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Chronic Myeloid Leukemia

Junia V. Melo, Timothy P. Hughes, and Jane F. Apperley

Chronic myeloid leukemia (CML) was the first
human malignancy to be associated with a spe-
cific genetic lesion, the Philadelphia chromosome,
harboring the BCR-ABL oncogene. Since then, it
has become a paradigm for the discovery of
molecular mechanisms and targeted therapeutic
approaches in the field of hematologic neoplasias.
The past 5 years or so have been particularly
fruitful in the dissection of the signal transduction
pathways abnormally activated in CML and in the
translation of this knowledge to clinical practice.

In this report, we discuss the biological basis for
such translation and highlight the current and
potential tools for the effective treatment of CML
patients. The first part presents a review of the
basic concepts on the biology of CML and their
application to the design of targeted therapy. The
mechanisms of action of the molecular-specific
drugs currently used in clinical trials are dis-
cussed, with emphasis on the description of the

most promising new compounds that are enhanc-
ing the potential for effective alternative or combi-
nation chemotherapy in CML. In the following
section, we explain how molecular monitoring of
response to imatinib mesylate in patients with
CML can be used as a guide to clinical manage-
ment. In particular, we discuss the relative value of
regular quantitative RT/PCR and cytogenetic
analyses, how responding patients should be
monitored and managed, and how to investigate
patients who are refractory or become resistant to
imatinib treatment. In the last part of this report, a
discussion on the possibility of managing CML
with patient-specific strategies is presented. We
review the current treatment options, highlight the
factors impacting on decision making, discuss the
range of possibilities for future therapeutic strate-
gies and propose a systematic approach for
individualizing treatment for patients in different
disease categories.

product has been identified as having a central role in
its pathology.

Through the contribution of various researchers,
the past 20 years have brought us considerable knowl-
edge on the molecular and cell biology of CML, creat-
Chronic myeloid leukemia (CML) is a hematopoietidng the essential platform for targeted therapy to be en-
disorder characterized by the malignant expansion giheered Eigure 2; see Appendix, page 599). It soon
bone marrow stem cells. Its cytogenetic hallmark is lkecame clear that the Bcr-Abl oncoprotein itself is the
reciprocal t(9;22)(q34;911) chromosomal translocatiobest molecular target presented by CML cells because
that creates a derivative ‘9gnd a small 22g—, known it is not expressed by normal cells. Furthermore, the
as the Philadelphia (Ph) chromosoh#he latter har- dissection of the signal transduction pathways affected
bors theBCR-ABL fusion gene encoding a chimeric Ber-by the deregulated kinase activity of Ber-Abl provided
Abl protein with a deregulated tyrosine kinase activitjnformation on additional or alternative signaling steps
(Figure 1; see Appendix, page 598), the expression dfiat could be interrupted in an attempt to eliminate the
which has been shown to be necessary and sufficigntcogenic effect of Ber-Abl. More recently, attention
for the transformed phenotype of CML cells. CML idhas also been focused on immunological means of rec-
unusual among human cancers in that a single oncog@g#izing and destroying the leukemic clone, and these
approaches look promising, particularly in the context
of eliminating residual disease after various sorts of

“debulking” therapy.
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Molecular Targeting of the proteins, including Abl itselfRigure 1; see Appendix,
BCR-ABL Gene Products page 598).

Although initial efforts in the early 1990s were directed

toward attempts to inhibit BCR-ABL gene function vial nhibiting the Tyrosine Kinase Activity of Bcr-Abl

its RNA message, this strategy was never successfullye to its essential role in the leukemogenicity of the

translated into efficient forms of treatment for CML.oncoprotein, the SH1 domain of Bcr-Abl is an obvious

Thus, the elucidation of the structure and mechanism®lecular target. Early screenings of natural products

of action of the end product of the chromosomal tranfsr compounds capable of antagonizing this catalytic

location, the Bcr-Abl protein itself, shifted the focus tactivity identified an isoflavonoid, genistein, and an

the investigation of small molecules that could intera@ntibiotic, herbimycin-A, as potential candidates. Sub-

with and inhibit this oncoprotein. sequent efforts have focused on the rational design of
synthetic compounds with chemical structures that are
Bcr-Abl Oncoprotein able to compete with either adenosine triphosphate

In CML, the mRNA molecules transcribed from thgATP) or a substrate for occupancy of the binding site
hybrid gene usually contain 1 oBZR-ABL junctions, in the kinase domain.
designated el13a2 (formerly b2a2) and el4a2 (b3a2), The most successful synthetic ATP-binding inhibi-
respectively. Both mRNAs are translated into ator that has been developed to date is the 2-phenyl-
oncoprotein of 210 kDa molecular weight. The leukeaminopyrimidine, imatinib mesylate, formerly known
mogenic potential of the p2i0* resides in the fact as STI571 (Glive¢or Gleeve&l, from Novartis
that the normally regulated tyrosine kinase activity dPharma, Basel, Switzerland). Initial preclinical studies
the Abl protein is constitutively activated by the juxtashowed that imatinib was effective at inhibiting the
position of “alien” Bcr sequence&ifure 1; see Ap- autophosphorylation of Abl, the platelet-derived growth
pendix, page 598). Bcr acts by promoting dimerizatiofactor receptor (PDGFR), the Kit receptand the Arg
of the oncoprotein such that the 2 adjacent Bcr-Abl mojABL-related gene) tyrosine kinases at submicromolar
ecules phosphorylate their respective partners on tyencentration§.The most striking feature of the com-
rosine residues in their kinase activation lobg$e pound is its remarkable degree of specificity, its effect
uncontrolled kinase activity of Bcr-Abl then usurps then other tyrosine kinases being negligible. The prolif-
physiological functions of the normal Abl enzyme byeration of CML progenitor cells was inhibited by treat-
interacting with a variety of effector proteins, the nement with the inhibitor but control normal cells were
result of which is deregulated cellular proliferationjargely unaffected? Selective inhibition of growth
decreased adherence of leukemia cells to the bone nould also be demonstrated BER-ABL* cell lines
row stroma and reduced apoptotic response to mibeth in vitré and in mice:®
tagenic stimuli Figure 1, see Appendix, page 598). The combined preclinical data suggested that
The relative contributions of these effects to the phématinib might have value as a therapeutic agent, and
notype of chronic phase CML is still poorly understdodthe first clinical trials with this drug were initiated in
The Bcr-Abl protein structure and the biochemical 998. Presently, over 60,000 patients have been treated
pathways in which it is involved have been extensivelyworldwide with imatinib, and the success forecasted
investigated and recently reviewed by*i&owledge from those initial data has been largely achieved (see
of the function of several structural domains ‘inheritedbelow on the clinical sections of this article). However,
from the parental Bcr and Abl proteins allows one tthere remain problems associated with the clinical use
test for certain properties of the fusion product. Thusfimatinib for the treatment of CML. In advanced phase

the tyrosine kinase encoded by the Src-homology disease, the responses are often short-lived and patients

(SH1) domain of the Abl component of Bcr-Abl is un-invariably undergo disease progression following the
doubtedly the most crucial for oncogenic transformarief periods of respite. This results from the emergence
tion. Other important motifs in the Abl portion are theof a leukemic clone resistant to the drug following its
protein-interaction SH2 and the C-terminal nuclear laegular administration. The mechanisms of resistance
calization signal (NLS), DNA- and actin-binding do-to imatinib are still not completely known, but include
mains. On the Bcr moiety, the coiled-coil motif encodethe selection of cells that overexpress Ber-Bbtcells

by the firstBCR exon is responsible for dimerization ofthat express normal levels of Bcr-Abl but with muta-
the oncoprotein; a tyrosine at position 177 is crucidions in the Abl kinase domaifi® and cells that seem
for the binding of adaptor proteins such as Grb-2; arid be independent of Bcr-Abl expression, perhaps via
amino terminal phosphoserine/phosphothreonine resibnormal activation of other oncogenic pathwdys.
dues are required for interaction with SH2-containinGonceivably, more than 1 of these mechanisms may
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coexist in the same cell. Cells resistant via any of thesase activity of Bcr-Abl in this fashion, resulting in the
mechanisms may be specifically selected by imatinibss of kinase autophosphorylation, and the subsequent
regardless of the fact that in Bcr-Abl-independent cellslegradation of Ber-Abl. Adaphostin (NSC 680410), the
the drug appears to be effective in inhibiting Bcr-Abadamantyl ester of the tyrphostin AG957, has a longer
signaling®®® It has been argued that resistance tserum half-life than AG957 and greater in vitro potency.
imatinib might be expected to develop more rapidly antlhe compound has been reported to induce apoptosis
more uniformly than resistance to conventional cytan a dose- and time-dependent manner via the mito-
toxic drugs precisely because imatinib has such a highdondrial pathway, and continues to exert its effects
specific target profilé® following withdrawal?® Interestingly, adaphostin ap-

