases received both agents after having failed single-
agent imatinib. Two of 6 evaluable patients in chronic
phase achieved a complete hematologic remission and
one had a complete cytogenetic response. Among 13 pa-
tients with advanced phase CML, 4 responded, includ-
ing 1 patient who had a partial cytogenetic response
(Cortes et al. 2004b). Pharmacokinetic data from this
study suggested no apparent increase in exposure to
either lonafarnib or imatinib when administered conco-
mitantly. Despite the small sample size of the 3 previous
studies, the results obtained suggest that the combina-
tion of imatinib and FTIs has activity in CML, including
patients with advanced phase and patients harboring
imatinib-resistant Bcr-Abl mutations.

10.3 Hypomethylating Agents

Cytosine methylation is an epigenetic phenomenon that
occurs after DNA replication whereby cytosine gains a
methyl group at the 5’ position of the pyrimidine ring
in areas where cytosine is followed by guanosine. These
so-called CpG islands, in which the frequency of CpG is
higher than predicted, are present in at least half of all
human genes. In differentiated cells, the pattern of DNA
methylation is relatively constant and preserved due to
the high affinity of DNA methyltransferase for hemi-
methylated DNA. DNA methylation leads to changes
in the organization of chromatin that result in gene si-
lencing (Santini et al. 2001). Aberrant CpG island hyper-
methylation in regulatory areas of selected genes has
been described as a common event in several neoplasia
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(Baylin et al. 1998), and is associated with inactivation
of tumor suppressor genes in cancer (Baylin et al.
1998; Jones and Laird 1999). Conversely, inhibition of
methylation in animal models results in abrogation of
tumor growth (Laird et al. 1995). These data have trig-
gered interest in the use of hypomethylating agents in
human cancer. Methylation of certain genes has been as-
sociated with progression and/or adverse prognosis in
CML. The Pa promoter of Abl and the pi15 promoter
are hypermethylated in 81% and 24% of patients, re-
spectively (Nguyen et al. 2000). Interestingly, hyper-
methylation of p1s, but not of the Pa promoter, is asso-
ciated with disease progression. In addition, both events
occur de novo and are acquired separately (Nguyen et
al. 2000). An association between hypermethylation
and CML progression has been suggested by other stud-
ies (Asimakopoulos et al. 1999; Issa et al. 1999; Zion et
al. 1994). Differential patterns of p15 methylation have
been reported for myeloid and lymphoid blastic phases
(Nguyen et al. 2000). In addition, methylation of the
cadherin-13 gene occurs at an early stage in CML and
is associated with high-risk features and lower probabil-
ity of response to IFN-a (Roman-Gomez et al. 2003).
Several cytosine analogs have been studied in he-
matologic malignancies due to their DNA methylation
inhibition properties. 5-azacytidine (5-AZA) and 5-
aza-2'-deoxycitidine (decitabine) are clinically available
and have been tested in CML. Decitabine can demethy-
late 55% of DNA at concentrations tenfold lower than
those of 5-AZA and incorporates into DNA, whereas 5-
AZA incorporates primarily into RNA and to a lesser
extent into DNA. In addition to their demethylating
properties, both drugs also have cytotoxic activity (San-
tini et al. 2001). 5-AZA has showed significant activity
in acute myeloid leukemia and myelodysplastic syn-
dromes (Silverman et al. 2002; Wijermans et al. 2000).
In CML, it has been used mostly in combination with
other chemotherapeutic agents (etoposide or mitoxan-
trone) in patients with advanced disease, with reported
response rates (i.e., return to chronic phase) of 25-60%.
A pilot study of single-agent 5-AZA in 14 patients with
CML produced responses in 2 patients (Kantarjian, per-
sonal communication, 2004). Decitabine has been used
in CML more extensively than 5-AZA (Table 10.2). In
one study, decitabine was administered at a dose of
100 mg/m* every 12 h for 5 days to 13 patients, at
75 mg/m”® in the subsequent 33 patients, and at 50 mg/
m® in 84 patients (Kantarjian et al. 2003a). Of 64 pa-
tients in blastic phase, 18 (28%) achieved objective re-
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Table 10.2. Response to decitabine in CML according to dose schedule

Decitabine total dose (mg/mz) CML Phase

500-1000* (Kantarjian et al. 2003 a) CcP
AP
BP
cP
AP

BP

150** (Issa et al. 2005)

*  After interferon failure, no prior imatinib

*%

After imatinib failure

sponses: 6 complete hematologic responses, 2 partial
hematologic responses, 7 hematologic improvements,
and 3 returned to a second chronic phase. Among 51 pa-
tients with CML in accelerated phase, 28 (55%) had ob-
jective responses (12 complete hematologic responses,
10 partial hematologic responses, 3 hematologic im-
provement, and 3 second chronic phase). Cytogenetic
responses were obtained in 5 of 64 (8%) patients in blas-
tic phase (2 partial and 3 minor) and in 7 of 51 (14%)
patients in accelerated phase (3 complete, 3 partial,
and 1 minor), respectively. Five of 8 patients (63%)
treated in chronic phase had objective responses: 1 com-
plete hematologic and minor cytogenetic response, and
4 partial hematologic responses. The most significant
toxicity with this regimen was severe delayed myelosup-
pression, which was prolonged and dose related. Febrile
episodes, documented infections and treatment-related
deaths occurred in 37%, 34%, and 3% of patients, re-
spectively. Notably, no dose-response correlation could
be established. One explanation for this is that decita-
bine at high doses leads to arrest of DNA synthesis,
which results in cytotoxicity, whereas lower doses can
provide optimal levels of demethylation without severe
cytotoxic effects (Kantarjian et al. 2003a). To establish
the minimal effective dose of decitabine, a recent phase
I study used doses of 5-20 mg/m”. A dose of 15 mg/m*
daily administered for 10 days was well tolerated and
provided the best response in patients with a variety
of relapsed or refractory myeloid malignancies (Issa
et al. 2004). This low-dose, prolonged schedule of dec-
itabine has been investigated in a phase II study which
included 35 patients with CML (12 in chronic phase, 17
in accelerated phase, and 6 in blastic phase) after failure
or intolerance to imatinib therapy (Table 10.2) (Issa

No. No. response (%)
Hematologic Cytogenetic
8 5 (63)
51 28 (55) 7 (14)
64 18 (28) 5(8)
12 10 (83) 7 (58)
17 10 (59) 7 (41)
6 3 (6) 2 (33)

et al. 2005). Decitabine was administered at 15 mg/m?,
5 days a week for 2 consecutive weeks. Complete hemat-
ologic responses were reported in 12 patients (34%) and
partial hematologic responses in 7 patients (20%). Six-
teen patients (46%) had a cytogenetic response (major
in 6 and minor in 10 patients). Again, neutropenic fever
was the major adverse effect, occurring in 23% of deci-
tabine courses. Interestingly, reduction in methylation
at day 12 but not at 2 weeks of treatment discriminated
between responders and non-responders (Issa et al.
2005). Overall, these results suggest a role for decitabine
in the treatment of CML. Preclinical studies have shown
a synergistic effect between imatinib and decitabine (La
Rosee et al. 2004), leading to an ongoing study of this
combination therapy in CML.

10.4 Histone Deacetylase Inhibitors

In addition to methylation, other epigenetic phenomena
may be relevant in cancer and leukemogenesis. Histone
acetylation is involved in regulation of gene transcrip-
tion (Thiagalingam et al. 2003). Aberrant patterns of
acetylation have been demonstrated in several cancers
(Timmermann et al. 2001). Silencing of gene expression
is associated with deacetylated histones, and this is of-
ten associated with regions of DNA methylation (Thia-
galingam et al. 2003). Activation of gene expression has
been linked to histone acetylation and reactivation of si-
lenced tumor suppressor genes could be used in leuke-
mia therapy. The enzymes histone deacetylases
(HDACs) play a major role in keeping the balance be-
tween acetylated and deacetylated states of chromatin
and are therefore potential therapeutic targets. Several
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agents that inhibit histone acetylation are currently in
clinical trials, including several in CML. Suberoylanilide
hydroxamic acid (SAHA) has been linked to downregu-
lation of Bcr-Abl protein levels, resulting in apoptosis of
BCR-ABL-positive cell lines and of leukemic cells from
imatinib-resistant cell models (Nimmanapalli et al.
2003 b; Yu, et al. 2003). Therapy with SAHA in combina-
tion with the heat shock protein go antagonist 17-AAG
exerted growth inhibition and apoptosis in imatinib-re-
sistant and imatinib-sensitive CML cell lines and in cells
from patients with CML (Rahmani et al. 2005). Therapy
with LAQ824, a cinnamyl hydroxamic acid analogue
histone deacetylase inhibitor, depleted the mRNA and
protein expression of Bcr-Abl in cells from patients with
CML in blastic phase. LAQ824 downregulated the levels
of Bcr-Abl-positive cells carrying the highly imatinib-
insensitive mutation T315I and induced apoptosis of im-
atinib-refractory CML blastic phase cells (Nimmanapal-
li et al. 2003a). Studies with combinations of histone
deacetylase inhibitors and imatinib are being underta-
ken.

10.5 Homoharringtonine

Albeit not a novel agent in CML therapy, homoharring-
tonine (HHT) might experience a “renaissance” due to
its potential in imatinib-resistant CML. HHT is a cepha-
lotaxus alkaloid obtained by alcoholic extraction from
an evergreen tree from China. HHT has shown activity
against myeloid malignancies by inhibiting protein
synthesis, promoting cell differentiation, and inducing
apoptosis via a caspase-3-dependent mechanism (Fres-
no et al. 1977; Kuliczkowski 1989; Yinjun et al. 2004). Be-
fore the advent of imatinib, HHT appeared to be the
most effective salvage strategy for patients with CML
post IFN-q failure, outside the setting of stem cell trans-
plantation. HHT therapy in patients with late phase
CML after IFN-q failure was associated with a complete
hematologic response rate of 67% and a cytogenetic re-
sponse rate of 33% (O’Brien et al. 1995). Preclinical stud-
ies have demonstrated synergy between HHT, IFN-q,
and Ara-C (Visani et al. 1997). In clinical studies, com-
binations of HHT with low-dose Ara-C or IFN-a were
associated with a significant survival advantage relative
to single-agent HHT therapy (Kantarjian et al. 2000;
O’Brien et al. 2002). Triple therapy combining HHT,
IFN-q, and Ara-C used as frontline therapy for patients
with early chronic phase CML induced complete hemat-
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ologic response rates of 94% and cytogenetic response
rates of 74%, of which 22% were complete (O’Brien et
al. 2003a). The estimated s5-year survival in that study
was 88%. Subcutaneous (SC) administration of HHT
has been investigated, aiming particularly at more con-
venient schedules. In a phase I study including 10 pa-
tients in accelerated or blastic phase, HHT was adminis-
tered at a maximum dose of 1.25 mg/m”* twice daily for
14 days every month (i.e., the same dose used intrave-
nously). Five patients experienced hematologic im-
provement (Cortes et al. 2003 ¢). Preclinical studies sug-
gest that HHT has synergistic or additive effects with
imatinib in vitro against imatinib-resistant cell lines
(Chen et al. 2003; Kano et al. 2001; Scappini et al.
2002; Tipping et al. 2002) and against cells from patients
with CML in blastic phase (Tipping et al. 2002). A recent
phase I/II trial studied 10 CML patients who had re-
ceived imatinib for at least 2 years and achieved at least
a minor cytogenetic response but had reached a plateau
in BCR-ABL transcripts. In addition to continuing ima-
tinib therapy, HHT was also administered at 1.25 mg/m*
SC twice daily for 1-3 days every 28 days (Marin et al.
2005). BCR-ABL transcript level reductions greater than
0.5 log occurred in 7 patients; 5 had a decline greater
than 1 log, and 2 patients who had failed to achieve a
complete cytogenetic response on imatinib, became
100% Ph negative. In a study designed to treat patients
with CML in late chronic phase who had failed single-
agent imatinib, therapy with single-agent HHT was in-
itiated with an initial intravenous loading dose of
2.5 mg/m* over 24 h, followed by 1.25 mg/m* SC twice
daily for 14 days every 28 days. All five assessable pa-
tients achieved a complete hematologic remission and
three had also cytogenetic response, 1 complete and 2
minor (Quintas-Cardama et al. 2005). Interestingly,
two patients with imatinib-resistant ABL kinase domain
mutations (Y253H and F359], respectively) responded to
HHT, achieving a minor and a complete cytogenetic re-
sponse, respectively.