A mutant amino acid in the Abl kinase domain leadpears to induce cell death without downregulating the
to drug resistance if it directly or indirectly obstructsantiapoptotic proteins (such as XIAP and Be¢)-¥hat
the appropriate binding of imatinib to the kinase pocke&re thought to contribute a survival advantage to CML
without, however, preventing the kinase from acceptells. In a recent stud§the effects of adaphostin were
ing ATP and thus phosphorylating the substrates thedmpared with those of imatinib mesylate on K562
generate the CML phenotype. In these instances,cills,BCR-ABL-transduced FDC-P1 cells and primary
might be possible to design new analogues of imatinibematopoietic progenitors from CML patients. In K562,
Ideally, these agents would inhibit the modified kinaskevels of p21&-4" were reduced following a 6-hour
configuration, and yet retain the same degree of speekposure to 10 mM adaphostin. Caspase activation oc-
ficity and lack of effect in normal cells. Such an agenturred by 12 hours, and by 24 hours 90% of the K562
would be a welcome addition to imatinib in the drugells were apoptotic. In contrast, treatment of K562 with
armamentarium for treating CML. This would allow20 mM imatinib led to rapid inhibition of Bcr-Abl
one to combine analogues, individualizing therapy oautophosphorylation without degradation of the p210
the basis of molecular surveillance of BER-ABL  protein. Adaphostin was selectively toxic for leukemic
sequences present in the tumor load. Such an approaelis, inhibiting CML granulocyte colony-forming units
is technically feasible and would likely represent afCFU-G) but not normal CFU-G. Importantly, imatinib-
improvement on imatinib monotherapy. Certainly, otheresistant K562 cells proved to be sensitive to adaphostin.
small-molecule inhibitors of the Bcr-Abl kinase are irThis last finding is consistent with the notion that
development, and appear to partake in slightly diffeimatinib and adaphostin exert their inhibitory effects
ent molecular interactiorts. on the tyrosine kinase activity of Bcr-Abl by separate

The best example of alternative ATP competitorand distinct mechanisms. Treatment of K562 cells with
potentially useful for the treatment of CML is a familyboth imatinib and adaphostin induced greater cytotox-
of pyridol[2-3-d]pyrimidine compounds originally de- icity than that achieved with either agent alone. Hence,
scribed as potent Src inhibitofsAmong 7 of these adaphostin may prove to be a valuable compound for
compounds tested recently by the Memorial Sloamse in combination with imatinib mesylate.
Kettering group, 2 in particular, PD173955 and
PD166326, were shown to be strong suppressors of fkacking Oligomerization of Bcr-Abl
growth of BCR-ABL-positive cells via their effects on The oligomerization domain of Bcr-Abl represents an
Bcr-Abl.2* Furthermore, these pyridol-pyrimidine ki- attractive target for molecular therapy because several
nase inhibitors appear to be effective, at nanomoléines of evidence suggest that this domain is also es-
concentrations, in suppressing the proliferation of sonsential for the transforming activity of the oncoprotein.
types of imatinib-resistarBCR-ABL-positive cell® The correlation between oligomerization and transfor-
(and Tipping et al, in preparation). mation has been interpreted as evidence that Bcr-Abl

In the presence of an ATP-competitor such amust undergo tetramerization in order to become acti-
imatinib, the SH1 domain of Bcr-Abl retains its abilityvated. Thus, the formation of Ber-Abl homotetramers
to associate with substrate molecules but is unablewmuld promote their intermolecular cross-phosphory-
catalyze their phosphorylation. An alternative approadhtion and activation in a manner analogous to the dimer-
for inhibiting the tyrosine kinase activity of theization, cross-phosphorylation and activation of growth
oncoprotein is the use of chemical agents that inhilfaictor receptor tyrosine kinasé#ccording to this
or modify the binding of substrates. Under these comodel, monomers of Bcr-Abl are non-transforming
ditions, the ATP-binding pocket of the SH1 domain isvhereas the oncogenic, transforming species are Bcr-
unaffected but association of the kinase with its suldbl tetramers. In agreement with this hypothesis is the
strates is impaired. A class of synthetic compoundmding that expression of a peptide consisting of the
generically called tyrphostins inhibits the tyrosine kifirst 160 amino acid residues of Bcr, including the oli-
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gomerization domain, was able to restore growth fageldanamycin and its less toxic analogue 17-allylamino-
tor dependence to a growth factor—independ®@R- 17-demethoxygeldanamycin (17-AAG) induced the
ABL*, murine hematopoietic cell lirfé.Furthermore, degradation of wild-type p22®4°' and two mutant Bcr-
by cotransfecting the cells with vectors encoding th&bl proteins (T315] and E255K) found in imatinib-re-
BCR fragment and the full-lengtBCR-ABL in differ-  sistant patients. Moreover, both compounds exhibited
ent stoichiometric ratios, growth factor—independergreater potency against the mutant forms than against
colony formation, characteristic of the transformedhe wild-type Bcr-Abl. Similar effects have been ob-
phenotype, could be inhibited in a dose-dependesérved in cells rendered resistant to imatinib via Bcr-
manner. The Bcr fragment was presumed to disrupt tAdl overexpression (Topaly et al, submitted; Barnes et
formation of transforming Bcr-Abl homotetramers byal, in preparation).
oligomerizing with Bcr-Abl monomers. Arsenic trioxide (AgO,) downregulates Bcr-Abl
Although none of the currently available therapieprotein levels by translational modulation. It has been
for CML target the oligomerization domain of Bcr-Abl,shown by various groups to enhance the selective cyto-
this approach could be exploited for therapeutic gaitoxic effect of imatinib on CML cells. Similarly to
In a recent study in which mice were injected with bongeldanamycin and 17-AAG, it is also effective in in-
marrow cells that had been retrovirally transduced withibiting the growth of cell lines resistant to imatifib.
mutantBCR-ABL constructs, those animals receiving
cells expressing the full-length Bcr-Abhcoprotein  The BCR-ABL mRNA
developed a myeloproliferative disorder resemblingn theory,BCR-ABL mRNA should be an ideal molecu-
human CML, whereas mice receiving cells expressirlgr target for therapy based on antisense (AS) strate-
a mutant Bcr-Abl protein lacking the first 63 aminogies. By designing an AS oligonucleotide that is comple-
acids failed to develop this dise&8é\ case could be mentary to both thBCR andABL sequences on either
made for the development of synthetic molecules caide of theBCR-ABL transcript junction it should be
pable of inhibiting or disrupting Bcr-Abl oligomeriza- possible to generate a species that would hybridize to
tion. Although such inhibitors might be expected also tBCR-ABL mRNA but not to mRNA transcribed from
inhibit the oligomerization of wild-type Bcr, there is evi-the wild-typeBCR or ABL alleles. In practice, how-
dence that disruption of the normal functioning of thigver, conventional AS oligonucleotide approaches have
protein need not necessarily be deleterious to h&alth. failed to fulfill their promise as treatment for CML.
Among the various reasons for this failure, the most
Destabilizing the Ber-Abl Protein important are the apparent lack of specificity of the junc-
In most cases of molecular therapies that target pdien AS oligos, the need to synthesize them with spe-
ticular domains of Bcr-Abl in order to inhibit its func- cial chemical backbones and to introduce them into the
tion, the Bcr-Abl oncoprotein, despite being functioneells via stringent permeabilization procedures, and the
ally inhibited, continues to be expressed by the leukextremely long half-life of the Bcr-Abl proteffi.
mic cells. The persistence of Bcr-Abl presents particu- It remains to be seen whether the so-called “sec-
lar problems for treatment with imatinib where the seand generation” antisense strategies will be applicable
lection of clones with mutated amino acids or overexe the treatment of CML. These include antisense mol-
pression of the oncoprotein leads to the emergenceesfules such as Z>-methoxyethyl RNA, locked nucleic
resistance. Hence, the development of therapies tlzaids and peptide nucleic acids, as well as more exotic
aim at inhibiting expression of Bcr-Abl is particularlychemical species such as morpholinos (honionic DNA
desirable. The stability of Bcr-Abl is dependent upon &nalogues in which the backbone linkages have been
forming a multiprotein complex with the heat shoclaltered relative to the phosphodiester backbone of
protein (HSP) Hsp90 and a cochaperone protein, pA3NA).* A promising variation on the theme of anti-
Brief exposure to geldanamycin, a specific inhibitor ofense is RNA interference (RNAi). Three groups have
Hsp90, causes Bcr-Abl to dissociate from Hsp90 aray now reported on the use of aBEGER-ABL small in-
p23 and to form another complex with the chaperorerfering (si) RNA oligonucleotides BCR-ABL-posi-
proteins, Hsp70 and p&B.3° The p216--4P-Hsp70- tive cells®*-3 Significant inhibition of th&8CR-ABL mes-
p60*r complex is less stable than the p219'-Hsp90- sage and protein has been observed in cell lines and/or
p23 complex since increased proteasome degradatimmary CML cells in the 3 studies. However, the growth-
of Ber-Abl occurs following treatment with geldana-inhibitory and apoptosis-inducing effects of the siRNA
mycin 3t A recent repoft suggests that these drugs mayligonucleotides were not as powerful as those elicited
be of particular benefit to patients who have relapsday imatinib mesylate, and it is still uncertain whether anti-
following treatment with imatinib mesylate. BothBCR-ABL siRNAs can synergize with imatinib?®
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Ribozymes are RNA molecules that are capable ahd significantly inhibited the proliferation of 11 of 16
associating with other RNA molecules by base-pairingell cultures obtained from individual CML patients.
and catalyzing the hydrolysis of specific phosphodiest@ithough these studies illustrate the potential of target-
bonds within the target RNA sequences. Different typesg the adapter molecules that link Bcr-Abl to the cen-
of ribozymes such as hammerhead, RnaseP, and antaat Ras-MAPK mitogenic pathway, considerable ef-
tificial allosterically controllable ribozyme known as aforts will have to be made to refine the peptides before
“maxizyme,” have been used to tarB&R-ABL mRNA  they can form the basis of a molecular therapy.
in vitro and in murine models of leukenife! Deoxy- Currently, the most feasible tool for interference
ribozymes (DNAzymes), are smaller than ribozymesyith the Ras pathway is represented by farnesyl trans-
more efficient enzymatically, less expensive to synthéerase inhibitors (FTIs). These compounds disrupt the
size and more resistant to serum. In addition, DNAprenylation of Ras and other proteins that, like Ras,
zymes may be generated to cleave the target sequeresguire this posttranslational modification to generate
with a high degree of precision. In one stéfdywhere the functionally active, membrane associated form of
one of the DNAzymes was designed to cleB@R- the G-protein. The involvement of Ras in Bcr-Abl-in-
ABL mRNA at a site only 1 nucleotide away from theluced leukemogenesis suggests that FTls may have
BCR-ABL junction, the growth dBCR-ABL* CFU-Mix  potential as antileukemic agents. At least 3 compounds,
colonies was inhibited by 53%—80% when CDBdne SCH66336 (Schering-Plough), L-744832 (Merck Re-
marrow cells from CML patients were transfected witlsearch Labs), and R115777 (Janssen Research Foun-
these molecules. dation), have emerged as promising candidates for the

Many of the shortcomings associated with AS olitreatment of leukemia. The largest preclinical investi-
gonucleotides, particularly the lack of an efficient meargations with CML cells have been done with
of delivery, also apply to ribozymes and DNAzymesSCH66336, which was shown to be effective against
Solutions to these problems will have to be devised Bcr-Abl-induced acute leukemia in murine models of
order for ribozymes or DNAzymes to become cliniCML blast crisi4® and p196F~#& transgenic mic&, as
cally useful molecular therapies. Even then, systemigell as in suppressing the in vitro growth of Ber-Abl
administration of these agents may be inappropriate fprogenitor cells from CML patients, including those
various reasons, and their use may be confined to fgm individuals who were unresponsive to imatinib
vivo applications such as purging bone marrow prior tmeatment! Furthermore, SCH66336 potently sensitized

an autologous transplant. imatinib-resistant cells to imatinib-induced apoptosis.
Taken together, these findings suggest that a combina-
Molecular Targeting of Downstream Pathways tion of SCH66336 and imatinib can be a useful treat-

Bcr-Abl is known to transduce its oncogenic signalment for CML, especially in cases of imatinib resis-
through several pathways, which are then constitutivetgnce. Several lines of evidence suggest that the
activated in a leukemic cell. It is thus conceivable thantiproliferative action of SCH66336 in Ber-Aldells
inhibition of these pathways as an alternative or in adhust also involve protein targets other than Ras, and
dition to Bcr-Abl inhibition may be a viable means ofthat the potent antitumor activity of FTIs derives from
controlling leukemic cell proliferation. a more complex and subtle mode of action than was
Bcr-Abl is linked to Ras by a number of proteinoriginally thought to be the case. In fact, even when
intermediates. Autophosphorylation of the tyrosine 17farnesyl transferase is inhibited, Ras can be transferred
residue of Bcr-Abl generates a binding site for theo the membrane by an alternative prenylation path-
adapter protein, Grb2.Bound Grb2 associates withway employing geranylgeranyl transferase-1 to success-
the son of sevenless protein, SoS, to create a compfally transduce Bcr-Abl signals. Therefore, bisphos-
that stimulates activation of Ras by facilitating the exphonates, developed primarily to treat bone diseases,
change of GTP for GD®.In addition, it has been dem- became an attractive option as anticancer drugs for their
onstrated that Ras may be activated by 2 other Bcr-Atdpacity to inhibit the activation of Ras proteins through
substrates that function as adapter molecules® 8hd suppression of both geranylgeranylation and farnesyl-
CrkL.*¢ It should be possible to uncouple Bcr-Abl fromation. Zoledronate, a third-generation bisphosphonate,
the Ras pathway by targeting these adapter moleculess recently shown to be a potent inhibitor of the pro-
The potential of this approach has been demonstratidration ofBCR-ABL+ cells both in vitro and in mouse
in studies in which novel peptides were designed witimodels, and to augment synergistically the antileuke-
the aim of blocking the SH3 domains of Cfkland mic activity of imatinib??
Grb22 Both binding peptides downregulated phospho- Ras is linked to the MAPK pathway by the serine-
rylation of mitogen-activated protein kinase (MAPK)threonine kinase, Raf-1, which activates the MAPK
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kinases, MEK-1/2, by catalyzing their phosphorylationmatinib mesylate. This drug has shown activity in
Specific inhibitors of MEK have been developed, andll phases of CML but the most substantial and stable
3 of these compounds, PD098059, PD184352 (Pfizergsponses are seen in newly diagnosed patients in
and U0126 (DuPont Merck) have been shown to irthe chronic phas&:®
hibit the proliferation of CML cell lines and to produce  Despite the widespread use of imatinib in CML it
a synergistic cytotoxic effect with imatinib even in somés still too early to know what level of response can be
imatinib-resistant cell line¥:>* used as an indication of long-term disease control and
Another signaling molecule that is activated by Bcrwhat should be regarded as treatment failure. The thera-
Abl is phosphatidylinositol-3 (PI-3) kinase. PI-3 kinasgeutic targets established for interferon alpha (tBN-
is a heterodimer consisting of a catalytic (p110) andtherapy are based on the results of bone marrow cyto-
regulatory (p85) subunit; Bcr-Abl associates with PI-§enetic studies. Major cytogenetic response (MCR
kinase via the p85 subunit. Two PI-3 kinase inhibitor8§5% PH marrow metaphases) and complete cytoge-
wortmannin and LY294002 (Lilly), have been showmetic response (CCR = no'Rharrow metaphases) have
to synergize with imatinib in the suppression of in vitrdoeen verified as reliable surrogate measures for long-
growth ofBCR-ABL* cell lines and progenitor cells from term survival in patients treated with IFIN©™ It will
CML patients>*Wortmannin is not suitable for in vivo be several years before we can determine whether these
clinical applications because it is highly unstable icytogenetic responses have equivalent long-term prog-
solution. It has yet to be established whether the synestic value for imatinib-treated patients. Current re-
thetic PI-3 kinase inhibitors can be used as therapeusiglts suggest they are predictive of progression-free
agents for the treatment of CML; although they are moseirvival for imatinib-treated patients, at least in the short
stable than wortmannin they are far less potent thagrm. Chronic phase CML patients achieving MCR on
this naturally occurring prototype. An alternative maymatinib have a significantly lower risk of progression
be to use inhibitors of PI-3 kinase effectors, such as the subsequent 24 months than patients not achiev-
Bad, mTor, Fkhr, NB, GSK3b, and MDM2, all of ing MCR® In a prospective multicenter randomized
which have been shown to be associated with Ber-ABthase 3 trial designated the Novartis IRIS study 1106
transformation. Thus, rapamycin, an inhibitor of mTonewly diagnosed CML patients were treated with 400
already in Phase I/Il clinical trials for a number of canmg/day of imatinib or IFNa plus low-dose cytarabine
cers?” was found to also enhance imatinib-mediatefAra-C). The observed CCR rate for the imatinib arm
killing of CML cells, and may be effective in casesvas 76% compared to 15% for the IlENplus Ara-C
where resistance to imatinib is dueBGR-ABL over- arm (median follow-up 18 month%)If CCR achieved
expression? on imatinib proves to be equally predictive of long-term
A final mention should be made of 2 additionablisease control, as has been the case foifituced
compounds reported as potentially useful for the treaBCR, then the survival advantage with imatinib will be
ment of CML. The first is AG490, a Jak-2 inhibitor;dramatic, but this is not yet proven.
the second is flavopiridol, an inhibitor of cyclin-depen-  One major concern regarding imatinib therapy is
dent kinases. Whereas neither compound acts on patie development of resistarf®é€The commonest cause
ways exclusively and directly activated by Bcr-Ablof acquired resistance appears to be mutations in the
combination of each one with imatinib produced syrBCR-ABL kinase regio®%7275The risk of mutation
ergistic effects on suppression of proliferation and irdevelopment is particularly high in patients who are