Overall, HHT is clinically active in CML and re-
mains an attractive option, particularly in the setting
of imatinib failure and for patients harboring imati-
nib-insensitive mutations (i.e., T315I). Ongoing trials
will determine the role of HHT in this particular subset
of CML patients, as well as in combination with imati-
nib.



Table 10.3. Response to vaccinations in CML

Vaccine No. Concomitant
therapy

Junction peptide

Pinilla-Ibarz et al. 2000 12 IFN and/or Hy

Cathcart et al. 2004 14 IFN (5), DLI (3),
none (3),
imatinib (2)

Bocchia et al. 2005 16 Imatinib (10),
IFN (6)

PR1

Qazilbash et al. 2004 10 Imatinib

HSP70PC

Li et al. 2005 20 Imatinib

*  Immune response determined by different methods

10.6 Immune Approaches to CML Therapy

Immune-mediated events play an important role in the
suppression of CML. Several studies of patients with
CML in early chronic phase showed that IFN-a induced
a complete cytogenetic response in 10-35%. Of these,
approximately 5-10% remain durable despite disconti-
nuation of therapy (Kantarjian et al. 2003b). Immune
modulation has been assumed to account at least in part
for these durable responses frequently even in the pres-
ence of minimal residual disease measured by PCR
(Guilhot and Lacotte-Thierry 1998). Moreover, graft-
versus-leukemia effect is important in the eradication
of CML after allogeneic stem cell transplantation
(SCT) (Barrett 2003). Therefore, developing immunolo-
gic approaches in CML is an appealing strategy. One
approach to stimulate leukemia-specific immune modu-
lation is the use of vaccines directed towards CML-re-
stricted tumor antigens. At least 3 main types of vac-
cines have been tested in clinical studies (Table 10.3).
Some other immune approaches for the treatment of
CML, e.g., cell-based therapies, are also in development.
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No. with response

Immune* Clinical
Cytogenetic Molecular
3 1 1
14 4 3
(3 IFN, (2 DLI)
1 imatinib)
16 14/15 9 (4 complete)
(9/9 imatinib, (6 imatinib,
5/6 IFN) 3 IFN)
6 4 4 (1 complete)
9/16 9/16 4/4

10.6.1 Bcr-Abl Breakpoint Fusion Peptide
Vaccines

The fusion-region of the p210®“®*P" chimeric protein

contains unique sequences of amino acids that are ex-
pressed exclusively in CML cells. This novel sequence
may be a possible antigenic target. Administration to
mice of a synthetic peptide composed of 6 BCR, 1 fu-
sion, and 5 ABL amino acids derived from the fusion re-
gion, elicited a peptide-specific CD4+, class II major
histocompatibility complex (MHC)-restricted, T-cell re-
sponse (Chen et al. 1992). These specific T cells recog-
nized only the combined sequence of BCR and ABL
amino acids but not BCR or ABL amino acid sequences
alone (Chen et al. 1992). Several of these BCR-ABL junc-
tion-spanning sequences have been tested in vitro for
their ability to bind to class I and II MHC molecules
in human cell lines (Cullis et al. 1994) and some of them
induce MCH class II-restricted T-cell-mediated cyto-
toxicity from lymphocytes of normal individuals and
patients with CML (Pawelec et al. 1996; Yotnda et al.
1998). It has been recently shown that peptides derived
from the Bcr-Abl protein can be processed in the cyto-
plasm and transported to the surface of the CML cell for
T-cell presentation and recognition in conjunction with
HLA molecules (Clark et al. 2001). A vaccine with a mix-
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ture of 5 junction peptides with binding motifs to var-
ious HLA molecules has been tested in a phase I
dose-escalating trial (Pinilla-Ibarz et al. 2000). Four
peptides (9 and 10 amino acids long) could bind class
I HLA, whereas one (25 amino acids long) could bind
to class II HLA. Twelve patients with CML in partial
or complete remission after therapy with IFN-a and/or
hydroxyurea received the vaccine at different dose levels
(50, 150, 500, and 1500 pg). No major toxicities were re-
corded. Two of the 6 patients treated at the highest dose
level developed significant delayed-type hypersensitiv-
ity (DTH) and 3 developed peptide-specific T-cell prolif-
eration, but no cytotoxic T-lymphocytes were identi-
fied. One patient had a transient molecular response
and another had a transient partial cytogenetic re-
sponse (Pinilla-Ibarz et al. 2000). A subsequent phase
IT trial employed a mixture of 6 fusion peptides (5
CML class I and 1 CML class II peptides) (Cathcart et
al. 2004). All 14 patients vaccinated developed immune
responses represented by DTH and CD4+ proliferative
response, whereas 11 had IFN-gamma release as evi-
denced by CD4 ELISPOT (Enzyme-linked Immuno-
SPOT). All patients continued their previous therapy
while receiving the vaccine, and 4 patients experienced
a decrease in the percentage of Ph-positive metaphases
after vaccination while on IFN-a (n=3) or imatinib
(n=1). Among 3 patients with molecular evidence of
disease after allogeneic stem-cell transplantation and
not receiving concomitant therapy while receiving the
vaccine, one experienced intermittent negativity in the
BCR-ABL transcript level in the bone marrow (3 out
of 6 tests), but not in the peripheral blood. Recently,
Bocchia et al. have reported on 16 patients with stable
residual disease after more than 12 months on imatinib
therapy (n=10) or 24 months of IFN-a therapy (n=6)
who were vaccinated with similar peptides. Patients re-
ceived 6 vaccinations with a peptide vaccine derived
from the sequence p210-b3a2 (Bocchia et al. 2005). Five
of 9 patients on imatinib with persistent Ph-positive
metaphases obtained a complete cytogenetic response
after the addition of the vaccine, and 3 had undetectable
levels of b3az transcripts by real-time quantitative re-
verse-transcriptase polymerase chain reaction (RT-
PCR). Among the patients treated with IFN-a, 2
achieved a complete cytogenetic response and 3 had im-
provement in the percentage of Ph-positive metaphases.
Peptide-specific DTH was detected in 11 of 16 patients
and CD4+ T cell proliferation in 13 of 14 patients as-
sessed (Bocchia et al. 2005). These studies suggest that
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this peptide vaccine may have value in managing CML
minimal residual disease.

10.6.2 Heat Shock Protein-Based Vaccines

Heat shock proteins (HSPs) encompass a group of cha-
perone proteins that function as intercellular signaling
molecules with a wide range of immunoregulatory activ-
ities when released to the extracellular environment
(Pockley 2003). Normally, exogenously generated anti-
gens are presented through MHC class II molecules
whereas endogenous antigens are presented on MHC
class I molecules. However, exogenous peptides chaper-
oned by HSP can be presented via MHC class I molecules
and recognized by CD8(+) cytotoxic T lymphocytes
(Suto and Srivastava 1995). When purified from cells,
HSPs GP96, HSP9o, and HSP70 are associated with a
broad range of peptides, thus potentially chaperoning
an antigenic repertoire specific for that particular cell.
Immunization with cell lysates containing heat-shock
protein-peptide complexes demonstrated that protein
fragments chaperoned by HSP and nonintact proteins
are a sufficient source of antigen transferred to anti-
gen-presenting cells for priming CD8(+) T-cell re-
sponses (Binder and Srivastava 2005). Hence, immuniza-
tion with HSP-peptide complexes derived from neoplas-
tic cells elicits T-cell responses against the chaperoned
peptides and against the tumor cells. This approach
has been tested in different murine models with favor-
able results (Udono and Srivastava 1993; Udono et al.
1994). Recently, an autologous vaccine of leukocyte-de-
rived HSP7o0-peptide complexes (HSP70PC) in conjunc-
tion with imatinib was administered to 20 patients with
CML in chronic phase who had received imatinib for a
median time of 15 months (Li et al. 2005). Four patients
had achieved a complete, 4 a major, and 9 none or a mi-
nor cytogenetic response prior to vaccination and all
had evidence of BCR-ABL transcripts by RT-PCR (Li
et al. 2005). Autologous HSP7o-peptide complexes were
purified from CML cells, collected by leukapheresis and
administered intradermally weekly for 8 weeks. Thirteen
of 20 patients experienced some degree of response.
Nine patients had cytogenetic improvements, including
7 who achieved a complete cytogenetic response. Of 4
patients who only had residual molecular disease pre-
vaccination, 1 obtained a complete molecular response
and 3 had reductions of Bcr-Abl transcript levels. These
studies are currently being expanded.



10.6.3 PR1 Vaccine
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10.6.4 Other Vaccines

Proteinase 3 (PRO3) is a 26-kDa-neutral serine protease
that is stored in primary azurophil granules and is
maximally expressed at the promyelocyte stage of mye-
loid differentiation (Chen et al. 1994). PR1 is a nonapep-
tide derived from proteinase 3 that is overexpressed in
several myeloid malignancies with variable frequency,
and almost universally in CML cells (Molldrem et al.
2000). PR1 is presented through HLA-A2.1 molecules
(Dengler et al. 1995). PR1 can elicit cytotoxic T lympho-
cytes (CTL) from HLA-A2.1+ normal donors in vitro
and nearly all patients with CML in IFN-a-induced re-
mission (Molldrem et al. 2003). PR1-specific CTL show
preferential cytotoxicity toward allogeneic HLA-A2.1+
myeloid leukemia cells over HLA-identical normal do-
nor marrow (Molldrem et al. 2000, 2003) and inhibition
of colony-forming unit granulocyte-macrophage (CFU-
GM) from the marrow of CML patients, but not CFU-
GM from normal HLA-matched donors (Molldrem et
al. 1997). PRi-specific CTLs may be responsible, at least
in part, for the suppression of CML. Indeed, these CTLs
have been identified in most patients with CML who
have responded to IFN-a or allogeneic SCT, but not in
nonresponding patients, or in those treated with che-
motherapy (Molldrem et al. 2000). A phase I trial of
vaccination with PR1 peptide included 35 patients with
myeloid malignancies who had failed prior therapies
(Qazilbash et al. 2004). Patients were assigned at ran-
dom to receive 0.25 mg, 0.50 mg, or 1.0 mg PR1 peptide
SC every 3 weeks for a total of 3 injections. The study
included 10 patients with CML of whom 1 achieved a
complete cytogenetic response and 3 had improvement
in the percentage of Ph-positive metaphases. Responses
were also observed among patients with AML and MDS.
Clinical responses correlated with immune responses
(Qazilbash et al. 2004). It has been suggested that ima-
tinib can downregulate the expression of PRO3, there-
fore posing a potential risk of a diminished CTL-
mediated clearance of CML cells (Burchert et al.
2003). However, the expression of PRO3 is upregulated
by IFN-a and current studies are investigating whether
the PR1 vaccine alone or in combination with IFN-a
may be of benefit for patients with CML with minimal
residual disease.