duction of apoptosis iBCR-ABL* cells>6° beyond chronic phase as well as those with a long du-
ration of disease prior to imatinib therapy.
1. MoLECULAR M ONITORING OF RESPONSE TO The excellent responses seen with imatinib in newly
IMATINIB AS A GUIDE TO CLINICAL M ANAGEMENT diagnosed patients has led to a reluctance to consider
allogeneic transplant before the patient has received a
Timothy P. Hughes, MD* trial of imatinib therapy (discussed in Section Ill). This

makes it particularly important that emerging imatinib
The treatment guidelines for patients with CML aréesistance is recognized early so that transplant options
undergoing substantial charty® due to emerging can be considered before there is overt progression of
evidence regarding the effectiveness and safety it disease. Conversely, profound reductions in the leu-
kemic cell burden are likely to predict long-term dis-
ease control, and patients who achieve this level of re-
* Institute of Medical and Veterinary Science, Division of sponse need to be identified so that more hazardous
Hematology, Frome Road, Adelaide 5000, SA, Australia therapeutlc Optlons can be aVO|ded or deferred
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Monitoring with Quantitative RT-PCR ease progression. Recently there has been a recogni-
Competitive or real-time quantitative RT-PCR (Q-PCRyion that additional chromosomal abnormalities can also
has been previously used to serially monitor responbe observed in Ph-negative metaph&%&sClonal

in patients receiving IFNr and recipients of alloge- karyotypic abnormalities were found in 7/46 patients
neic stem cell transplants (allo-SCt§2 On IFN-a  (15%) who achieved cytogenetic responses on imatinib,
therapy, thdBCR-ABL transcript level in the blood cor- and 2 of these patients had clinical features of myelod-
relates strongly with the percentage of Rtetaphases ysplasia®? It is probable that Ph-negative clonal abnor-
in the marrow?® Rising levels oBCR-ABL transcripts malities will be less common in patients treated with
post-allo-SCT is strongly predictive of cytogenetic andnatinib in early chronic phase. However, given the
hematological relaps€8* Real time Q-PCR has super-current level of uncertainty, there is still a role for fre-
seded competitive Q-PCR in most laboratories. Thguent (at least 6 monthly) monitoring of bone marrow
accuracy and reliability of real-time Q-PCR as a mea&ytogenetics, at least until we have a better understand-
sure ofBCR-ABL transcript level is highly dependenting of the incidence and clinical significance of clonal
on the quality control procedures carried out by the laboytogenetic abnormalities in Ph-negative cells.

ratory. Reliable and consistent Q-PCR results require

thorough validation of all aspects of the procedure. Theow Should Responding Patients

most significant factor to ensure accuracy is the nor- Be Monitored and Managed?

malization of the results to an appropriate control gene,

in order to compensate for variations in the quality dDefinitions of molecular response categories

the RNA and the efficiency of the reverse transcriptiom the molecular analysis of the IRIS study “major
reaction. The 2 control genes that have been widetyolecular response” was defined as3&log reduction
assessed aBCR andABL. Both seem to be suitable inin BCR-ABL/BCR level when compared to the median
that they are expressed at low level and have similpretreatment level. The latter was calculated by mea-

stability toBCR-ABL. suring the level o0BCR-ABL/BCR in 30 patients from
blood taken just prior to commencement of the study.
Correlation Between Cytogenetics and Q-PCR In other studies BCR-ABL/ABL ratio of 0.045% has

Recent studies on patients treated with imatinib had®en used to define a major molecular response. This
shown a strong correlation between the percentageistbased on a study of IFbHreated patients who were
Ph" metaphases in the bone marrow and peripheiial CCR where the median value BER-ABL/ABL in
bloodBCR-ABL levels measured by Q-PCREWhen patients who maintained stable CCR was 0.08%556.

the Q-PCR values in imatinib treated patients wer@log reduction below baseline is in fact similar to the
grouped according to the cytogenetic response catedevel defined by the Hochhaus study. The advantage of
ries, very little overlap was observed in B8R-ABL  defining molecular response according to reduction
levels within the cytogenetic categories among 76 p&om a median pretreatment level is that once a labora-
tients who had simultaneous blood Q-PCR and matery has established their median baseline level, results
row cytogenetic& Patients in CCRn(= 28) hadBCR- can be expressed on a common scale internationally.
ABL/BCR values below 1% with only 1 exceptionAnother advantage is that molecular response can be
whereas only 2/48 patients not in CCR IBZR-ABL/ calculated without needing to know the actual baseline
BCRvalues below 1%. In a UK study, 40/42 patients itevel for that particular patient.

CCR hadBCR-ABL/ABL values less than 2%.Two The terms “PCR negative” and “complete molecu-
other studig8® have also confirmed that tBER-ABL/  lar response” should be used with caution. They imply
ABL ratios of patients achieving complete, partial, andn absolute lack of measurable leukemia, which may
minor cytogenetic responses differed significantly, buie misleading. There is inherent variability in the sen-
the range oBCR-ABL values for patients in CCR ap- sitivity of Q-PCR and nested PCR assays between labo-

peared to be less tightly clustered. ratories and between samples. In addition, with tech-
nological advances, there will be further improvements
Are Regular Marrow Cytogenetic in our ability to detect low numbers BCR-ABL tran-
Studies Still Needed? scripts so that “PCR negative” will have different sig-

Additional chromosomal abnormalities in the Ph-posirificance as technology advances. Using current tech-
tive cells can sometimes be observed in patients aology, sensitivity of > 4.5 logs below baseline can usu-
imatinib therapy. Whether these additional chromaally be achieved. In the IRIS studyB&£R-ABL level

somal abnormalities are always clinically significané.5 logs below baseline was defined as the maximum
remains uncertain but in some cases they herald diseasurable response. We have called this a “4.5 log
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response” so that it can be differentiated from mugblete hematologic remission or MCR) over the subse-
more substantial molecular responses that may be vegitent 12 months compared to a 3% probability of pro-
fiable in future studies using improved technology. gression for patients in CCR at 12 months.

Early reduction oBCR-ABL transcript levels is
Freguency of molecular responses predictive of subsequent cytogenetic response in chronic
Major molecular response as defined in the IRIS stugghase patient®:268 Merx et al analyzed 364 blood
(> 3 logs below baseline) was achieved in 39% of newbamples in 106 patients. They found thatBGR-ABL
diagnosed CML patients after 12 months of imatinikevel at 2 months predicted for MCR at 6 montRs=(
therapy compared to only 2% of patients on the tFN-.006)% In the IRIS study, prognosis was better for the
+ Ara-C arm Figure 3; see Appendix, page 599). Forsubset of imatinib-treated IRIS patients in CCR who
the IRIS study, a reduction BCR-ABL level of> 4.5 also achieved a 3 log reduction from baseline levels.
logs was detected and verified on at least 1 occasionTihis was observed in 58% of patients in CCR after 12
3.6% of patients who were in CCR (follow-up 18months of imatinib therapy and was associated with a
months). Given the steady downward trend in medigt00% probability of remaining progression free over
BCR-ABL levels for patients in CCR, the number achiewthe subsequent 12 months=< 135), whereas patients
ing a 4.5 log response will probably increase signifin CCR who did not achieve=3 log reduction iBCR-
cantly with longer follow-up. Similar percentages ofABL had a 5% probability of progressiong 103) Fig-
patients who have undetectaB€R-ABL have been ure 4). In the same study, 79/83 imatinib-treated pa-
reported in smaller studi€%®® At the MD Anderson tients (95%) who achieved 3 log reductions main-
Cancer Center, 13% of chronic phase patients who fi@ined or improved the response on subsequent testing
ceived imatinib at 400 mg/day had undetect&@l®- 3-12 months late®.
ABL on real-time and nested PCR. Furthermore, in a
pilot study of imatinib 800 mg/day for chronic phaséNVhat Should Bethe Goal of Imatinib Therapy?
CML patients who have failed IFN; 41% of patients While CCR or major molecular responses are useful
had undetectabl8CR-ABL (median follow-up 14 initial goals of therapy, they may not prove to be stable

months)®* in the long term. Persistent leukemia at any level may
eventually be the source of resistant clones. Complete
Prognostic Significance of Cytogenetic eradication of leukemia would be the optimal outcome
and Molecular Responses of therapy but this is not a verifiable goal. A practical

Patients who achieve CCR appear to have a good pragd testable treatment endpoint would be sustained
nosis. Imatinib-treated patients in the IRIS study whabsence dBCR-ABL by the most sensitive and reliable
did not achieve CCR by 12 months had a 15% prolhssay available. While it may be reasonable to main-
ability of progression (to acute phase or loss of contain imatinib therapy at standard dose for patients in
CCR, it would be valuable to formally assess higher
doses of imatinib or combination therapy in patients
where leukemia remains detectable at the molecular

§ 80 level and is not steadily falling.

2 70 If the goal of undetectablBCR-ABL is achieved,

E? 60 the question will arise as to when imatinib can be safely

:C} 50 stopped. It should be remembered that a patient may

_§ :g ---------- No CCyR within 12 months (n=128) still have several million leukemic cells in the bone

E ol <3 log reduction (n=103) marrow without these being detectable by the most sen-

X 1 >=3 log reduction (n=135) sitive assays currently available. If still present, these
0 residual leukemic cells are very likely to be capable of

0 3 6 9 12 15 18 21 24

: g steady expansion in the absence of imatinib. Outside of
Months since randomization

properly conducted clinical trials, imatinib should be

Figure 4. Landmark analysis looking at the actuarial continued long term, until more is known about the sta-

probability of disease progression (death during treatment, bility of molecular response off therapy. A study look-
progression to accelerated or blast phase of chronic myeloid ing at imatinib cessation in patients with undetectable
leukemia [CML, loss of complete hematologic or major BCR-ABL for several years would determine how fre-
cytogenetic response or increase in white blood cells [WBC]) . . e . .
according to the level of cytogenetic and molecular response quently (if ever) imatinib was able.to effectively eradi-
after 12 months of imatinib (P <.001; log-rank test). cate CML. While accepting that it may not often be
Abbreviations: CCyR, complete cytogenetic response achievable, the ultimate aim of therapy in CML should
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be long-term absence of measurable leukemia after cegquired resistance have shown the appearance of a

sation of therapy. clone of cells with fully activ8cr-Abl kinase!3¢1"This
can be achieved by increasing the expressi@Cb+
Approach for Patients with Imatinib-Resistance ABL by chromosome or gene amplification. This ap-
pears to be the commonest mechanism in experimen-
Primary resistance tally induced imatinib resistané&!**¢but is less fre-

In the context of newly diagnosed patients, failure tgquently observed in the clinical setting. In a German
achieve complete hematologic remission by 3 monthsurvey of resistant cases 19/36 patients had additional
and failure to achieve MCR by 6 or CCR by 12 monthshromosomal changes (8 involved additional copies of
can be defined as primary resistance. The frequencytbie Ph chromosome), and genomic amplification was
primary resistance appears to be dose dependent.demonstrated by FISH in 2/32 patiefftén this sur-

the IRIS study? 4% of previously untreated patientsvey, 23/66 patients (34%) had point mutationBGR-

did not achieve complete hematologic remission oABL that led to increased kinase activity. Other studies
imatinib 400 mg/day. Failure to achieve MCR by éhave found that mutations in the kinase regioB@R-
months was seen in 23% of newly diagnosed patient&BL are the commonest cause of acquired resis-
with continuing imatinib at 400 mg/day, 40% of thistancé*>">(Table 1).

group still failed to achieve MCR by 24 months. Fail-

ure to achieve CCR by 12 months was seen in 31% bicidence and Significance of BCR-ABL Mutations
imatinib treated patients in the IRIS study. Thus, ovetth an Australian survey, 144 CML patients from all
all around 20%—-30% of newly diagnosed patients aghases of the disease who had received at least 6 months
pear primarily resistant to imatinib at 400 mg/day. Whenf imatinib were tested foBCR-ABL kinase domain

36 chronic phase patients who had failed kirterapy mutations by direct sequencing, regardless of their re-
were treated with imatinib 800 mg/day in an MD Andersponse to therapy. Mutations were detected in 27 pa-
son study; no cases of failure to achieve CHR werdients at 17 different residues, 13/40 patients (33%) in
reported, and only 11% did not achieve CCR. Thus, éccelerated phase, 14/64 patients (22%) in late-chronic
seems likely that that the proportion of patients witlphase (> 12 months from diagnosis until imatinib
primary resistance can be reduced with the use of high&tarted), and 0/40 patients in early-chronic phase. Ac-
doses of imatinib. Overall, approximately 90% of newlyquired resistance was evident in 24/27 (89%) patients
diagnosed patients might achieve these specified n@ith mutations. This tight correlation between muta-
sponse levels on higher doses of imatinib. The reastion development and onset of resistance strongly sug-
at least 10% of patients have primary resistance dgests a causal role for the mutations in acquired resis-
spite higher doses of imatinib is not clear. No mutatance to imatinib. Patients who commenced imatinib
tions or polymorphisms iBCR-ABL that would explain more than 4 years from diagnosis had a significantly
the lack of response in these patients have been ideftitigher incidence of mutations (18/44; 41%) compared

fied to date’® to those treated within 4 years (9/100; 9%¥(.0001).
This supports the concept that the leukemic clone ac-
Acquired resistance cumulates sequence errors during DNA replication,

This can be defined as the loss of an established hensame of which affecBCR-ABL. The probability of
tologic, cytogenetic, or molecular response as well afeveloping subclones that are imatinib resistant would
progression to accelerated or blast phase. In the IRI8late to the duration of disease and the size of the stem
trial, 8% of imatinib-treated patients had acquired recell pool at risk. Gradually, a pool &R-ABL mu-
sistance by 18 montli%In a recent survey of imatinib- tants would be generated which, if they have a lower
treated chronic phase patients, the incidence of acquireffinity for imatinib, would selectively expand in the
resistance in early and late chronic phase patients weestting of imatinib treatment.
15% and 25% respectively (median follow-up 14
months)’® Screening for BCR-ABL Mutations

Loss of response to imatinib could be due either tbhe emergence of clones with muta®dR-ABL is a
the expansion of resistant CML cells that are not desommon cause of resistance in patients with advanced
pendent orBCR-ABL for their transforming activity, phase CML and those in late chronic phabable
or to the selection and expansion of CML cells that havB 131416727597t s too early to determine whether mu-
by various means excessively activated Bcr-Abl kinasations will emerge as a common problem for patients
activity despite imatinib. Most studies in patients withireated in early chronic phase.
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Table 1. Point-mutations in the

BCR-ABL kinase domain associated with

imatinib resistance in chronic myeloid leukemia (CML) and Ph *acute
lymphoblastic leukemia (ALL) patients.
Nucleotide Amino Acid Proposed Mechanism No. of Cases
Change” Change't of Resistance (Detected/Tested) ¥ Refs.
A1094G M244V (M263V) Impairs conformational change (?) 1/32 14
1/66 16
1/27 75
C1106G L248V (L267V) Impairs conformational change 1/27 75
G1113A G250E (G269E) Impairs conformational change 2/28 15
2/32 14
2127 75
A1119G Q252R (Q271R) Impairs conformational change 1/32 14
G1120C/T Q252H (Q271H) Impairs conformational change 6/32 14
1/66 16
5/27 75
T1121C Y253H (Y272H)  Impairs conformational change 2/8 72
1/28 15
2/32 14
4/66 16
A1122T Y253F (Y272F)  Impairs conformational change 3/32 14
1/66 16
2/27 75
G1127A E255K (E274K)  Impairs conformational change 1/12 97
2/8 72
4/28 15
6/9 142
10/32 14
3/66 16
2127 75
A1128T E255V (E274V)  Impairs conformational change 1/8 72
1/66 16
1/27 75
T1495C F311L (F330L)  Unknown 1/24 73
C1308T T3151(T334l) Affects imatinib binding 2/8 72
10/32 14
3/28 15
1/9 141
3/24 73
6/66 16
2/27 75
C1315G F317L (F336L) Affects imatinib binding 1/28 15
3/32 14
T1392C M343T (M362T)  Unknown 1/32 14
T1416C M351T (M370T) Impairs conformational change 2/28 15
10/32 14
1/24 73
4/66 16
7127 75
A1428G E355G (E374G) Impairs conformational change 1/32 14
1/66 16
2127 75
T1439G F359V F378V) Affects imatinib binding (?) 2/32 14
2127 75
G1499A V3791 (V398I) Impairs conformational change (?) 1/32 14
T1508C F382L (F401L) Unknown 1/32 14
T1523A L387M (L406M)  Impairs conformational change (?) 1/32 14
A1551G H396R (H415R) Impairs conformational change (?) 3/32 14
1/66 16
1/27 75
C1614A S417Y (S436Y)  Unknown 1/27 75
G1739A E459K (E478K)  Unknown 1/27 75
T1821C F486S (F505S)  Unknown 1/27 75
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So far no preimatinib screening test
has been developed that has demon-
strated predictive value for subsequent
resistance. Even though it is likely that
in many cases the mutant clone is present
prior to imatinib therapy, direct sequenc-
ing of theBCR-ABL kinase region prior
to imatinib therapy does not appear to
indicate patients at risk.This may be
because the sensitivity of direct sequenc-
ing will not generally allow detection of
a mutant population which is less than
10-20% of the total population of leu-
kemic cells. At present, (1) phase of dis-
ease, (2) duration of CML prior to
imatinib therapy, and (3) initial response
to imatinib provide the best indication of
the risk of mutation development. Serial
mutation screening once imatinib is com-
menced may be valuable in high-risk
cases, but imearly all patients a signifi-
cantrise ilBCR-ABL levels is seen around
the time of mutation detection and may be
used as an indication of the need for mu-
tation screening.

Significance of emerging mutations

For patients who develop resistance, a
search should be made for the cause.
Direct sequencing of thBCR-ABL ki-
nase domain should reveal any emerg-
ing mutant clones. If mutations are iden-
tified, the appropriate response will de-
pend on the actual amino-acid change.
Nearly all mutations that become detect-

* Positions according to GenBank no. M14752.