All the aforementioned vaccines hold promise and are
currently being investigated in larger clinical trials in
the setting of imatinib failure or stable persistent mini-
mal residual disease after imatinib therapy. Other pep-
tide-based vaccines are being developed. For instance,
there is animal and in vitro evidence suggesting that
Wilms’ tumor 1 (WT-1), an antigen present in leukemia
cells including CML, can generate CML-specific CTLs
(Bellantuono et al. 2002), capable of depleting CML cells
without affecting normal CD34+ progenitors (Gao et al.
2000, 2003). A WT-1 vaccine is now being introduced in
clinical trials in CML. Another approach to vaccination
is the GVAX vaccine that has also entered into clinical
trials. This vaccine comprises the use of irradiated auto-
logous leukemia cells harvested at diagnosis mixed with
GM-CSF-gene-modified K562 cells (CG9962). A phase II
trial in patients with AML involved the administration
of this vaccine followed by collection of vaccine-primed
lymphocytes that were reinfused with the autologous
stem cell graft and posttransplant vaccination every 3
weeks starting at week 6 for a total of 8 vaccinations
(Borrello et al. 2005). Twenty-seven patients reached
the posttransplant vaccination stage of the study. Mini-
mal residual disease monitoring was performed by
quantitative RT-PCR of the WT-1 protein. Post trans-
plant, 75% of patients demonstrated clearance of WT-1
from peripheral blood and this was associated with an
improved relapse-free survival (90 vs. 20%, p=0.002).
In a similar approach, a vaccine using K562 cells geneti-
cally engineered to produce GM-CSF was used to treat
patients with CML who had stable minimal residual dis-
ease after at least one year on imatinib. Six of the 17 eva-
luable patients had improvement of their disease, in-
cluding 4 who became PCR negative (Smith et al. 2005).

One concern with vaccination approaches directed
towards a unique epitope is that they might encounter
a phenomenon of immune escape by which the malig-
nant clone downregulates or mutates the target epitope
secondary to the “immune pressure” imposed by specif-
ic CTLs. Development of vaccines with a wider antigenic
scope or through other less specific immunomodulatory
strategies, might help to circumvent this potential risk.
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10.6.5 Cell-Based Immune Approaches
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10.7.1 PI3K/Akt Pathway

Dendritic cells (DCs) are at the center of induction of
immune responses against cancer cells. In CML, the
generation of fully functional DCs is problematic. DCs
can be efficiently obtained ex vivo from Ph+ monocyte
precursors cultured with GM-CSF and IL-4, IL-13, or
IFN-a. Although able to induce CML-specific CTLs with
therapeutic potential, these DCs may be functionally
compromised (Choudhury et al. 1997). The use of ima-
tinib to obtain Ph-negative DCs may impair their im-
mune function via downregulation of nuclear factor-
kappaB (NFxB) (Appel et al. 2004). Autologous Bcr-
Abl-positive DCs have been administered in phase I
trials with good tolerance but little if any evidence of
benefit (Ossenkoppele et al. 2003). An alternative
approach is to “prime” or “pulse” DCs with autologous
tumor cells lysates or purified peptides (i.e., b3a2), com-
bine them with HSPs, or transfect them with tumor
antigen mRNA. Once these primed DCs acquire a ma-
ture phenotype, they can secrete IL-2 and IL-12 and ex-
press costimulatory molecules (CD80/CD86) and che-
mokine receptors (CCRy) that enable them to transform
nave T cells into CTLs. In a clinical trial, DCs primed
with the junction peptide b3a2 were given to 6 patients
with CML. No patient experienced clinical improvement
although immune responses were elicited in 4 of 6 pa-
tients (Takahashi et al. 2003). Osman et al. used donor
DCs primed with b3a2 peptide to generate donor CTLs
ex vivo to increase the graft-versus-leukemia effect of al-
logeneic SCT (Osman et al. 1999 a,b). The use of DCs in
CML has promise although the techniques to generate
ex vivo primed Ph-negative donor DCs need to be
streamlined.

10.7 Targeting Bcr-Abl Downstream Signaling
Pathways

Intensive research zeroing in on Bcr-Abl biology has
provided solid evidence that activation of downstream
signaling pathways are an integral part of the trans-
forming activity of the Bcr-Abl fusion oncoprotein. In-
terference with elements of these pathways could im-
prove on CML therapy, perhaps in combination with
Bcr-Abl tyrosine kinase inhibition.

Several phosphorylated tyrosine residues within the
Bcr-Abl fusion protein serve as docking sites for adaptor
molecules or signaling mediators to become phosphory-
lated and hence, activated. Autophosphorylation of
BCR-ABL generates phosphorylation of site Tyriy7 in
the Bcr-Abl protein. This site binds to the SH2 domain
of Grb2, which is responsible for the efficient induction
of CML-like myeloproliferative disease by BCR/ABL in
mice (He et al. 2002; Million and Van Etten 2000). In
turn, the scaffolding adaptor protein Gab2 binds to
the SH3 domain of Grb2. This leads to tyrosine phos-
phorylation of Gab2, which is critical for binding to
phosphatidylinositol 3-kinase (PI3K) and subsequent
activation of the PI3K/Akt pathway (Sattler et al.
2002). Akt promotes antiapoptotic signals required for
transformation and ultimately, development of leuke-
mia. The PI3K inhibitor LY294002 markedly increased
apoptosis of BCR-ABL-transformed Gab2 (+/+) B lym-
phoblasts (Klejman et al. 2002). Combinations of imati-
nib with LY294002 or with the PI3K inhibitor wortman-
nin were effective in inhibiting clonogenic growth of
leukemic CML cells in chronic or blast phase, and more
so than any of those drugs alone (Klejman et al. 2002).
PI3K signaling is essential for the growth of Ph chromo-
some-positive CML cells, but not for normal hemato-
poietic precursors (103-105). For these reasons, PI3K
and Akt inhibitors represent rational therapeutic ap-
proaches in CML. These compounds are currently being
developed.

10.7.2 mTOR Pathway

Rapamycin is a potent immunosuppressive drug whose
principal intracellular receptor is termed FKBP. In
mammalian cells, the complex of rapamycin and
FKBP12 binds with high affinity to the mammalian tar-
get of rapamycin (mTOR). mTOR is a serine/threonine
kinase which belongs to the family of tyrosine kinases
PIKKs (Skorski et al. 1995). Compelling evidence places
mTOR downstream of both PI3K and the PI3K-regulated
protein kinase, AKT, regulating cell growth and prolif-
eration (Sekulic et al. 2000). This might explain, at least
in part, the antitumor effect of the mTOR inhibitor ra-
pamycin. Rapamycin potentiated the inhibitory effect of
imatinib on Bcr-Abl-transformed cells, including some
imatinib-resistant mutants, but not those carrying the



T3151 mutation (Mayerhofer et al. 2005; Mohi et al.
2004). Notably, rapamycin exerted these effects through
cell cycle arrest in the G1 phase and by inhibiting the
production of vascular endothelial growth factor
(VGEF) (Mayerhofer et al. 2005). Anecdotal evidence
suggests a favorable clinical effect of rapamycin in vivo:
a patient with imatinib-resistant CML in blastic phase
was treated with rapamycin at 2 mg daily for 17 conse-
cutive days. This patient had reduction in peripheral
blood leukocytes, blasts, and LDH levels, maintained
for 4 weeks after discontinuation of rapamycin (Mayer-
hofer, et al. 2005). Other mTOR inhibitors like RADoo1
and CCly79 are currently being evaluated in the clinic.

10.7.3 Raf Kinase Pathway

Raf is a tyrosine kinase protein involved in the Bcr-Abl
downstream Ras signaling pathway. BAY 43-9006 (Sor-
afenib), a Raf-1 inhibitor, abrogates the proliferation of
Ba/F3 mouse hematopoietic cells expressing wild-type
Bcr-Abl. Sorafenib (BAY 43-9006) also inhibits in vitro
growth of cell lines harboring the kinase domain mu-
tants E255K and T3151, with IC;, values ranging from
4 to 8 mM (Choi et al. 2002). Studies with sorafenib
in hematologic malignancies including CML are on-

going.

10.7.4 MEK/MAPK Pathway

The mitogen-activated protein/extracellular signal-
regulated kinase (MEK)/mitogen-activated protein kin-
ase (MAPK) pathway plays an important role in the reg-
ulation of apoptosis and survival. The MAPK cascade
involves 3 different signal pathways that converge on
the serine/threonine kinases JNK, p42/44 MAPK
(ERK), and p38 MAPK. These molecules regulate criti-
cal cellular events. Whereas activation of JNK and p38
MAPK generally leads to induction of apoptosis, p42/
44 MAPK has a cytoprotective effect (Xia et al. 1995).
Disruption of MEK/MAPK activation may induce apop-
tosis in Bcr-Abl-positive leukemia cells (Kang et al.
2000). Several inhibitors of the enzymes that activate
MAPK kinases MEK1/2 have been developed, including
PD184352, PD98059, and Uo126. Concomitant adminis-
tration of imatinib with these inhibitors induces a
marked caspase activation and induction of apoptosis
in Bcr-Abl-bearing cells, including imatinib-resistant
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cell lines (Yu et al. 2002b). These findings confirm that
inhibitors of the MEK/MAPK pathway are highly syner-
gistic in vitro with imatinib and may represent a poten-
tial therapeutic approach to CML.

10.8 Other Potential Targets in CML

10.8.1 TRAIL

A different approach to induce apoptosis in CML cells is
through the tumor necrosis factor (TNF)-related apop-
tosis-inducing ligand (TRAIL), also known as APO2 li-
gand (Bhojani et al. 2003; Wiley et al. 1995). Five recep-
tors that bind TRAIL have been identified thus far, of
which, two (DR4 and DRs) contain a cytoplasmic 8o
amino acid-long death domain capable of transmitting
a ps3-independent cytotoxic signal (Ashkenazi 2002).
The other receptors lack this death domain and act as
decoys (decoy receptor-1 [DcR1], DcR2 and osteoprote-
gerin) competing with DR4 and DRs for ligands (Ashke-
nazi 2002; Bhojani et al. 2003). TRAIL suppresses the
growth of primary leukemic cells from patients with
acute leukemia, CML, and myelodysplastic syndrome
(Plasilova et al. 2002) and many imatinib-resistant cell
lines (Uno et al. 2003). Imatinib also represses most of
the TRAIL-resistant cell lines (Uno et al. 2003), suggest-
ing a potential clinical synergism of a combination of
imatinib and recombinant human soluble TRAIL
(rhsTRAIL).

10.8.2 Inhibition of Cyclin-Dependent Kinases

Interference with cell cycle regulatory elements is an-
other means to induce apoptosis of malignant cells. Fla-
vopiridol (L86-8275, HMR 1275) is a semisynthetic fla-
vone that exerts a potent inhibitory effect on multiple
cyclin-dependent kinases (CDKs) thus causing cell cycle
arrest in G1-S and G2-M (Yu et al. 2002a). Flavopiridol
is the first of this class of drugs that has entered clinical
trials (Senderowicz et al. 1998). In vitro, it potentiated,
through mitochondrial injury and caspase activation,
imatinib-induced apoptosis in imatinib-resistant K562
cell lines displaying amplification of Bcr-Abl oncopro-
tein (Yu et al. 2002a). Flavopiridol synergizes with bor-
tezomib to induce apoptosis in CML cells resistant to
imatinib through both Bcr-Abl-dependent and -inde-
pendent mechanisms (Dai et al. 2004).
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10.8.3 HSP90 Chaperone Complex

HSPgo is one of the most abundant heat shock proteins
and functions as a chaperone protein complex binding a
vast array of transcription factors and protein kinases
involved in signal transduction, including pzloBCR'ABL,
MEK, Akt, and others (Goetz et al. 2003). Therefore,
HSPoyo is an attractive therapeutic target, since disabling
the function of this chaperone protein may potentially
exert simultaneous inhibitory effects upon several onco-
genic signaling pathways. The benzoquinone ansamycin
antibiotics herbimycin, geldanamycin, and 17-allylami-
no-17-demethoxygeldanamycin (17-AAG) represent a
class of drugs that specifically bind and disrupt the
function of HSP9o, inducing the depletion of multiple
“client” oncogenic proteins by facilitating their protea-
some-mediated degradation (Goetz et al. 2003; Smith
et al. 1998; Stancato et al. 1997). 17-AAG is a geldanamy-
cin analog with similar antitumoral efficacy but with an
improved toxicity profile that is already in clinical trials
(Goetz et al. 2003). In CML, treatment with geldanamy-
cin or 17-AAG of HL-60/Bcr-Abl and K562 cells shifts the
binding of Bcr-Abl from HSPgo to HSP7o, inducing its
proteasomal degradation, and downregulating intracel-
lular levels of c-Raf and Akt kinase activity (Nimmana-
palli et al. 2001). 17-AAG also induces degradation of
both the wild-type and the highly imatinib-resistant
T315I and E255K mutant forms of Bcr-Abl (Gorre et al.
2002). An ongoing clinical trial is exploring the combi-
nations of imatinib and 17-AAG in CML.