T Positions according to GenBank no. AAB60394
for ABL type 1a, and in brackets the correspond-
ing position for Abl type 1b (where the N-terminal
domain is 19-amino acids longer).

* Among patients who developed resistance or
never responded to imatinib. The table collates
data from 8 independent series where patients
were screened for DNA mutations in the tyrosine
kinase region of Bcr-Abl. A total of 149 mutational
events were reported in these 206 patients (with a
few cases exhibiting more than 1 mutation in the
resistant clone). This indicates that point
mutations in the kinase domain account for
approximately 72% of the cases where lack or
loss of response to imatinib is observed in the
clinic. No mutations were yet detected in primary
or acquired resistance of patients in early chronic
phase.
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n ey Figure 5. Kaplan-Meier survival
\é/' i\? /5 curves for patients with mutations.
100 AP patients 100 (A) There was a significant difference
90 —— Non P-Ioo 90 | | ] in the survival rate of late-CP patients
80 g of ] — I Late-CP patients with P-loop and non-P-loop muta-
= 70 s T I — Non P-loop tions. (B) The difference in the
Z 6 é 60 I — = P-loop survival rate for AP patients did not
% 50 d: 7 50 !"I P =0.0013 reach significance.
E 40 | § 40 |
5 30 = 5 % | N )
& il A~ | Abbreviations: AP, accelerated phase;
a L 2 e = 1 CP, chronic phase
10 10 |
o 0
0 123 456 78 9101112 0 12 3 456 7 8 9101112
Months since mutation detected Months since mutation detected
able by direct sequencing are associated with evidence [11. ManagINg CML wiTH
of loss of molecular response. The commonest pattern PATIENT-SPECIFIC STRATEGIES
when first detected is a mix of mutant and wild type
BCR-ABL cells, but with continued imatinib therapy Jane F. Apperley, MBChB*

the mutant clone usually predominateBetection of

mutations that completely prevent imatinib bindingt is highly unusual that the introduction of novel, ef-
(e.g., T315I) should probably lead to cessation déctive, and safe therapies for any malignancy results
imatinib and the use of other therapy. Patients witiy controversy regarding the optimal management of
mutations that have less marked effects on imatinihe disease. However, this seems to be the current situ-
binding (e.g., M244V, F311L, M351T, F317L, E355Gation for CML. The development of imatinib has the
F359V)+91% may respond to increased doses Qfotential to revolutionize the management of CML and
imatinib.”> The ATP phosphate binding loop (P-loop)other disorders resulting from the deregulation of 1 of
is a highly conserved region of the kinase domain inhe tyrosine kinase targets of this drug. However, the
volved in ATP binding and is a frequent site of mutalong-term outcome for patients with CML treated with
tions. Mutations in the P-loop (amino acids 250-255natinib alone is unknown—hence the dilemma. In
may have a particularly poor progno8isn the Aus- advocating imatinib as the treatment of choice for all
tralian survey, 12/13 patients (92%) with mutations ipatients with CML we may deny individual patients
the P- loop died, with a median survival of 4.5 monthghe chance of cure by a long-standing and universally
after the mutation was detected. In contrast, only 3/Jcepted therapy, namely allogenice stem cell trans-
patients (21%) with mutations outside the P-loop dieglantation (allo-SCT). As new information becomes
(median follow-up of 11 monthsf{gure 5). Patients available from patients treated with imatinib from di-
with no evidence of mutation had a 3% mortality wittagnosis, we must try to develop a wide range of prog-

a similar follow-up. nostic indicators to help distinguish patients for whom
the apparently safe option is not necessarily the correct
Conclusions option, from those destined to have prolonged survival

Based on the accuracy and sensitivity of Q-PCR favith targeted drug therapy.

measuringBCR-ABL levels in peripheral blood, this Furthermore, the introduction of imatinib into clini-
should become the method of choice for monitoringal practice has raised a number of other questions, in-
patients on imatinib and will facilitate comparisons otluding the optimal use of this drug in terms of dose,
different imatinib-based treatment strategies. At theosing schedules, duration of treatment, definitions of
individual patient level, Q-PCR studies can identifyesponse and conversely failure, and the continuing
degrees of molecular response that predict long-temmanagement of patients who fail to achieve molecular
stability, as well as patterns of response that provide ggsponses. The answers to these dilemmas are not yet
early indication of relapse and imatinib resistance. Fewailable and the future of management of CML will
patients with acquired resistance, a searchBfoR-
ABL mutations is warranted both to guide future therapy-
and to further our understanding of the biological and|mperial College of Medicine, Hammersmith Hospital,

clinical impact of these emerging mutant clones. Department of Haematology, Du Cane Road, London
W12 ONN, UK
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depend on the rapid accumulation of data from clinicaloon be activated in the US.

studies and their objective interpretation. In this sec- In the meantime, decisions must be made concern-
tion we will attempt to set out these questions and big the management of newly diagnosed patients. At
gin to suggest tools that might be used to determine ttiee present time there are broadly two approaches to

answers. the management of the newly diagnosed patient. The
first is to offer all patients a trial of imatinib and offer

How Should the Newly Diagnosed Patient transplant only to those patients who fail treatment ac-

Be Managed? cording to a preestablished set of guidelines for lack or

In the future, randomized trials for the use of imatinitoss of response. The second is to continue to discuss
in higher doses or in combination with other agents willp-front allogeneic transplant with selected groups of
be available. Small Phase Il studies of the safety amdividuals for whom more aggressive therapy is
feasibility of giving imatinib in combination with in- deemed appropriate.

terferon (IFN)e or cytosine arabinoside (Ara-C) have

now been completed and form the basis of a large m@hould Every Patient Have a Trial of Imatinib?
tinational study, known as SPIRIT. The full protocolThe advantages of recommending imatinib as first-line
will have 4 arms, comparing imatinib 400 mg/day witltherapy for all newly diagnosed patients are cl&able
imatinib 600-800 mg/day, imatinib in combination with2). The results of the IRIS study of imatinib alone ver-
pegylated IFNa, and imatinib in combination with Ara- sus IFNea plus Ara-C® showed that the chance of re-
C. The study has commenced in France and hopefuttyaining progression free at 18 months was 97% for
will begin recruiting patients in the United Kingdom inpatients receiving imatinib alone versus 93% for those
the latter part of 2003. A similar four-arm study willgiven IFN-a plus Ara-C. This was associated with a

Table 2. Advantages and disadvantages of two up-front therapeutic approaches to chronic myeloid leukemia (CML).

Approach Advantages Disadvantages
Allo-SCT for selected patients Proven curative ability Transplant-related mortality
Decreased risk of progression of disease Transplant-related morbidity
Ability to integrate imatinib, RICT and DLI Chronic graft-versus-host disease
Psychological (some patients) Late effects (e.g., secondary malignancy, endocrine

imbalance, cataract formation

Trial of imatinib for all patients Avoids transplant-related mortality No long-term survival data
and morbidity for some Curative ability unknown
Psychological (some patients) Emerging resistance

Delaying curative therapy

Risk of progression

Allo-SCT more likely to be performed for advanced
phase disease

Abbreviations: Allo-SCT, allogeneic stem cell transplantation; RICT, reduced intensity conditioning transplantation; DLI, donor lymphocyte
infusion

Table 3. Clinical definitions of resistance.

Primary Acquired

Absence of a hematologic response within 3 months of starting Loss of hematologic response

treatment with at least 300 mg/day

Failure to achieve at least a minor cytogenetic response Loss of a complete cytogenetic response

(> 35% Ph-negativity) after 3 months’ treatment with at

least 400 mg/day

Failure to achieve a major cytogenetic response after 6 months’ An increase of 30% or more in the number of Ph-positive bone
treatment with at least 400 mg/day marrow metaphases examined at intervals of 3 months or longer
Failure to achieve a complete cytogenetic response after Acquisition of new cytogenetic abnormalities in the Ph-positive clone

12 months’ treatment with at least 400 mg/day

An increase in the BCR-ABL/control gene ratio of one log or more on
serial testing or to the range associated with Ph-positivity
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considerable increase in the proportion of patiensponse to treatment in newly diagnosed patients that
achieving MCR and CCR at 87% and 76% for imatinilnight be used to guide management. For instance, we
alone versus 34% and 15% for IENplus Ara-C P < have studied the outcome of patients treated with
.001). By giving all newly diagnosed patients imatinibimatinib after ‘failure’ of IFNe at our own institution,
the immediate morbidity and mortality of allo-SCT willand feel that for this particular group, we can identify
be avoided, perhaps indefinitely, for some patients. relatively early in their treatment, patients who are un-