10.8.4 RNA Interference

An alternative strategy to prevent p210°“**"" down-
stream signaling activation is to interfere with the ex-
pression of Bcr-Abl itself. This can be accomplished
using techniques based on a highly conserved regulatory
ontogenetic mechanism that mediates sequence-specific
posttranscriptional gene silencing (Hannon 2002; Za-
more 2002). This phenomenon is mediated by small in-
terfering RNA (siRNA). siRNAs are small RNA fragments
derived from the enzymatic action of the RNase III en-
zyme Dicer upon double-stranded RNA (Zamore 2002).
Recently, the 21-nucleotide siRNAs b3a2 1 and b3a2_3
were found to induce reductions of Bcr-Abl mRNA levels
by up to 87% in peripheral blood mononuclear primary
cells from patients with CML and Bcr-Abl-positive cell
lines. This reduction in mRNA was specific and led to
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transient inhibition of BCR-ABL-mediated cell prolifera-
tion (Scherr et al. 2003). More striking, siRNA homolo-
gous to b3az-fusion site increased the sensitivity to im-
atinib in Bcr-Abl-overexpressing cells and in cell lines
expressing the imatinib-resistant Bcr-Abl kinase domain
mutation His396Pro (Wohlbold et al. 2003). Together,
these data suggest the potential suitability of RNA inter-
ference strategies in combination with imatinib, partic-
ularly in the setting of imatinib-resistant CML.

10.8.5 Aurora Kinase Inhibitors

Mutant forms of BCR-ABL confer resistance to tyrosine
kinase inhibitors. A highly preserved “gatekeeper”
threonine residue near the kinase active site is frequently
the target of these mutations, causing deleterious effects
on small molecule binding. In CML, this is best exempli-
fied by the mutation T315I that renders CML cells insen-
sitive to imatinib and other kinase inhibitors. Aurora ki-
nases are key elements for chromosome segregation and
cytokinesis during the mitotic process (Keen and Taylor
2004). Aurora-A and -B are frequently overexpressed in
human cancer leading to aneuploidy and cancer devel-
opment. The Aurora-kinase inhibitor VX-680 (recently
renamed MK-0457) inhibits Aurora-A, -B, -C, and
FLT3 with inhibitory constants of 0.6, 18, 4.6, and 30
nM, respectively, inhibiting cells from patients with
AML refractory to standard therapies (Doggrell 2004).
VX-680 has also led to leukemia regression in an in vivo
xenograft model (Harrington et al. 2004). It also has
been shown to inhibit a Ber-Abl T3151 mutant that con-
fers resistance to imatinib and the second-generation
ATP-competitive Bcr-Abl inhibitors with an IC,, value
of 30 nM (Carter et al. 2005). VX-680 binds tightly
(Kd<20 nM) to wild-type Abl and most of its variants,
like T315I (Kd=5 nM) (Carter et al. 2005). No effective
kinase-targeted therapy is currently available against
cells carrying the T315I mutation, suggesting an impor-
tant therapeutic role of VX-680 in CML. Clinical trials of
aurora kinase inhibitors, such as VX-680 and others, in
hematologic malignancies including CML are ongoing.

10.8.6 Proteasome Inhibition

IxB, the inhibitor of NF-«B, is likely responsible for the
antineoplastic effect of proteasome inhibition. Activated
NF-xB translocates to the nucleus and promotes gene



transcription (Rothwarf and Karin 1999). Proteasome
inhibition may block NF-xB through decreased inacti-
vation of IxkB (Adams et al. 1999). In CML, Bcr-Abl ac-
tivates NF-xB-dependent transcription and NF-xB may
be required for BCR-ABL-mediated transformation
(Hamdane et al. 1997; Reuther et al. 1998), possibly
mediated by the RhoGEF domain of BCR (Korus et al.
2002). Bortezomib (PS341, Velcade), a potent and selec-
tive proteasome inhibitor, downregulates in vitro NF-«xB
DNA binding activity and expression of Bcr-Abl and
Bcl-xL in Ber-Abl-positive cell lines, resulting in apop-
tosis (Gatto et al. 2003). In a phase II study of bortezo-
mib in imatinib-resistant CML patients in chronic or
accelerated phase, 3 of 7 patients had a transient but
significant improvement in basophilia (Cortes et al.
2003b).

10.9 Alternative Strategies to Bcr-Abl Inhibition

10.9.1 Bcr-Abl Nuclear Entrapment

Most of the current research endeavors in CML revolve
around the direct suppression of the activity of Bcr-Abl.
There are alternative ways to counteract the activity of
this tyrosine kinase. Bcr-Abl is localized in the cyto-
plasm of CML cells where it activates antiapoptotic
pathways (McWhirter and Wang 1993). However, Bcr-
ADbl contains nuclear localization sequences (NLS) and
a nuclear export sequence (NES) (Vigneri and Wang
2001). Leptomycin B is a drug that blocks the nuclear
export of Bcr-Abl through inactivation of the NES-re-
ceptor CRMi/exportin-1 (Vigneri and Wang 2001).
The Bcr-Abl tyrosine kinase activity in the cell nucleus
promotes apoptosis and this cannot be reversed by the
cytoplasmic Bcr-Abl. The combined treatment with lep-
tomycin B and imatinib caused the accumulation of 20-
25% of the Bcr-Abl inside the nucleus of K562 cells, lead-
ing to irreversible cell death via caspase activation (Vig-
neri and Wang 2001). The proapoptotic effect of both
imatinib and leptomycin B, when administered separa-
tely, was fully reversible. Nuclear entrapment of just a
fraction of the total Bcr-Abl is sufficient to cause cell
death. However, leptomycin B caused important neuro-
nal toxicity. Development of new inhibitors of Bcr-Abl
nuclear export must be pursued.

10.10 - Other Targets and Strategies 177

10.9.2 Non-ATP-Competitive Bcr-Abl Inhibitors

The currently available tyrosine kinase inhibitors are
ATP-competitive inhibitors. All are affected in their abil-
ity to inhibit the kinase activity by the T315I mutation,
which is considered the “gatekeeper” of the kinase do-
main. To overcome this problem, new compounds tar-
geting binding-sites outside the ATP-binding domain
of Bcr-Abl are being developed. ONo12380 is a molecule
that targets the substrate-binding site of Bcr-Abl, com-
peting with its natural substrates like Crkl but not with
ATP (Gumireddy et al. 2005a). This drug induces cell
death of Ph-positive CML cells at a concentration of
10 nM (> tenfold more potent than imatinib), and causes
regression of leukemias induced by intravenous injec-
tion of 32DcI3 cells expressing the Bcr-Abl mutant
T3151 (Gumireddy et al. 2005a). This drug also inhibits
Lyn kinase activity in the nanomolar range (85 nM),
making it suitable to overcome resistance conferred
by this pathway. In addition, ONo12380 works synergis-
tically with imatinib and has a favorable toxicity profile
in animal models. ONo1910 is a substrate-competitive
inhibitor of Plki, a protein kinase with an important
role in cell cycle progression, which induces mitotic ar-
rest in a wide variety of human tumor cells. Interest-
ingly, ONo1g10 presents cross reactivity with several
tyrosine kinases, and inhibits Bcr-Abl and Src with
IC,, values of 32 and 155 nM, respectively (Gumireddy
et al. 2005b). BIRB796 is an inhibitor of the p38 MAP
kinase, currently being tested in inflammatory diseases.
Interestingly, BIRB796 binds with excellent affinity to
the Bcr-Abl mutant T315I (Kd=40nM) although high
concentrations of this compound are necessary to inhi-
bit autophosphorylation of this mutant in Ba/F3 cells
(ICso 1-2 pM) (Carter et al. 2005). In this regard,
VX680 (MK-0457) seems to have a more favorable pro-
file against T3151 (Carter et al. 2005). Of note, this com-
pound has significantly less affinity for wild-type and
other Bcr-Abl mutants (Kd >1M) and an IC,, >10
UM, suggesting its possible selectivity in patients who
develop the imatinib-insensitive T315I mutation.

10.10 Other Targets and Strategies

VEGF plasma levels and bone marrow vascularity are
significantly increased in CML (Aguayo et al. 2000).
High VEGF plasma levels have been associated with
shorter survival in chronic phase CML (Verstovsek et
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al. 2002). VEGF suppresses dendritic cell function,
which in turn may downmodulate autologous anti-
CML T-cell response (Gabrilovich et al. 1996). Therefore,
suppression of VGEF might enhance specific immune
responses to CML. Anti-VGEF monoclonal antibodies
and VEGF receptor inhibitors are available and may
be investigated in CML, including the monoclonal anti-
body bevacizumab and receptor tyrosine kinase inhibi-
tors directed at the VEGF receptor family (e.g., SU5416,
PTK787).

Preclinical data support the use of arsenic trioxide
(As,0,;) in CML. Incubation of Bcr-Abl-positive cell
lines with As,O, induces a decline in Bcr-Abl protein
levels (Perkins et al. 2000) and apoptosis (Puccetti et
al. 2000). As,0, is synergistic with imatinib. Of 3 pa-
tients with imatinib-resistant, accelerated phase CML
treated in a pilot study with As,O, and imatinib, one pa-
tient had a major and another a minor cytogenetic re-
sponse (Ravandi-Kashani et al. 2003). In a phase I trial,
imatinib was given in combination with tetra-arsenic
tetra-sulfide (As,S,) to 9 patients in accelerated or blas-
tic phases (Li et al. 2004). Seven patients (77.8%)
achieved a complete hematological response and 3 a cy-
togenetic response (2 major and 1 minor).

ZRCMs is a novel triazene compound with a dual
mechanism of action. The 2-phenylaminopyrimido-
pyridine moiety enables this molecule to directly target
Bcr-Abl, whereas a triazene tail exerts alkylating effects
inducing DNA breaks and impairing DNA repairing ac-
tivity. ZRCMs5 was found to block Bcr-Abl autopho-
sphorylation in a dose-dependent manner in K562 cell
lines; it is fivefold less potent than imatinib (Katsoulas
et al. 2005). Studies aiming at increasing the affinity
of this drug for Bcr-Abl-positive cells are underway.

Gu et al. reported on the synergistic effect of myco-
phenolic acid (MA) with imatinib in inducing apoptosis
in Bcr-Abl-expressing cell lines (Gu et al. 2005). MA is a
specific inosine monophosphate dehydrogenase inhibi-
tor that results in intracellular depletion of guanine nu-
cleotides. The addition of this compound to imatinib re-
duces the phosphorylation of Stats and Lyn, suggesting
that this combination in vivo might have additive results.

Zoledronate has showed antileukemic effects (Chuah
et al. 2005) and synergism with imatinib via inhibition
of Ras-related proteins in cell lines (Kimura et al. 2004;
Kuroda et al. 2003). In NOD-SCID mice transplanted
with Ph-positive ALL and blastic phase CML cells, in-
travenous zoledronate reduced significantly the preny-
lation of Rap1A (a Ras-related protein) and prolonged
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the survival of mice (Segawa et al. 2005). Overall surviv-
al was dramatically improved when imatinib and zole-
dronate were administered together. Zoledronate was
not synergic with imatinib against the Ph-positive mu-
tants T315I and E255K (Segawa et al. 2005).