The disadvantages are also apparent. Despite filely to achieve MCR or CCR. The 2 most important
encouraging results of the IRIS study, 20-30% of newlgredictive factors appeared to be a failure to obtain at
diagnosed patients fail to achieve such a good rkeast a minor cytogenetic remission 35% Ph-nega-
sponsé? Furthermore, a number of questions concerrivity) after 3 months of treatment, and the develop-
ing imatinib remain outstanding, not least of which isnent of neutropenia during this tinfé.These 2 fea-
whether the occurrence of MCR and CCR will transtures were used to develop a prognostic score in which
late into a survival advantage. As mentioned earligpatients could score 2 (high risk), 1 (intermediate risk),
although the majority of patients achieve hematologiar O (low risk) points. At 18 months, the probabilities
and cytogenetic remission, a very small proportioaccording to risk group were 100%, 90% (Cl 79%-95%)
achieve reverse transcriptase polymerase chain reaad 53% (Cl 44%-63%)P(= .0002) for survival and
tion (RT-PCR) negativity foBCR-ABL.* This is in con- 100%, 75% (Cl 62%-85%) and 30% (Cl 20%-44%) (
trast to RT-PCR results in long-term survivors of allo< .0001) for progression-free survival, respectively.
SCT192gnd raises the possibility that the effects oflthough highly predictive in these individuals, we have
imatinib may not be durable. Alongside these considho information as to whether such a prognostic score
erations are concerns regarding the development of wel be applicable to newly diagnosed patients.
sistance to imatiniB:167°

In pursuing a strategy of offering a trial of imatinibls There a Role for Up-Front Transplant?
to all patients it is important to have clear definitions of\ logical approach to this question would be to restrict
both “response to” and “failure of’ treatmerftable up-front transplantation to those patients likely to do
3), and a plan for managing both of these situationsxtremely well with allo-SCT (and for whom it might
There are some patterns of patient response (or lackbaf misguided to offer them an alternative therapy) and
response) that can be considered failure of treatmehbse likely to do poorly with imatinib. The question
without controversy. Any patient who has achieved @emains as to whether these two groups can be accu-
degree of response, hematologic, cytogenetic, or mately identified.
lecular, and then loses this response while still on treat- The factors influencing the outcome of allo-SCT
ment, should be considered at risk of disease progrese well recognized. Age, disease status, disease dura-
sion. An individual who fails to achieve hematologidion, recipient-donor gender combinations, and the
control is also unlikely to do well in the long term.source of the transplant product have all been identi-
However, patients who have partial and/or gradudied as significantly influencing long-term survivél.
changes in their cytogenetic responses are more diffit recipients of unrelated transplant, cytomegalovirus
cult to classify. Previously, we arbitrarily decided tha(CMV) serostatus is also influentidl. Young patients
those patients who had not achieved an MCR at idth CML in chronic phase within the first year of di-
months, were imatinib “failures® More recently we agnosis who have HLA-identical donors should con-
have altered our definition of treatment failure to a lackinue to be offered allo-SCT. The area of debate must
of CCR after 12 months of treatment at 400 mg/dape the definition of “young.” For recipients of sibling
This change has been prompted by the relatively smathnsplant, this might be up to 45 years of age, and up
increase in the proportion of patients achieving CCR & 35 years for patients with unrelated donors. If the
18 months (76%) compared to 12 months (69%) in ti&okal or Hasford scor!®at diagnosis suggest a good
IRIS study and by the knowledge that the best outcorpeognosis, then the ages might be reduced. In contrast,
of allo-SCT is found in patients transplanted within Tor unrelated transplant if both donor and recipient are
year of diagnosi¥®*'% |t would, therefore, be prefer- CMV negative and HLA-matched by high resolution typ-
able to reduce the duration of an imatinib trial to lessg, the definition of “young” might be more liberal.
than 12 months. Furthermore, there are data to suggest The early identification of patients likely to do badly
that the rapidity of response may in itself be a prognoe4th imatinib is more problematic and probably impos-
tic indicator of the likelihood of achievement of MCRsible at this time. It is possible that Sokal and/or Hasford
and therefore possibly of progression-free suni/l. scores will be found to correlate with outcome of treat-
In the future, there may be additional features of renent with imatinib, and could be used to distinguish
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groups of patients at diagnosis. Huntly et al have previ-year of diagnosis. It would appear that patients should
ously reported that the presence of derivative chrombe offered RICT based on the same criteria that are
some 9g+ deletions at diagnosis is associated with applied to conventional allo-SCT. This group of patients
verse outcome on conventional ther&8yMore re- was highly heterogeneous with respect to their disease
cently this group was unable to document a differenstatus, types of donor, prior therapy, and conditioning
in survival after treatment with imatinib for patients withregimens. A clearer picture of the benefits of RICT and
or without a deletion. However, a decrease in the prownatinib in the management of patients with CML will
portion of patients achieving hematologic and cytogenly emerge from well-conducted prospective studies.
netic responses and an increased rate of progression on

imatinib were observed in the presence of the deleti@an Imatinib and Allo-SCT Be Combined

suggesting that, with time, a difference in survival might to Optimize Management of

become appareft Newly Diagnosed Patients?

With the advent of gene expression profiling iWith the exception of a small proportion of patients on
might be possible to identify a pattern associated witkFN-a, we have never previously had a chemothera-
early disease progression on imatinib. However, if thigseutic agent capable of inducing cytogenetic remissions
were related to the presence of very small numbers aff reasonable duration. The use of imatinib prior to
resistant cells with point mutations in the kinase ddransplantation would permit transplant in “complete
main of BCR-ABL, the nature of the micro-array as-remission,” and might therefore reduce the risk of dis-

says would preclude their detection. ease recurrence. This approach could then be reason-
ably combined with a RICT to minimize transplant-
What |sthe Place of Reduced I ntensity related mortality. The risk of this strategy is a possible
Transplant Procedures? harmful effect of prior therapy with imatinib on the

Recent developments in reduced intensity conditiomutcome of transplant, akin to that observed by some
ing transplantation (RICT) procedures also cloud thgroups with |FNer.114115
issue of early transplanin theory, the concept of the Imatinib has already been widely and effectively
gradual ablation of host hematopoiesigibyor T cells used to restore remission in patients relapsing after allo-
present in the original graft, or arising in the postSCT!® An alternative to the above approach would be
transplant period, or by additional lymphocyte infusiongp perform RICT soon after diagnosis without prior
should have its optimal outcome in CML. Evidence timatinib. The kinase inhibitor would be introduced
support this has been somewhat delayed, probably dsleortly after transplantation prophylactically or preemp-
to the introduction of imatinib into clinical practice, andively to control minimal residual disease, thereby de-
a reluctance to subject these patients to an experiméaying administration of donor lymphocytes to beyond
tal technique. Recently however, Ori et*ahave re- 1 year of transplant, and thus reducing the risk of GvHD
ported remarkable results in 24 patients with CML transnd cytopenias?’
planted with reduced intensity regimens (fludarabine,
melphalan). The overall and disease-free survival atFbow Should the Patient in Continuing
years was 85%, with all evaluated patients being free Chronic Phase Be Managed?
of leukemia by RT-PCR. We have defined a response to imatinib as the achieve-
In an attempt to confirm these remarkable resultsjent of a CCR within 12 months of the onset of therapy.
the Chronic Leukaemia Working Party of the EuropeaBatients who fail to respond or who lose their response,
Group for Blood and Marrow Transplantation (EBMT-even though they remain in chronic phase, should be
CLWP) have recently conducted a retrospective stuayfered an allogeneic transplant (conventional or RICT)
of the outcome of reduced intensity transplant proces soon as possible if they are of a suitable age and
dures for CML!*® They identified 223 patients with a performance status and have an available donor. How-
median age of 49 years who had received RICT usimger, allo-SCT will be unsuitable for some of these pa-
a variety of conditioning regimens. Transplant-relatetients and other therapies should be investigated. Vari-
mortality at 1 year was acceptable at 18% for patientais possibilities include: (1) continuing imatinib at 400
in first chronic phase and 31% for more advanced phaseg/day; (2) increasing the dose of imatinib to 600 or
disease. Acute graft-versus-host disease (GvHD) 800 mg/day; (3) adding another agent such asdFN-
Grade | occurred in 29% of patients, and 26% o&ra-C, hydroxyurea, decitabine, or homoharringtonine;
evaluable patients experienced extensive chronf4) changing treatment to one or more of these agents;
GvHD. Factors predictive of improved outcome inand (5) considering an autologous transplant.
cluded transplant in chronic phase and transplant within  We have recently completed a case matched study
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of patients who received IFN-during the Medical Re- ing and at the latest follow-up 6 (43%) of the 14 had
search Council (MRC) CML Il trial*® who were un- lost their best response. Similarly disappointing results
able to receive imatinib as their disease predated have been reported by Zonder et?al
introduction, with patients who received IkNas stan- Homoharringtonine (HHT) is a cephalotaxine al-
dard therapy, failed treatment, and then receivddaloid that has both in vitro and in vivo activity against
imatinib. Patients treated with imatinib after IENail- CML. O’Brien et at??treated 71 patients in late chronic
ure who achieved at least a minor cytogenetic resporgiease with HHT by continuous infusions over 7-14
had a much improved outcome compared to the hidays. Of these, 72% of the patients achieved complete
torical group. However patients who received imatinibhematologic remission with 15% developing MCR.
and failed to get a minor cytogenetic response hadLaboratory data suggested that the effects of HHT in
considerably worse outcome than the contrelgre combination with IFNe or Ara-C would be synergis-
6). This might suggest that, for some patients, contintic?® and this was subsequently confirmed in a further
ing imatinib in the absence of a minor cytogenetic resohort of 37 patients in early chronic phase who received
sponse might actually be harm#tfl. HHT and IFNe. The rates of complete hematologic and
Kantarjian et al recently reported that 19 (56%) ofytogenetic responses were higher at 84% and 52%, re-
the 34 patients classified as cytogenetically resistaspectively, compared to historical groups treated with ei-
on imatinib at 400 mg/day subsequently improved cyher agent alon&? Further in vitro data using CML cell
togenetically when imatinib was increased to 600 dines and primary material suggest that the combination
800 mg/day?® Our own experience has been less faf imatinib and HHT may also be additit&12
vorable. Of 36 consecutive patients with CML in  Autologous transplantation has been widely used
chronic phase in complete hematologic response whdsehe management of CML but its exact role has never
imatinib dosage was increased when they failed teeen clearly defined. There is a suggestion that auto-
achieve a CCR on 400 mg/day, 14 (39%) improved thairafting may prolong the chronic phase for some pa-
cytogenetic responses and 7 (19%) achieved CCtents?” and, in addition, that it may restore sensitivity