Heme oxygenase-1 (HO-1) has been identified as a
novel BCR/ABL-dependent survival-molecule in pri-
mary CML cells (Mayerhofer et al. 2004). Silencing of
the expression of HO-1 by siRNAs resulted in apoptosis
of K562 cells. Pegylated zinc protoporphyrin (PEG-
ZnPP), a competitive inhibitor of HO-1, induces apopto-
sis in CML-derived cell lines K562 and KU812 with IC,,
values ranging between 1 and 10 pM and in imatinib-re-
sistant K562 and Ba/F3 cells expressing several Abl kin-
ase domain mutations such as T315I, E255K, M351T,
Y253F, Q252H, and H396P. Imatinib and PEG-ZnPP
had synergistic growth inhibitory effects in imatinib-re-
sistant leukemic cells.

10.11 Conclusion

Imatinib represents a historical landmark in cancer
therapy. Accumulating clinical evidence suggests that
most patients with CML in advanced stages and some
in chronic phase may develop some form of imatinib re-
sistance. As research on the pathophysiology of CML
unfolds, new potential targets are being identified, lead-
ing to the development of novel agents with potential to
overcome or prevent the development of resistance. The
specificity and efficacy of imatinib in CML is uncover-
ing additional heterogeneity of this disease. As the mo-
lecular mechanisms responsible for this heterogeneity
are discovered, new therapeutic targets are identified.
Complete eradication of the disease in most patients
may require combinations of agents, and different cock-
tails may be required in different patients based on their
CML molecular fingerprints. Besides the development
of new therapies, a major future challenge is to design
the adequate models to design the optimal treatment
strategy for each patient based on their own CML biol-
ogy rather than on population averages.
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Abstract. Chronic myelogenous leukemia (CML) is a
prototype for immune therapy of cancer in humans.
CML cells express one or more cancer-specific antigens:
peptide sequences spanning the BCR-ABL-related gene
product. Substantial data in humans receiving blood cell
and bone marrow transplants indicate a strong im-
mune-mediated anti-leukemia effect. Because this effect
occurs in an allogeneic setting it is uncertain whether
this anti-leukemia effect will operate in other clinical
settings. Additional data supporting a role for immune
therapy of CML come from clinical trials of interferon
and donor lymphocyte infusions. Here, we critically re-
view data in two major areas of vaccine development: (1)
peptides like BCR-ABL, Pr-3, and WT-1; and (2) autolo-
gous vaccines like dendritic cells and heat shock pro-
tein-peptide complexes. We also consider other related
approaches. The data we review indicate encouraging
results from preliminary uncontrolled clinical trials
with some of these approaches. However, a definitive
conclusion awaits results of randomized studies.

11.1 Introduction

The immune system is a powerful defense mechanism
against disease. Harnessing the immune system to fight
disease can be very effective. Best results are seen in the
context of prevention of infections: vaccination with at-
tenuated, killed, or altered viruses; recombinant pro-
teins, or viral toxins has dramatically eliminated or im-
proved diseases like smallpox, measles, polio, and hepa-
titis. The therapeutic use of the immune system is less
successful. This is particularly true in cancer, where
several decades of intense study have, so far, yielded lit-
tle benefit from immune therapy.
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Some, but not all of the reasons for this disparity are
known. Infections are characterized by “foreign” anti-
gens easily recognized by the immune system. In con-
trast, cancer-related antigens typically arise from “self”
and are therefore more likely to be difficult for the im-
mune system to target. Although most cancer cells are
likely detected and destroyed by immune cells, others
escape immune surveillance and present a difficult ther-
apy challenge. The considerable heterogeneity of most
cancers, and our incomplete understanding of immu-
nity combine to hamper development of effective anti-
cancer immune therapies.

Despite these caveats there are some examples in hu-
mans that immune therapy can be effective against es-
tablished cancers including: (1) cytokines, like interfer-
on-a in chronic myelogenous leukemia (CML) and mel-
anoma and interleukin-2 in kidney cancer and melano-
ma; and (2) allogeneic blood cell or bone marrow trans-
plantation in diverse leukemias. Here, transplanting the
donor’s immune system can eliminate or control the re-
cipient’s cancer being “foreign” to this new immune sys-
tem. Unfortunately, these therapies have substantial
toxicities and do not exploit the potential advantage of
targeted immune therapy.

There is continuously expanding knowledge about
molecular mechanisms of carcinogenesis and the com-
plexity of the immune system. Because of this several
new immune therapies have recently emerged. These
approaches promise efficacy without substantial toxici-
ty. Examples are summarized elsewhere (Ribas et al.
2003).

CML is the premier model of immune therapy of
cancer in humans. Several forms of immune therapy
work in this disease and we understand substantially
more about the molecular biology and pathophysiology
of CML than most other cancers. Here, we review the
mechanisms by which modern immune therapies might
benefit persons with CML, summarize data about cur-
rent immune therapies, and suggest future directions.

11.2 Chronic Myelogenous Leukemia -
A Model Disease for Inmune Therapy

CML is one of the best-understood cancers in humans.
It is caused by the BCR-ABL fusion gene product
(P210BCRABL) 4 tyrosine kinase present in all affected
patients with CML but not in normal persons or most
patients with other blood or bone marrow cancers
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(Goldman and Melo 2003). The BCR-ABL fusion gene
is represented on a chromosomal level by a t(g;
22)(q34; q11) translocation which gives origin to the Phi-
ladelphia chromosome (Ph-chromosome) and the BCR-
ABL fusion gene. This canonical genetic marker permits
sensitive molecular monitoring of minimal residual dis-
ease (MRD) using polymerase chain reaction (PCR)-
techniques (Gabert et al. 2003; Hughes et al. 2003).
The unique BCR-ABL gene product is also a potential
target for immune therapy (Butturini and Gale 1995).

Persons with newly diagnosed CML typically receive
imatinib mesylate (Gleevec), an inhibitor of the tyrosine
kinase activity of P210°“®**BL, Imatinib effectively re-
duces numbers of leukemia cells in most persons with
CML, creating a favorable clinical setting for specific
immune therapy (Goldman and Melo 2003; Hughes et
al. 2003; Kantarjian et al. 2004). This approach may
be clinically important since recent data suggest imati-
nib does not completely eradicate CML cells and that re-
sistance develops in a substantial proportion of people
over time. Immune therapies of CML, like interferon-
a, allogeneic blood and bone marrow transplants, and
donor leukocyte infusions (DLI), described below, are
useful therapies for CML.

Allogeneic bone marrow transplants are the only
proved cure for CML. Despite the 70% success rate of
typical allotransplants, there remains substantial mor-
bidity and mortality. Also, after allotransplants, there
is a continuous 1-2% annual risk of CML-recurrence
for intervals exceeding 10-15 years. Furthermore, per-
sons in hematological remission after allotransplants
may have Ph-chromosome-positive cells in their bone
marrow for years without clinical relapse, suggesting
immune control of disease (Butturini and Gale 1992).
Despite this success many people with CML cannot re-
ceive an allotransplant because of older age, donor un-
availability, and other considerations.

Taken together, this offers the possibility that the
potential effects of a systemic immune response against
imatinib-induced MRD, as exhibited by novel immune
therapies, may offer additional benefits beyond imatinib
leading to the cure of CML.

One can envision three types of “cure” of CML as
characterized by Baccarani: (1) Biological cure: eradica-
tion of all CML cells; (2) Clinical cure: clinical control of
CML without need for therapy despite remaining CML
cells; (3) Therapeutic cure: clinical control of CML using
maintenance therapy (Gale et al. 2005). Following ther-
apy with imatinib, small numbers of residual CML cells



may be required to achieve such biological or clinical
cure through immune therapy.

Current investigations of immune therapies in CML
focus on vaccines. Several types of vaccines are being
studied and preliminary results suggest some effects
on MRD but require further study. Specific results and
their prospects for future investigations are discussed
below.

11.3 Immune Mechanisms in CML

11.3.1 T-Cells

Most data from experimental models suggest immunity
via cytotoxic T-cells is the most effective component of
the immune system against cancer. This has led to many
studies using T-cells in persons with cancer (Berinstein
2003; Ribas et al. 2003).

Data from studies of allogeneic bone marrow trans-
plants in CML show that T-cell depletion of the graft de-
creases graft-versus-host disease (GvHD) but increases
risk of leukemia relapse after transplantation. Donor
lymphocyte infusions (DLI), given to persons with
CML with relapse of leukemia post transplant induce re-
missions (Kolb et al. 2004). These data support the im-
portance of T-cells as mediators of immune-mediated
anti-leukemia effects in persons with CML.

T-cells recognize peptide antigens presented
through the major histocompatibility complex (MHC)
pathway. Antigen-presenting cells (APC) usually process
peptides for presentation, load them onto MHC mole-
cules in the endoplasmic reticulum, and present the
MHC-peptide complex on the cell surface for T-cells
to be recognized. There are two characterized types of
MHC-peptide antigen connections: (1) Class I MHC
molecules combine with 8-11 amino acid peptides de-
rived from intracellular proteins. These complexes are
recognized by CD8" cytotoxic T-cells. (2) Class II
MHC molecules combine with 12-18 amino acid pep-
tides derived from internalized extracellular proteins.
These complexes are recognized by CD4" T-cells (Ribas
et al. 2003). The MHC complex in humans is repre-
sented by the human leukocyte antigen (HLA) gene
cluster encoded on chromosome 6. HLA-antigens can
present peptides only to immune cells of the same
HLA type, a phenomenon referred to as HLA- or
MHC-restriction (Zinkernagel and Doherty 1997). This
HLA-restriction is responsible for the effects of GvHD
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and, at least in part, graft-versus leukemia (GvL; see be-
low) after HLA-haplotype mismatched allogeneic trans-
plants (Butturini and Gale 1995).

T-cells recognize MHC-peptide complexes through
T-cell receptors (TCR), which allow for specific recogni-
tion of a broad spectrum of antigens due to genetic re-
arrangement of their building blocks. TCR building
blocks are a-, f5-, -, or d-chains, which themselves com-
pose, depending on the chain, of V, D, or ] segments.
One a- and one f-chain or one y- and one J-chain form
the heterodimer structure of a TCR. a:f heterodimers
represent the vast majority of all TCRs, while only a
small subset represents y:0 heterodimers. Rearrange-
ment of the segments of the a- or f-chains result in
about 10'® unique receptor formations able to recognize
distinct antigens (Janeway 2005). In order to avoid reac-
tivity of TCRs against self-antigens of the host, selection
of TCRs during the T-cell maturation process eliminates
clones with high affinity to such self-antigens. The re-
sulting repertoire of T-cell receptors allows for recruit-
ment of an overall T-cell population equipped with high
specificity to recognize a wide spectrum of foreign anti-
gens and a minimized risk to target self-antigens (Jane-
way 2005).

The effectiveness of specific T-cells against a target
disease depends largely on the presence of relevant anti-
gens, their processing and presentation but also on reg-
ulatory mechanisms of the immune system occurring
after T-cell activation (Caligiuri et al. 2004). Cancer
antigens fall into two key groups: (1) cancer-specific
antigens, and (2) cancer-associated antigens. The form-
er are unique antigens present only in cancer cells and
can either represent a cancer-specific molecular ab-
normality or a foreign molecule, such as a viral protein.
Examples are chromosomal translocations directly in-
volved in carcinogenesis (Goldman and Melo 2003) or
human papillomavirus (HPV) proteins involved in cell
transformation in cervical cancer cells (zur Hausen
2002). The latter are antigens associated with the cancer
through, for example, overexpression compared to nor-
mal tissues. Examples are differentiation antigens like
gp100 or trp-2 in melanoma or proteasome-related anti-
gens such as Pr-3 in myeloid leukemias (Molldrem et al.
2000; Ribas et al. 2003).

It has been difficult to identify target antigens for
most cancers in humans. The best-studied cancer is ma-
lignant melanoma where several antigens were identi-
fied and used for immune therapy, mostly with peptide
vaccines. Lessons learned from these studies may apply
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to other cancers. Unfortunately, for most cancers, our
knowledge about such antigens is very limited.

For CML, several relevant antigens were identified
and characterized. Examples are P210°“®*® and Wilms
tumor protein 1 (WT-1). While P210BCRABL {5 o unique,
tumor-specific antigen, WT-1 is a transcription factor
overexpressed in myelogenous leukemias and is charac-
terized as a cancer-associated rather than cancer-specif-
ic antigen. Several studies show humans can develop a
T-cell response to these antigens (Pinilla-Ibarz et al.
2000; Rosenfeld et al. 2003). Details are discussed in
the following sections, where immune therapy ap-
proaches using the respective antigens as targets for im-
mune therapy are reviewed.

Frequently used tools to detect T-cell recognition of
cancer-specific antigens in vitro are ELISPOT and tetra-
mer assays. The y-IFN release ELISPOT assay is used to
quantify the specific anticancer response induced by
CD8" T-cells on the single cell level. It is based on the
secretion of y-IFN by antigen-specific cytotoxic T-cells
after contact with the cancer-specific antigen or cancer
cell. CD8™" T-cells, typically from blood samples, are im-
mobilized on a membrane impregnated with y-IFN-spe-
cific antibodies. Recognition of target antigen through
T-cells leads to y-IFN secretion, binding to y-IFN-specif-
ic antibodies, and subsequent visualization through a
fluorochrome reaction. Because T-cells are distributed
on the membrane such that each can create a single col-
or spot after antigen-recognition, the read-out is the ra-
tio of spot-inducing cells to total immobilized cells be-
fore and after immune therapy (Hobeika et al. 2005;
Keilholz et al. 2002).

The tetramer assay is based on the observation that
antigen-specific TCRs reversibly bind tetramer mole-
cules composed of MHC-peptide complexes. Specifical-
ly, peptide-antigen, MHC heavy chain, and f3,-microglo-
bulin are folded together in vitro and bound to strepta-
vidin. Linking a fluorochrome to streptavidin results in
flow-cytometry detection of T-cells bound to tetramers
after antigen recognition (Hobeika et al. 2005; Keilholz
et al. 2002).

Both assays are frequently used to characterize T-
cell reactivity to cancer-specific targets. However, be-
cause of their relative complexity there is substantial in-
terassay variance and comparing results between la-
boratories is often challenging due to lack of assay stan-
dardization. Immune responses in clinical trials deter-
mined with these assays provide some insight into po-
tential therapy-induced immune reactivity but exclude
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other aspects of anticancer immunity. Most important,
none of these assays is validated in large clinical trials.

11.3.2 Natural Killer-Cells

Natural killer (NK) cells are part of the innate immune
system and, compared to T-cells, do not rearrange their
receptors to adapt to the constantly changing antigenic
challenge. Instead, NK-receptors recognize conserved
molecular structures usually specific to pathogens,
which they identify as “foreign” A second group of re-
ceptors expressed on NK-cells are inhibitory KIR (Killer
cell Ig-like Receptor) receptors which recognize deter-
minants of HLA-haplotypes and suppress NK-cell reac-
tivity to “self” (Colonna et al. 1997; Dohring et al. 1996;
Wagtmann et al. 1995). Reduced cell surface expression
of HLA-molecules results in increased susceptibility to
NK-cell-induced cytotoxicity, suggesting a missing
“self” recognition (Karre et al. 1986).

Consequently, in the allogeneic transplant setting an
HLA-mismatch can also trigger NK-cell alloreactivity
(Aversa et al. 1998). More specifically, MHC mismatch
between NK-cell KIR receptors and HLA molecules on
recipient cells can trigger this reaction (Ruggeri et al.
2002). NK-cells are implicated to be at least part of
the effective immune response to blood and bone mar-
row cancers. Their potential role in immune therapy is
reasonably well understood and summarized elsewhere
(Caligiuri et al. 2004).

11.3.3 Antibodies

It is generally believed that an effective immune therapy
strategy against CML largely must depend on T-cells.
However, most responses triggered by immune therapy
are complex and activate other elements of the immune
system. Some data show anti-CML antibodies after allo-
transplants and after DLI. Some data suggest that these
represent antibody responses against CML-associated
antigens and are not found in normal persons or in al-
lotransplant recipients with GvHD and correlate with
clinical responses (Wu et al. 2000). Efforts directed to-
wards serological identification of cancer antigens via
recombinant cDNA library expression cloning (SEREX)
have identified several antigens including CML66, a
cancer-associated antigen expressed on CML cells,
which is immunogenic and leads to specific antibody
responses (Wu et al. 2000; Yang et al. 2001).



Although the role of antibody responses against
CML-associated or -specific antigens is not understood,
preliminary data suggest careful study of antibody re-
sponses in CML may further the identification of novel
CML-related antigens that, subsequently, might be used
for immune therapy.

11.4 Established Immune Therapies

11.4.1 Interferon-a

The cytokine interferon-a (IFN-a) is active in CML, and
usually associated with substantial toxicity. When used
as initial therapy, about 5-10% of persons with chronic
phase CML achieve a cytogenetic remission, However,
most of these persons still have MRD detectable by mo-
lecular techniques. This situation is interpreted as can-
cer dormancy supported by the observation, that - de-
spite cytogenetic or molecular detection of leukemia
cells - there are long-term survivors free of clinical
CML. Based on these data it is postulated IFN-a controls
CML by activating the immune system (Talpaz 2001).
Recent advances in the understanding of the effects of
IFN-a suggest a contribution in eliciting T-cell re-
sponses against self-antigens in CML (Burchert and
Neubauer 20053).

Although some data suggest IFN-o¢ may induce
CML-associated antigen expression supporting immune
responses against CML cells (Burchert et al. 2003), it is
unclear whether IFN-a might also induce expression of
minor HLA-antigens adding at least a partial allogeneic
effect. At present, it is not certain whether the effect of
IFN-a results from an immune effect, an antiprolifera-
tive effect, or something else.

Because of the substantial cytogenetic response
rates to imatinib but the persistence of MRD, a combi-
nation of imatinib followed by IFN-a was proposed to
consolidate imatinib-induced remissions (Talpaz
2001). Data from an exploratory trial shows feasibility
but it is not yet possible to evaluate efficacy (Baccarani
et al. 2004).

Based on current knowledge, the benefit of IFN-a in
CML does not appear to involve alloantigens. This
furthers the notion that an immune effect from IFN-q,
if it exists, may be achieved or enhanced by other im-
mune therapies, like cancer vaccines.
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11.4.2 Bone Marrow and Blood Cell Transplants

Bone marrow and blood cell transplants (BMT) are the
only known cure for CML (Butturini and Gale 1992).
The initial focus of allogeneic transplants was to use
high-dose chemotherapy and/or radiation to eradicate
leukemia followed by rescue from otherwise irreversible
bone marrow failure by the graft. Recently, less intensive
conditioning regimens have been used based on the no-
tion that immune-mediated anti-leukemia effects rather
than high-dose therapy can eradicate CML cells (see be-
low) (Kolb et al. 2004).

The notion that transplants cure CML by immune-
mediated mechanisms is based on substantial clinical
data. For example, recipients of transplants from geneti-
cally-identical twins, allotransplant recipients without
graft-versus-host-disease (GvHD), and recipients of T-
cell-depleted allotransplants all have increased leuke-
mia-relapse risks higher than appropriate controls (But-
turini and Gale 1992, 1995). Also, stopping posttrans-
plant immune suppression and/or infusion of donor
lymphocytes produces remission in persons with leuke-
mia-relapse post transplant. Some studies provide data
supporting two distinct immune-mediated anti-leuke-
mia effects: (1) GvHD; and (2) an antileukemic effect
distinct from clinical GVHD termed graft-versus-leuke-
mia-effect (GvL). Whether GvL is really distinct from
GVHD or an anti-leukemia effect of clinically undetect-
able GvHD is uncertain. The correct answer to this
question is of fundamental importance in trying to de-
termine whether the immune-mediated anti-leukemia
effects associated with transplants can operate anywhere
but in an allogeneic setting. Data relevant for defining
the role of the immune system and suggesting a GvL ef-
fect are comparisons of relapse rates with occurrence
and severity of GVHD in persons with different genetic
backgrounds, and the effects of T-cell depletion and im-
mune suppressive drugs such as cyclosporine. Persons
with CML, who develop chronic GvHD after allogeneic
BMT have about a fourfold reduced relative relapse risk
compared with those without GvHD. Additionally, per-
sons receiving syngeneic BMT from a genetically-iden-
tical twin have 12-fold higher relative relapse risk than
allogeneic BMT recipients with chronic GvHD (Table
11.1) (Butturini and Gale 1991, 1992).

A direct effect of T-cells on relapse rates is apparent
when relapse risks after T-cell-depleted and replete allo-
geneic BMT are compared. The relative risk for relapse
in T-cell-depleted transplants is about sevenfold higher
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than in T-cell-replete transplants. This effect persists
after adjusting for GvHD (Table 11.1). Similarly, immune
suppression with cyclosporine in GVHD does not reduce
the risk of relapse.

The biologic mechanism for this T-cell effect is not
understood, but it is hypothesized that the anti-leuke-
mia effect of GVHD is based on reactivity of donor lym-
phocytes to minor HLA-antigens (Butturini and Gale
1991; Goulmy et al. 1983), whereas the leukemia-specific
effect of GvL is attributed to leukemia-specific antigens
and differences in their immunogenicity. Cells mediat-
ing the GvL effect are proposed to be cytotoxic T-cells
and/or NK cells (Butturini and Gale 1991; Kolb et al.
2004).

11.4.3 Donor Lymphocyte Infusion

As suggested above, T-cells are most likely responsible
for the anti-leukemia effects associated with GvHD
and GvL seen in BMT recipients. For example, T-cell de-
pletion increases leukemia relapse risk even when ad-
justed for GvHD (Table 11.1) (Horowitz and Gale 1991;
Horowitz et al. 1990). Conversely, infusion of T-cells,
termed donor lymphocyte infusion (DLI) can reverse
posttransplant relapse. DLI is typically given when
graft-versus-host tolerance is established as judged by
the absence of GVHD (Kolb et al. 2004). However, giving
DLI early post transplant before graft-versus-host-toler-
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ance has developed or can be assessed can increase in-
cidence and/or severity of acute GvHD (Sullivan et al.
1989). Persons with chronic phase CML relapsing after
allogeneic BMT, have about a 70% response rate to
DLI (Kolb et al. 1995). Persons with few leukemia cells
(cytogenetic and/or molecular evidence of leukemia)
and those with less advanced disease have higher re-
sponse rates. Response to DLI typically occurs over 4-
6 months consistent with expansion of the infused T-
cells (Kolb et al. 2004). The contribution of T-cell sub-
sets and/or dendritic cells to this anti-leukemia effect is
undefined. Response to DLI is greater in myeloid-versus
lymphoid leukemias; it is suggested this difference re-
sults from the direct presentation of myeloid-specific
antigens to donor T-cells by dendritic cells which are
part of the leukemia clone (Kolb et al. 1995). This notion
is the basis for dendritic cell (DC) vaccines in CML
(Sect. 11.5.2.1).

The anti-leukemia effect associated with DLI is seen
after allogeneic BMT but not after transplants from ge-
netically-identical twins (Kolb et al. 1995). This is con-
sistent with data from allogeneic BMT (Table 11.1) and
suggests an allogeneic component for the anti-leukemia
effect of DLIL.

Although it is widely believed T-cells provide the ef-
fector mechanism responsible for GvHD that is asso-
ciated with an anti-leukemia effect, it is less certain
which cells mediate the graft-versus-leukemia (GvL) ef-
fect. It might be an immune-specific response of T-cells

Table 11.1. Relative risk for relapse after transplants for chronic phase CML (adapted from Bocchia et al. 2005 with per-

mission)

Study group N
Allogeneic, non-T-cell-depleted transplants

No GvHD* 115
Acute GvHD only 267
Chronic GvHD 45
Acute and chronic GvHD 164
Syngeneic 24
Allogeneic, T-cell-depleted transplants

All patients 154
No GvHD 74
Acute and/or chronic GvHD 80

Relative Risk p-value
1.00 -

1.15 0.75
0.28 0.16
0.24 0.03
2.95 0.08
5.14 0.0001
6.91 0.0001
4.45 0.003

GvHD, graft versus host disease; relative risk is in comparison to reference group;

*  reference group



to leukemia-specific or -related antigens or subclinical
GvHD. Current data do not distinguish between these
possibilities. Resolving this question will have far-
reaching impact for future strategies for immune thera-
py of CML. If the “GvL effect” is not leukemia-specific
there would be no scientific basis to expect a leuke-
mia-specific vaccine to work. However, it would also
not exclude such a possibility. Well-conducted vaccine
trials using leukemia-specific antigens may provide an
answer to this question.