Unfortunately, many of these responses were short-lagt- IFN-0 in patients who have lost prior cytogenetic

Imatinib
responders
(n=76)

i Controls
[ (n=246)

T—n

i 1

20 4 Tmatinib b———a
non-responders S——
(n=64) -

ks PR

Adjusted survival probability %

o 2 4 6 8 10

Years post diagnosis

Figure 6. Adjusted probabilities of survival according to
cytogenetic response and treatment (from the left truncated
Cox regression model).

Patients on imatinib who achieved at least a minor cytogenetic
response during the first 6 months of treatment obtained benefit
when compared with patients receiving conventional treatment,
whereas imatinib-treated patients who failed to respond had a
poorer survival than controls. Adjusted probabilities of survival at 8
years from diagnosis were 78.4% (C1 51.3-92.6) (RR: 0.13, Cl:
0.046-0.39) for imatinib responders, 22.6% (CI: 17.8-29.4) for
control patients and 6.2% (Cl: 2.1-16.8) (RR: 1.69, CI: 1.086-2.64)
for imatinib nonresponders (see text). Other variables found to be
significant in the multivariate model were age = 60 years (RR:
1.58, Cl: 1.16-2.14), primary hematologic resistance to interferon-
o (RR:2.62, Cl: 1.69-4.07), primary cytogenetic resistance to
interferon-a (RR: 0.3,Cl: 0.10-0.87) and Sokal high-risk group (RR:
2.0,Cl: 1.22-3.28).
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response¥? Autologous transplant may therefore have
a role to play in both improving the degree of cytoge-
netic and molecular responses to imatinib and in re-
storing responses. Furthermore, patients who achieve
CCR may be offered autologous transplantation with
Ph-negative stem cells either to consolidate their re-
mission or to prolong the chronic phase at the time of
loss of response or progression to advanced phase.
These patients should therefore be offered the oppor-
tunity to cryopreserve a population of Ph-negative stem
cells at the time of CCR. However, the attempts at har-
vesting stem cells under these circumstances have met
with mixed success. Some groups have attempted stem
cell collection while the patients remained on imatinib.
This appears to be successful in approximately 40-50%
of patients in CCR® (and Drummond et al, submit-
ted). In Drummond et al's study, shorter duration of the
chronic phase prior to commencing imatinib was asso-
ciated with successful collection. In contrast, Hui et al
found no correlation between the duration of CML or
of treatment with imatinib and the cell yield. This was,
however, improved when imatinib was withheld for 3
days prior to the start of growth factor administratin.
To date there have not been any reports of the use of
cells mobilized from imatinib responders in autologous
transplant procedures.

The management of patients who achieve CCR but
who continue to have molecular evidence of disease is
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highly controversial. In this context, managing a cleahey are preferentially deleted during the course of the
“failure” might be considerably easier than managindiseasé Phase I/Il studies of the efficacy of PR1 pep-
a partial success. These patients are not “cured” of thé@te vaccination have now been initiated.
disease and are therefore at risk of disease progression.WT1 is also overexpressed in leukemic cells and
The simplest approach is to continue treatment wiik currently used as a marker of minimal residual dis-
regular molecular monitoring by quantitative RT-PCRease. Several groups have generated WT1-derived pep-
If levels of residual disease show a sustained increatide-specific T cells that can lyse autologous targets and
the patients can be offered transplant if possible. Altegpreferentially inhibit the growth of CML progenitors
natively they, like patients with cytogenetic responsegseviewed by Schwartz et'&l). There is also evidence
other than complete, might be suitable candidates fof a humoral response to WT1 with a high incidence of
alternative strategies within carefully conducted Phasi§'T1-specific antibodies in patients with CML. Anti-
[I/1ll studies. Such strategies include those listed abovmsdies were found in 19% of affected patients com-
for imatinib nonresponders with the additional choicegared to 2% of normal individual®.It is highly likely
of conventional or reduced intensity allo-SCT wheréhat studies of both WT1 cytotoxic T cells and peptide
possible and adoptive immunotherapy. vaccination will be tested clinically in the near future.
Adoptive immunotherapy is designed to enhanddSP-peptide complexes contain a broad array of pep-
the autologous or allogeneic immune response to thides tightly but noncovalently bound to the HSP mol-
leukemia. CML is known to respond to immune-mediecules. It is the peptide component that is patient-spe-
ated therapies, in particular the use of donor lymphaific and most importantly, immunogenic. Udono and
cyte infusions to treat relapse occurring after alloSrivastava have shown that Hsp70 derived from tumor
SCT* To date, a consistent target antigen for the intells elicits tumor-specific immunity while Hsp70 de-
mune response has not been identified. Several group®d from normal cells does n&.Preliminary results
have confirmed the immunogenicity of peptides derivedf a phase | study using Hsp70-peptide derived from
from the junctional region of the el4a2 fusion proteiautologous leukocytes of patients with CML suggest
in that lysis ofBCR-ABL-expressing leukemic cells by that the vaccine is safe and a phase Il study of efficacy
HLA-restricted cytotoxic T cells (CTL) can be achieveds currently under way.
in vitro (reviewed by Schwartz et'd). However, lysis In the context of allogeneic transplantation, differ-
is relatively inefficient and this was attributed to pooences in the expression of minor histocompatibility
expression of peptides on the cell surface. More rantigens (mH), might be suitable for exploitation for
cently, Clark et &f? have shown the presence of botimmunotherapy. Goulmy’s group has identified HLA-
cell surface Bcer-Abl peptides presented by HLA A030testricted mH antigen-specific CTL in recipients of al-
and circulating peptide-restricted T cells. Attempts tbgeneic transplantatidf® In particular, a patient with
use elda2-derived peptides as vaccines have met WathiL in accelerated phase was successfully treated with
limited succes®? Cathcart et &t treated 12 patients leukemia-specific CTL&*® More recently, this group
by vaccination with a combination of peptides over has been able to characterize a number of hematopoi-
10-week period. Proliferative responses to autologoesic-specific mH (i.e., HA-1 and HA-2) and has subse-
cells were demonstrated in 11 individuals. Three pauently generated HA-1 and HA-2 specific CTL.
tients achieved an increase in the proportion of Ph-nedgehey suggest that these CTL might be used clinically
tive metaphases in their bone marrow and 2 patierits eradicate leukemia without the complication of
treated for disease recurrence after allo-SCT, beca@@HD, which still presents an obstacle to the success-
RT-PCR negative foBCR-ABL transcripts. ful use of bulk populations of donor lymphocytes.
Others have utilized alternative target antigens such The future of CML management must lie in devis-
as proteinase 3, Wilms tumor protein (WT1) and minang individual patient-specific strategies. At the present
histocompatibility antigens. Proteinase 3, normallyime, the long-term outcome of treatment with imatinib
found in myeloid granules, is overexpressed in myeloigemains uncertain. Patients must be evaluated for ad-
leukemias. HLA-restricted T cells specific for averse features at the time of diagnosis and repeatedly
nonpolymorphic peptide (PR1) were capable of inhikthroughout the course of their disease. Those who are
iting the growth of CML progenitors® Furthermore, responding suboptimally to their current therapy should
high avidity PR1-specific T cells are absent from thbe offered alternative approaches in the context of well-
blood of newly diagnosed patients with CML but camlesigned and well-recorded clinical studies. The pos-
be found in cytogenetic responders. These high avidigibilities for management are numerous and exciting.
T cells underwent apoptosis when exposed to leuketowever, our enthusiasm must be tempered with an
mic cells overexpressing proteinase 3 suggesting thatjective approach to the problem that CML is a het-
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erogeneous disease and, therefore, the various subpopuphia-chromosome-positive leukaemias. Lancet Oncol.

lations of patients differ from each other in the nature
of their response to individual therapeutic regimens.
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