11.5 Investigational Inmune Therapies

Novel approaches to immune therapy of CML focus on
developing vaccines. Cancer vaccines have a history
going back more than 100 years when cancer-regression
was observed in persons with severe infection (Hoos
2004). Since then knowledge about cancer and about
the immune system have increased substantially. Several
novel vaccines are now being studied in solid and he-
matologic cancers. The hypothesized presence of a char-
acterized cancer-associated or -specific antigen in most
persons with the target cancer is the basis for most vac-
cine strategies. Some cancers, like malignant melanoma,
have several well-characterized and frequently ex-
pressed cancer-associated antigens. However, identify-
ing similar antigens in most other cancers has proven
difficult (Berinstein 2003; Ribas et al. 2003).

In CML, several peptide vaccines target single anti-
gens, which are shared by most persons with the disease
such as BCR-ABL (P210%“®4BL) pr-3 and WT-1. Other
vaccine approaches include a broader repertoire of tar-
get antigens to minimize the impact of escape variants
on vaccine efficacy and eliminate dependence on certain
HLA-antigens or -haplotypes thereby increasing appli-
cability of the vaccine to most persons with CML. Such
approaches are illustrated by using autologous leukemia
cells from persons with CML as the source of target
antigens for vaccination.

Features of cancer vaccines that should be consider-
ed in evaluating their likelihood of success include: (1)
specificity; (2) immunogenicity of target antigen(s);
(3) frequency of antigen expression on cancer cells with-
in and between patients; (4) polyclonality of antigens;
and (5) toxicity (Hoos 2004).

Modern cancer vaccines have two important fea-
tures: good specificity and little toxicity. However, many
questions remain to be answered before the relevant fac-
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tors for success of cancer vaccines are known. Several
vaccine strategies used in CML are discussed below
and summarized in Table 11.2.

11.5.1 Peptide Vaccines

11.5.1.1 BCR-ABL

The BCR-ABL fusion protein P210°“®*® is a CML-spe-
cific molecular abnormality, which, because of its cano-
nical character and specificity for CML, represents a
model antigen for cancer immune therapy. Several stud-
ies of in vitro immunity after in vivo vaccination in hu-
mans report immunogenicity of P210°“**P_derived
peptides (Bocchia et al. 1996; Pinilla-Ibarz et al. 2000).
Scheinberg and coworkers showed that P210®“**P_de-
rived peptides of 9-11 amino acids spanning the b3az
BCR-ABL breakpoint can elicit specific HLA class I re-
stricted cytotoxic T-cells in vitro in HLA-matched
healthy donors and induce T-cells cytotoxic to allo-
geneic HLA-A3-matched peptide-pulsed leukemia cell
lines or induce killing of autologous and allogeneic
HLA-matched peptide-pulsed blood mononuclear cells
(Bocchia et al. 1996). Vaccination of 12 persons with
chronic phase CML with these peptides combined with
an immune-adjuvant (saponin adjuvant; QS-21) was safe
and immunogenic (Pinilla-Ibarz et al. 2000). Similar
findings are reported using a multivalent peptide vac-
cine study composed of six BCR-ABL b3a2 breakpoint
peptides and QS-21 in 14 persons with chronic phase
CML. Most had DTH and CD4" T-cell proliferative
and/or p-IEN release ELISPOT responses, whereas a
few showed similar responses for CD8" T-cells.
Although there were clinical responses in this study,
concomitant therapy was given precluding a critical
analysis of the clinical outcome (Cathcart et al. 2004).
Recently, Bocchia and coworkers reported on 16 persons
with chronic phase CML in a phase 2 trial. Most had
persisting stable cytogenetic evidence of CML after 1
year of imatinib or 2 years of IFN-a therapy and no de-
tectable change in leukemia level for at least 6 months.
Persons received six vaccinations with a 5-valent b3a2
peptide vaccine plus molgramostim and QS-21, and
were followed by ELISPOT assay for immunity and cy-
togenetics and BCR-ABL RT-PCR for persisting leuke-
mia. Fifteen had fewer CML cells detected by cytoge-
netics after vaccination; three achieved a complete mo-
lecular response. Immunogenicity of the vaccine was
shown in most persons (Bocchia et al. 2005). These data
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suggest some effect of vaccination on residual leukemia
in chronic phase CML and highlight the need for further
study to determine clinical benefit from vaccination.

11.5.1.2 Pr-3 and Pr-1 Vaccination

The primary granule enzyme Protienase-3 (Pr-3) found
in granulocytes, is a cancer-associated antigen overex-
pressed in myeloid leukemias including CML. Pr-3 is
normally maximally expressed in promyelocytes. How-
ever, Pr-3 is three- to sixfold overexpressed in about
three quarters of persons with CML. Pr-1, a 9 amino
acid HLA-A*o201-restricted peptide derived from Pr-3,
which is a target epitope of CTLs that preferentially kill
myeloid leukemia cells in vitro (Molldrem et al. 1997,
1999). Peptides derived from Pr-3, like Pr-1, are pre-
sented on MHC class I molecules from CD34+ CML
blasts. These data suggest Pr-3-related peptides could
be leukemia-associated antigens. Molldrem et al. used
PR1/HLA-A2 tetramers to identify PR-1-specific CTLs
in 38 subjects with CML who received allogeneic BMT,
interferon-a or chemotherapy and reported a correla-
tion between immune and therapy response (Molldrem
et al. 2000). Recent data suggest a low frequency of
CD8-positive T-cells reactive to Pr-1 in the blood of nor-
mals and people with myeloid leukemias including CML
(Rezvani et al. 2003). Molldrem et al. reported that peo-
ple with CML lack high-avidity leukemia-specific T-
cells in contrast to normals. Also, high-avidity PR1-spe-
cific T-cells were found in IFN-a-sensitive persons with
cytogenetic remission but not others (Molldrem et al.
2003). Taken together, these data suggest Pr-3-related
peptides as a potential target for immune therapy of
CML. However, they also indicate the need for further
study of the underlying immune mechanisms in CML
to optimize therapy strategies and avoid immune escape
mechanisms.

11.5.1.3 WT-1

The Wilms tumor protein WT-1 is a transcription factor
expressed in normal tissues during embryonic develop-
ment. Overexpression was first described in Wilm tu-
mors of the kidney in children and later in some solid
cancers and in most cases of myelodysplastic syndrome
(MDS), acute myelogenous leukemia (AML), acute lym-
phocytic leukemia (ALL), and CML (Rosenfeld et al.
2003). A recent study investigated the expression pat-
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terns of WT-1 and BCR-ABL via quantitative RT-PCR
during follow-up of persons with Ph-chromosome-pos-
itive CML or ALL and showed WT-1 expression changed
in parallel with BCR-ABL expression and disease state.

Because of its limited normal tissue expression in
adults, WT-1 was identified as a target for immune ther-
apy in these cancers. Indirect data suggest little expres-
sion of WT-1 on human hematopoietic progenitor cells
(Oka et al. 2002).

WTi-specific, HLA-restricted CTLs have been gen-
erated against HLA-Ao201 and HLA-A2402-restricted
epitopes selectively kill WT1-expressing leukemia cells
(Gao et al. 2000, Ohminami et al 2000). Anti-WT-1 an-
tibodies are present in people with leukemia, indicating
WT-1 is antigenic (Wu et al. 2005). WT1-reactive, CD8-
positive T-cells are detected at low frequency in normal
persons and at higher frequency in persons with CML
(Rezvani et al. 2003).

These studies support the notion that immunization
against WT-1 may be helpful in immune therapy of
CML; more data are needed.

Because WT-1 is highly conserved between mice and
humans, data from mouse models may be useful for
drawing some conclusions for human studies. Experi-
ments in mice report that immunization with peptide
or DNA-based WT-1 vaccines can protect against chal-
lenge with WT-1-expressing cancer cells (Oka et al.
2002). Vaccination with WT-1 peptide BCG cell wall
skeleton (BCG-CWS) can eliminate WT-1 expressing
cancer cells in mice. Immunization with WT-1-derived
peptides or WT-1 DNA elicits WT-1-specific CTLs, that
appear not to attack normal tissues, which typically ex-
press low levels of WT-1. Based on these data, clinical
trials that target WT-1 are beginning (Mailander et al.
2004). Favorable results are reported in several studies
but none yet in CML. It is worth noting parenthetically
that transfusion of human T-cells transduced with genes
coding for a WT-1 specific T-cell receptor can eliminate
human CML cells in a murine model system, an obser-
vation that adds further support to the notion that WT-1
may be a promising target for immunotherapy (Xue et
al. 20053).

In summary, the use of WT1 as a target for vaccina-
tion against WT1-positive CML appears promising but
requires substantial further study to elucidate the biol-
ogy of WT1 expression in health and malignancy and
vaccination effects on CML in defined populations.



11.5.2 Autologous Vaccines

Random mutations accumulating in cancer cells create
large numbers of molecular abnormalities that are po-
tential targets for immune therapy. The randomness
of this process makes each cancer unique. Conse-
quently, it is logical to envision an individualized
approach to cancer vaccines built on targeting the re-
pertoire of unique antigens.

CML is an exception to this mechanism in that the
canonical BCR-ABL translocation is the transforming
event in every case. However, progression of CML from
chronic to acute phase is typically accompanied by ad-
ditional genetic abnormalities (Butturini and Gale
1995). These unidentified and presumably individually
specific abnormalities, along with those previously dis-
cussed (BCR-ABL, Pr-3, and WT-1) are implicated to
contribute to a specific GvL effect (Sect. 11.4.3) and sug-
gest that autologous immune therapy of CML may work.

Several autologous vaccine strategies attempt to ex-
ploit the foregoing, for example, autologous dendritic
cell vaccines with or without the transduction of a
GM-CSF gene (Ossenkoppele et al. 2003; Stam et al.
2003; Westermann et al. 2004) or autologous heat shock
protein vaccines targeting the specific potential antigen
repertoire of each patient’s cancer (Hoos and Levey
2003). Others include vaccines of CML-cell lysates (Zeng
et al. 2005). These approaches are discussed below.

11.5.2.1 Dendritic Cell Vaccines

Several autologous dendritic cell (DC)-based vaccines
were tested in early clinical trials of persons with
CML. The rationale is that DCs are progeny of the
CML-clone resulting in constitutive expression of pre-
sumed cancer-specific or cancer-associated antigens
(like BCR-ABL, Pr-3, and WT-1). These antigens may
be processed and presented by autologous DC to T-cells.
If adequately formulated as a vaccine, DC may induce
anti-CML immune responses, which overcome T-cell
anergy or other mechanisms that suppress immunity
to CML (Ossenkoppele et al. 2003; Westermann et al.
2004).

A phase 1 study conducted by Westermann and col-
leagues used autologous DC as adjuvant vaccination in
persons with chronic phase CML, who did not achieve
a major cytogenetic response after receiving imatinib
or IFN-a. The study demonstrated feasibility and safety
of vaccination with DC collected by leukapheresis and
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matured in vitro in nine persons. One-third of cultured
DCs had the BCR-ABL transcript. Four subcutaneous
injections of 1-50x10° cells/dose were given. T-cell re-
sponses to BCR-ABL were detected in low frequency
by ELISPOT and tetramer assays in two cases. In five
cases, levels of BCR-ABL-positive cells in the blood de-
creased. Because concomitant anti-leukemia therapies
were given it cannot be determined whether this effect
resulted from the DC vaccination (Westermann et al.
2004).

Another phase-1 study in three persons with IFN-a-
resistant CML was reported (Ossenkoppele et al. 2003).
Here, DCs were generated in culture from blood mono-
nuclear cells and given as four intradermal injections.
DCs were pulsed with KLH and radiated. In some injec-
tions, BCG particles were added. Antikeyhole limpet he-
mocyanin (KLH) IgG antibody responses and delayed-
type hypersensitivity (DTH) responses against KLH,
autologous CML cells, or autologous DC were observed.
One person had a measurable durable DTH reaction
against leukemia cells lasting up to 20 months. Accrual
for this study was stopped when imatinib became avail-
able (Ossenkoppele et al. 2003).

A third phase-I trial in six persons with late chronic
or accelerated phase CML studied DC obtained by leu-
kapheresis and matured monocytes cultured in vitro.
3-15x10° DC were injected into cervical lymph nodes
four times. DCs from three persons were transfected
with a recombinant replication-defective adenovirus
carrying the IL-2 gene. Results suggested feasibility
and safety of this approach. Some clinical improvement
was observed but could not be attributed to vaccination
due to use of concomitant therapy. Improvements were
accompanied by increased DC-specific T-cell reactivity.
Also, IL-2 secreted by transfected DC enhanced in vitro
T-cell proliferation and IFN-a release (Litzow et al.
2004).

Some data suggest that adenoviral GM-CSF gene
transfer into DC induces maturation of DC and may en-
sure protracted stimulation of CML-specific T-cells in
vivo post vaccination (Stam et al. 2003).

In summary, autologous DC vaccination is feasible
and can, sometimes, induce in vitro changes that appear
specific for CML. However, there are no convincing data
showing clinical benefit and DC vaccination is cumber-
some for the routine clinical setting.
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11.5.2.2 Heat Shock Protein-Peptide Complex
Vaccines

Autologous heat shock protein-peptide complex vac-
cines (HSPPCs) target the distinct antigenic repertoire
of each person’s cancer (Hoos and Levey 2003; Srivasta-
va 2000). This is achieved through the physiologic role
of heat shock proteins (HSPs) to help newly synthesized
polypeptides fold into their functional conformation
and chaperone proteins and peptides throughout cellu-
lar compartments. HSPs isolated from cancer cells bind
diverse low molecular weight antigenic peptides includ-
ing epitopes, recognizable by cytotoxic T-cells. HSPPCs
injected intradermally internalize into DC via the CD91
receptor (Binder and Srivastava 2004). Subsequently,
peptides and HSPs dissociate and peptides are pro-
cessed and presented to T-cells through MHC class I
and II pathways. T-cell responses activated by HSPPCs
reflect the immunogenicity of the unique repertoire of
antigenic peptides isolated from the individual cancer
including random mutations and other molecular ab-
normalities. The antigenic peptides used for vaccination
through this approach do not need to be identified and
the approach is not HLA-dependent. The immune ef-
fects of HSPPCs are versatile and include activation of
CD8" and CD4" lymphocytes, induction of innate im-
mune responses via NK-cell activation and cytokine se-
cretion, and induction and maturation of DC.

Experimental mice with advanced cancers vacci-
nated with autologous HSPPCs often show slowing of
cancer growth or stabilization of disease, whereas ani-
mals with minimal residual disease often show long-
lasting protection from clinical recurrence and can be
cured. These animals are also resistant to subsequent
challenge with the same cancer.

HSPPCs have been tested extensively in clinical
trials, mostly in solid cancers (Hoos and Levey 2003).
Recently, a phase I study in 20 persons with chronic
phase CML was reported (Li et al. 2005). Persons re-
ceived imatinib or other therapies but had persisting
CML measured by cytogenetics, fluorescence in situ hy-
bridization (FISH) or RT-PCR. They received an autolo-
gous HSPPC vaccine via intradermal injection of eight
doses of 50 ng each over 8 weeks while their prior ther-
apy was continued. This study found it was feasible to
produce autologous HSPPCs from cells obtained by leu-
kapheresis and supported the assumption that the vac-
cine was safe. Nine of 16 persons studied had immune
responses post vaccination as characterized by an in-
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crease of CML-specific IFN-p-producing cells and IFN-
y-secreting NK cells in the blood. It was also observed
that 13 of 20 persons had fewer leukemia cells post vac-
cination as measured by cytogenetics, FISH, or RT-PCR.
Interpretation of these results is confounded by conco-
mitant therapies. A correlation between immune re-
sponses and reduction of leukemia levels was also re-
ported (Li et al. 2005). Although these data are encour-
aging, definitive studies are needed to establish vaccine
efficacy in adequate patient populations. A phase II trial
in patients with imatinib-resistant CML is ongoing
(Marin et al. 2005; see Table 11.2).

11.5.2.3 Other Approaches

Another form of autologous vaccine is the use of CML
cell lysates. Some data in mice suggest that chaper-
one-rich cell lysates (CRCL) from CML cells activate
DCs and stimulate leukemia-specific immune responses
(Zeng et al. 2003). The rationale for this approach is
based on the presence of a variety of heat shock or cha-
perone proteins in CRCL, which may channel leukemia-
specific peptides into the antigen-presentation pathway
as described in Sect. 11.5.2.2. BCR-ABL-related peptides
were demonstrated in the peptide repertoire of murine
leukemia-derived CRCL and immunization with DCs
cultured with leukemia-derived CRCL induced BCR-
ABL-specific cytotoxic T-cell responses in vivo and bet-
ter survival compared to immunization with DCs pulsed
with BCR-ABL peptide only. This approach is untested
in humans (Zeng et al. 2005).

Considerable data show cancer cells transduced with
the GM-CSF gene can prime systemic anticancer im-
mune responses (e.g., Sect. 11.5.2.1). However, challenges
associated with culturing cancer cells or DC, individua-
lized GM-CSF gene transfer, and large-scale development
of vaccines make this approach tedious. As an alterna-
tive, an HLA-negative human cell line producing human
GM-CSF was created as a universal “bystander” cell to
supplement autologous tumor cell vaccines (Borrello
et al. 1999). This approach is also untested in humans.

11.6 Immune Competence in CML

Success of immune therapy in CML requires intact im-
munity. Several recent studies of disease- or therapy-re-
lated effects on immunity in persons with CML were re-
ported. Relevant variables, besides the well-known che-



motherapy- or DLI-induced bone marrow suppression,
include a potentially limited functionality of Ph-chro-
mosome-positive DC and imatinib-related effects on
immunity.

In persons with CML, the ability of DC to produce
intracellular cytokines and to process and effectively
present antigens is impaired (Dong et al. 2003; Eisendle
et al. 2003; Wang et al. 1999; Yasukawa et al. 2001). Che-
mokine-induced migration of these cells is also reduced
(Dong et al. 2003). However, some of these effects are
reversible in vitro by culturing DC with IFN-a or
TNEF-a (Eisendle et al. 2003; Wang et al. 1999). Relevance
of these data to immune therapy of CML is uncertain
and data from clinical trials are needed to provide an-
swers.

Other data showed diverse effects of imatinib on im-
mune function. Sato and colleagues suggested intensi-
fied antigen-presentation of DC in persons with CML
receiving imatinib; (Sato et al. 2003) others reported re-
storation of plasmacytoid DC function (Mohty et al.
2004). In contrast, exposing CD-34" progenitor cells
to imatinib in vitro inhibits differentiation into DC
(Appel et al. 2004). Since almost everyone with CML
today receives imatinib it is important that vaccine
therapies have the ability to operate in persons receiving
this drug. Several vaccine studies reported immune re-
sponses in patients receiving imatinib (Bocchia et al.
2005; Li et al. 2005). However, the relevant impact of
chronic imatinib use on the immune system and the
ability to translate immune responses induced in this
environment into clinical activity need further study.

11.7 Future Directions

The question of the potential efficacy of immune thera-
py in CML has, in our opinion, far-reaching importance.
This is because results of therapies of CML, like allo-
geneic BMT and DLI, provide the most convincing evi-
dence that immune therapy may benefit persons with
cancer.

Unquestionably, an allogeneic anti-leukemia effect
operates in persons with CML receiving the above thera-
pies. Often this is associated with clinical GvHD. There
also seems to be an allogeneic anti-leukemia effect dis-
tinguishable from clinical GvHD. However, there are
two important interrelated issues we cannot resolve:
(1) Can these anti-leukemia effects operate in settings
without allogeneic disparity, for example, in an autolo-
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gous setting? and (2) Is there an anti-leukemia effect
distinct from GvHD?

Answers to these questions are important. For ex-
ample, if an allogeneic milieu is required for a clinical
anti-leukemia effect, autologous vaccines using cancer-
specific but nonallogeneic target antigens are unlikely
to be effective. This implies, if there is no clinically ef-
fective immune response to cancer-related or -specific
antigens, but only to alloantigens, vaccines against tar-
gets like BCR-ABL, Pr-3, and WT-1 will not be effective.

There are many reports of increased immune re-
sponses, in vitro and in vivo, following treatment with
cancer vaccines (Berinstein 2003; Ribas et al. 2003).
Those in CML vaccine trials are discussed above. How-
ever, results of these tests are not convincingly corre-
lated with clinical response and these tests are not vali-
dated surrogates. This is due to the lack of sufficiently
powered randomized trials that employ these tests and
investigate vaccines with sufficient clinical activity to
correlate immune response and clinical events.

Although we found convincing data of immune-re-
lated anticancer effects of allogeneic BMT and DLI in
CML, results of other immune therapies are less con-
vincing. We identified few persons with CML who re-
ceived cancer vaccines in whom we think a clinical ben-
efit from vaccination is convincing. Because of the early
nature of the clinical trials conducted in CML to date
and the confounding issues cited, we think the only crit-
ical test of a possible benefit of immune therapy of CML
other than allogeneic transplants and DLI must come
from large, controlled, randomized trials, especially in
populations with minimal residual disease.

CML is an excellent candidate disease in which to
test immune therapy of cancer in humans. However, it
should be recalled that chronic phase CML, where al-
most all immune therapy trials are done, is more a pre-
leukemia than leukemia. Chronic phase CML cells have
regulated growth and respond appropriately to normal
physiological stimuli, like G- or GM-CSF and infection.
Persons with cyclical neutropenia and CML have typical
oscillations in their WBC. Furthermore, many persons
with CML would likely survive normally if they did
not progress to acute phase. Consequently, even if im-
mune therapy were successful in chronic phase CML,
one should be carefully applying this lesson to bona fide
cancers, especially advanced cancers.

Because of the clear anti-leukemia effect of alloim-
munity in CML, others have tried to apply this approach
to other cancers. Data in blood and bone marrow can-
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cers, like lymphoma and multiple myeloma, are similar
to CML but less striking in their magnitude. Data sup-
porting this approach in solid cancers are less studied
and far less convincing. Renal cancer is the best-studied
example. Here, data supporting a benefit of an allo-
geneic effect are reasonably convincing (Childs et al.
2000; Rini et al. 2002). Again, it has been difficult or im-
possible to separate an anticancer effect from GvHD,
which limits the utility of this approach. Data in other
cancers, we think, either are negative or unconvincing
(Blaise et al. 2004; Bregni et al. 2002; Ueno et al.
2003). More data are needed. Again, we urge use of large
controlled randomized trials. Because of the difficulty
in separating an anticancer benefit from GvHD we think
this approach is unlikely to be of broad utility in cancer
therapy, even if effective.

It is impossible to know presently if immune thera-
py other than allogeneic BMT and DLI will work in
CML. We do not consider the available data in CML cri-
tically evaluable and urge conduct of appropriately de-
signed randomized trials. This notion is supported by
recent reports of randomized trials with cancer vaccines
in prostate or lung cancer, which suggest clinical benefit
from vaccines using autologous antigens providing a ba-
sis for further vaccine development (Murray et al. 2005;
Small et al. 2005).
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